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9-14 Fig 2 St Mawgan Standard Instrument Departure (example only) 
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12. Diversion Airfields.  There are no significant problems with availability of diversion airfields in this 
example.  Cardiff and Shawbury are not far from the route should it be necessary to divert en route; 
Mona, Ronaldsway, Liverpool, Woodvale and Warton would make suitable diversion airfields should it 
be impossible to land at Valley.  When selecting diversion airfields, it is important to consider their 
suitability with regards to runway length, navigation and landing aids, weather (including any cross-wind 
limitations) and necessary services, e.g. availability of appropriate fuels and oils.  The fuel planning 
implications of diversion will be reviewed in Volume 9, Chapter 15. 
 
Route Determination and Chart Preparation 
 
13. For the example exercise, the En Route Low Altitude and Area Navigation (R-NAV) charts are 
appropriate.  It would be prudent to carry High Altitude charts in case it is necessary for weather or air 
traffic reasons to fly in the upper airspace or cross R-NAV(H) routes.  Also a topographical chart 
should be carried, and in any case will need to be consulted in order to ascertain safety altitudes. 
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14. Route.  For convenience, the runway heading at St Mawgan will be maintained until the edge of the 
MATZ before turning onto the desired track.  The principle constraint on the choice of the route is the 
need to avoid the numerous Danger Areas in the Bristol Channel and Cardigan Bay.  With this in mind, 
turning points have been selected at 5130N 00400W and at 5250N 00400W, before making for the Valley 
overhead (Fig 1). If required, the turning points may be lettered or numbered to aid identification. 
 
15. Chart Preparation.  Having drawn the route on the chart, other points of interest can be added or 
highlighted, e.g. isogonals, ASR boundaries, suitable navigation beacons and Danger Area boundaries.  
NOTAMs should be checked to ensure that no activity is likely to affect the flight and, if necessary, the 
route may have to be amended.  It may be convenient to draw range arcs, centred on Valley, to make 
navigation in the terminal phase easier.  Once the top of descent point has been determined, further 
range arcs back along track from this point, and from intermediate turning points, may be constructed if 
desired.  Care must be taken to ensure that working areas of the chart do not become over-cluttered. 
 
Completing the Navigation Flight Plan 
 
16. Fig 3 shows a typical flight plan form.  Different operators will use variations of this form to cater 
for their particular requirements.  The top part of the form is self-explanatory and needs no further 
comment here.  The bottom part acts as a reminder of various fuel requirements.  This chapter will be 
concerned with the main body of the form and its completion.  
 

9-14 Fig 3 Flight Plan Form 
 
 

A/C C/S DATE

DIVERSION

MIN THRESHOLD

INST APP AT DIVERSION

OVERSHOOT AND CLIMB AT DESTN

800

400

100

TRANSIT FUEL (W/C + ICING)
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400FULL INSTRUMENT PATTERN AND APPROACH
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MIN FUEL..........................COMBAT..................................

RW.....................................ROLL.......................................

MIN FUEL..........................COMBAT..................................
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TR

(T)

W/V HDG

(T)

VAR HDG DR WP ROUTE TO SALT RAS FL OAT TAS G/S LEG LEG ET

035 330/35 028 6W 034 7S TOC 3000 210 267 250 46 11 11

035 340/45 028 6W 034 7S 5130N 0400W 4000 210 210 -23 290 262 34 8 19

359 340/45 356 6W 002 3S 5250N 0400W/TOD 5600 210 210 -23 290 249 80

80

19 38

319 330/35 320 6W 326 1P VALLEY 5600 1000 282 250 32 8 46

ETA START FUEL

(M) MACH ALT DIST TIME USEDFLOW 8000 MIN

1 TR             (         ) DIST NM FL

PILOT NAV SCREEN

 
 
 
17. The first stage is to enter the names or positions of the waypoints in the column marked "Route To".  
The first point will be 'Top of Climb' (TOC), and the penultimate point 'Top of Descent' (TOD), although these 
points have not yet been determined.  Tracks and distances are measured and entered in the appropriate 
columns.  The first and last leg distance will be divided once the climb and descent planning has been 
completed.  In this example, the initial part of the climb from take-off to five miles has been ignored for the 
purpose of calculating headings, although it will of course be included in the total distance and in the time 
and fuel calculations. 
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18. Climb Planning.  Fig 4 shows the appropriate page from the Operating Data Manual (ODM) for 
the climb portion of the flight.  Care must be taken to ensure that the page is correct with respect to the 
climb profile (if the aircraft can undertake a variety of climb profiles), and to the temperature profile 
(ISA +4 in this case).  The layout of the ODM will vary between aircraft, but the example is fairly typical.  
The first task is to decide the level to which it is intended to climb.  The route brief has specified Flight 
Levels around FL200 and in this situation FL210 is selected.  By finding this level in the left-hand 
column and reading across to the appropriate take-off weight (21,000 lb in this example) it will be seen 
that the mean TAS for the climb is 267 kt and the time for the climb is 11 minutes.  This data can be 
inserted in the appropriate columns on the first line of the flight plan.  In practice, the fuel used in the 
climb can also be extracted at this stage and recorded in the flight plan, but fuel planning is covered in 
Volume 9, Chapter 15.  
 

9-14 Fig 4 ODM Climb Table 
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19. The next stage is to determine the wind velocity for the climb, and then to use the DR Computer to 
calculate the heading, groundspeed and distance to the TOC and enter the results on the form.  It will 
be assumed that the aircraft climbs at a steady rate to FL 210, and as the meteorological forecast 
shows that the wind varies uniformly with height, the mid-height wind can be used; in this case the 
10,000 ft wind, 330°/35 kt, will be satisfactory.  The TOC position can now be plotted on the chart. 
 
20. Descent Planning.  The descent is planned in a similar manner to the climb using the appropriate 
page from the ODM (Fig 5) and the correct descent profile (Normal Descent in this example).  Mean 
TAS, fuel used, and time taken are extracted from the table, allowing the heading, groundspeed, and 
distance to be calculated, again using mid-height wind (330°/35 kt at 10,000 ft).  The TOD can now be 
plotted on the chart.  In this example, the calculated TOD point is within a mile of the last planned 
turning point and therefore it is reasonable to make them coincident. 
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9-14 Fig 5 ODM Descent Tables 
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21. Cruise Planning.  Having determined the TOC and TOD positions, the leg distances for the 
cruise portion can be measured and inserted in the flight plan.  The cruise section of the ODM can now 
be consulted, once again ensuring that the correct cruise type or speed, and the correct temperature 
profile are selected (Fig 6).  In this case, the data obtained from the ODM is TAS and fuel flow rate.  
The TAS may, alternatively, be calculated on the DR Computer using the forecast meteorological 
information.  The DR Computer can now be used to determine headings, groundspeeds and times for 
each of the cruise legs, and this data entered on the flight plan form.  Elapsed times and ETAs can be 
entered in the appropriate columns of the flight plan. 
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9-14 Fig 6 ODM Long Range Cruise Table 
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Temp

°C

Speed
(below
line)
knots
T A S

Fuel
Flow

(above
line)
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Fuel Flow (lb/hr). below line
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Fuel
Flow
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line)
lb/hr

35
34
33
32
31
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29
28
27
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25
24
23
22
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17
16

15
14
13
12
11
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8
7
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5
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3
2
1

NOTE: For operation above line throttles are set to give Maximum Continuous Power.

For operation below line engines are throttled back to give Recommended Speed.

For fuel flows above line reduce fuel flow by 10 lb / hr / 1000 lb for weights greater than 15000 lb, and

increase fuel by 10 lb / hr / 1000 lb for weights less than 15000 lb.
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38
37
36

42
41

Pressure
Height

ft X 1000
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34
33
32
31

30
29
28
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26
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23
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17
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14
13
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9
8
7
6

5
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-57
-57
-57
-57
-57

-57
-57

-55
-53
-51
-49
-47

-45
-43
-41
-39
-37

-35
-33
-31
-29
-27

-25
-23
-21
-19
-17

-15
-13
-11
-9
-7

-5
-3
-1
+1
+3

+5
+7
+9
+11
+13

ISA
Temp

°C

-57
-57
-57
-57
-57

-57
-57

-55
-53
-51
-49
-47

-45
-43
-41
-39
-37

-35
-33
-31
-29
-27

-25
-23
-21
-19
-17

-15
-13
-11
-9
-7

-5
-3
-1
+1
+3

+5
+7
+9
+11
+13

375
367
359

1845
1935

1675
1760

352
346
340
334
328

323
317
312
307
301

296
306
301
296
291

287
282
277
273
268

265
261
256
252
248

245
241
238
234
230

227
224
221
217
214

Speed
(below
line)
knots
T A S

375
375
375
367
359

375
375

352
346
340
334
328

323
317
312
307
301

296
306
301
296
291

287
282
277
273
268

265
264
256
252
248

245
241
238
234
230

227
224
221
217
214

356
1975
1940
1915

19

1910
1900
1900
1900
1905

1910
1910
1915
1920
1925

1930
2040
2040
2045
2055

2070
2075
2085
2095
2115

2140
2165
2195
2225
2255

2295
2330
2375
2425
2475

2535
2590
2645
2695
2750

356
375

1910
1885
1860

18

1855
1850
1850
1855
1855

1860
1865
1870
1875
1880

1880
1995
2000
2005
2015

2030
2035
2045
2060
2075

2105
2130
2160
2190
2220

2260
2300
2345
2395
2445

2505
2560
2610
2660
2715

375
1830
1850
1830
1810

357

17

1805
1805
1805
1810
1810

1815
1820
1825
1830
1835

1835
1955
1960
1965
1975

1990
1995
2010
2025
2040

2070
2100
2125
2155
2190

2230
2275
2320
2370
2420

2480
2535
2580
2630
2680

1750
1775
1800
1780
1760

360
1735

16

1760
1760
1760
1765
1765

1770
1780
1785
1785
1790

1795
1915
1920
1925
1935

1950
1960
1975
1990
2010

2040
2070
2095
2125
2160

2205
2250
2295
2345
2395

2455
2505
2550
2600
2650

1695
1720
1750
1730
1710

1655
1670

15

1715
1720
1720
1720
1725

1730
1740
1745
1745
1750

1755
1880
1885
1890
1900

1915
1925
1940
1960
1980

2010
2040
2065
2095
2130

2180
2225
2270
2325
2375

2430
2475
2525
2570
2620

1645
1670
1700
1795
1670

1590
1615

14

1675
1680
1680
1680
1690

1695
1700
1705
1710
1715

1720
1845
1850
1860
1865

1885
1895
1910
1930
1950

1985
2010
2040
2070
2105

2155
2200
2250
2300
2350

2405
2450
2495
2545
2590

1595
1625
1660
1645
1635

1540
1565

13

1640
1640
1645
1645
1655

1660
1665
1670
1675
1680

1685
1815
1820
1830
1835

1855
1865
1885
1905
1925

1960
1985
2015
2045
2085

2135
2180
2230
2280
2330

2380
2425
2470
2520
2565

(ISA + 3°C to ISA + 7°C)

Long Range Cruise

 
 
 
22. Safety Altitude.  The safety altitude (SALT) for each leg or section must be determined from a 
topographical chart using whatever criteria are laid down by the Command, Group, or other operating 
authority.  In this example, the basic criterion has been to find the highest obstacle within 30 nm of 
each planned section of track, and then add 1,000 ft (2,000 ft in the case where the obstacle is 3,000 ft 
or higher).  That sum has then been rounded up to the nearest 100 ft.  The SALT figure for each track 
is then annotated on the flight plan form (Fig 3).   
 
Note: SALT calculation is explained in detail in Volume 9, Chapter 23. 
 
23. F2919/CA48.  If necessary, an F2919/CA48 - Flight Plan can now be completed and submitted.  
The occasions when this form should be completed, and instructions for its completion, are contained 
in the UK Military Aeronautical Planning Document and in FLIPs. 
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CHAPTER 15 - FUEL PLANNING 
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Introduction 
 
1. Fuel planning is an integral part of flight planning, and accurate calculation of the fuel requirement for 
a particular flight is important for safety, economical operation, and the maximum utilization of payload. 
 
2. The methods of calculating the fuel plan, and of monitoring the fuel consumption in flight, will vary 
between aircraft type and role, and on the requirements of the flight.  The requirements, and terms 
used, for fast-jet operations are described in Volume 9, Chapter 18.  The principles outlined in this 
chapter are applicable mostly to larger aircraft.  
 
Fuel Planning Data 
 
3. Fuel consumption is a function of altitude, air temperature, speed, all-up weight (AUW) and engine 
RPM.  Data on fuel consumption, expressed in either pounds (lb) or kilograms (kg) per minute or hour, is 
presented in the Operating Data Manual (ODM) for the aircraft type, usually in tabular form with entering 
arguments of altitude and AUW.  The other parameters are assumed constant, with their values stated 
on the table, and with a selection of tables for variations in these parameters.  Fig 1 shows a typical ODM 
table.  The title 'Long Range Cruise' specifies the flight profile and a secondary table shows the assumed 
speeds.  The heading 'ISA –2 to ISA +2' specifies the air temperature range for which the table is valid.  
There will be additional tables for different flight profiles (e.g. climb, descent, endurance cruise), and for 
different air temperature regimes (see examples in Volume 9, Chapter 14). 
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9-15 Fig 1 ODM Long Range Cruise Table 

 

40
39
38
37
36

42
41

Pressure
Height

ft X 1000

ISA
Temp

°C

Speed
(Below
Line)
knots
T A S

Fuel
Flow

(Above
Line)
lb/hr

Speed (knots T A S) Above Line
Fuel Flow (lb/hr). Below line

Weight (lb/1000)

Fuel
Flow

(Above
Line)
lb/hr

35
34
33
32
31

30
29
28
27
26

25
24
23
22
21

20
19
18
17
16

15
14
13
12
11

10
9
8
7
6

5
4
3
2
1

NOTE: For operation above line throttles are set to give Maximum Continuous Power.

For operation below line engines are throttled back to give Recommended Speed.

For fuel flows above line reduce fuel flow by 10 lb / hr / 1000 lb for weights greater than 15000 lb, and

increases fuel by 10 lb / hr / 1000 lb for weights less than 15000 lb.
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4. The ODM will normally present a rapid planning section where the fuel requirement for a given sector 
distance is tabulated against a variety of head or tail wind components (Fig 2).  These tables are valuable 
in the initial planning stages, to see whether a proposed flight is possible and to give an idea of the 
payload that might be carried.  Additional tables give diversion fuel requirements (Fig 3) and holding fuel 
(Fig 4).  In all of these cases it is important to note the assumptions on which the tables are calculated. 
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9-15 Fig 2 ODM Sector Fuel and Time Table 
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2.  Take-off and climb to 1,000 ft (150 lb) and landing and baulked landing (1,150 lb) fuel allowances added.
3.  Procedure-normal climb to 38,000 ft, long range cruise at 38,000 normal descent to 1,000 ft.  
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9-15 Fig 3 ODM Diversion Table 
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9-15 Fig 4 ODM Holding Fuel Table 
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The Fuel Plan 
 
5. Preparing the basic fuel plan is straightforward, using the data from the appropriate tables of the 
ODM.  The following example will illustrate the procedure.  A simple route is shown in profile in Fig 5; 
it consists of a climb, a cruise portion at two flight levels, and a descent.  The cruise portion is divided 
by a number of waypoints.  Even if this were not necessary for navigation purposes, the cruise would 
need to be divided for fuel planning as the fuel consumption rate depends on AUW, which will, of 
course, reduce during flight.  The length of each section for fuel planning considerations will depend 
on the aircraft type.  The flight plan entries for this route are shown in Fig 6. 
 

9-15 Fig 5 Simple Route (Elevation) 
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9-15 Fig 6 Simplified Flight Plan 
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Tick ( ) indicates 'same as above'  
 
6. Climb.  The fuel for the climb section is extracted from the climb table of the ODM, ensuring that the 
correct climb and temperature profile is selected.  In practice, this will be done at the same time that the 
mean TAS and time to climb are found for navigation planning (see example in Volume 9, Chapter 14).  
The top of climb (TOC) position is plotted allowing the first cruise leg to be defined.  The fuel used is 
entered in the appropriate column of the flight plan and, by subtraction, the fuel remaining and AUW at the 
top of climb are calculated and entered. 
 
7. Descent.  The descent fuel is similarly found using the ODM descent tables, as per the example 
in Volume 9, Chapter 14.  The top of descent (TOD) point can be plotted, thus allowing the last 
cruising leg to be defined.  It should be noted that the descent table will normally assume a descent to 
1,000 ft.  If it is planned to stop the descent at an intermediate level, then an adjustment must be 
made.  For example, if it is intended to descend from FL 310 to FL 40 then the figures for fuel and time 
for a descent from FL 40 are subtracted from those for a descent from FL 310.  The fuel calculated for 
use in the descent is then entered in the flight plan. 
 
8. Cruise.  The start weight at the beginning of the first leg is used as an entering argument with 
altitude to determine the fuel flow rate.  The table for the correct cruise conditions (speed, 
temperature) in this example yields a rate of 1,865 lb/hr (Fig 7).  The time for the 200 nm leg is 28 
minutes and therefore the fuel used is 870 lb.  This can be entered in the flight plan and subtracted 
from the fuel remaining to give the new fuel remaining, and from the previous AUW to give the AUW 
for the next leg.  The process is repeated for the remaining cruise legs. 
 

9-15 Fig 7 Extraction of Cruise Fuel Rate 
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Minimum Fuel Requirements 
 
9. Minimum Fuel Overhead the Destination.  The planning procedure discussed above has 
determined the amount of fuel needed to carry out the flight, but has taken no account of the quantity 
of fuel with which it is necessary to arrive at the destination.  The ODM-based calculations give the 
amount of fuel remaining when the aircraft arrives overhead the destination at 1,000 ft (2,220 lb in 
Fig 6).  The minimum fuel required overhead the destination should be calculated, and is normally the 
sum of the following factors:  
 

a. Minimum Landing Fuel.  There will be a minimum landing fuel permitted for the aircraft 
type.  This usually allows sufficient for taxiing to dispersal, plus an allowance for gauging errors. 

 
b. Missed Approach and Transit to Alternate Airfield.  It is normal to carry a fuel allowance 
for a 'Missed Approach' at the destination airfield, and subsequent transit to the alternate 
(diversion) airfield.  Extra fuel may be required within this allowance, for factors such as forecast 
icing and its associated fuel penalty, or air traffic restrictions. 

 
c. Approach Fuel.  A fuel allowance will be required to provide for the approach (either visual or 
instrument) from 1,000 ft overhead the destination, to touchdown.  Similarly, an allowance must be 
made for the approach at the alternate airfield. 

 
10. 'Standard' Diversion Figures.  For most aircraft there will be 'standard' amounts for these various 
fuel requirements (perhaps printed on the flight plan form for convenience - see Fig 3 to Volume 9, 
Chapter 14).  In addition, there is usually a locally produced table giving the transit fuel required to the 
commonly-used diversion airfields.  For other airfields, the transit fuel will have to be calculated, normally 
by the use of a table such as that shown in Fig 3. 
 
11. En Route Minimum Fuel.  The 'en route minimum fuel' is the amount of fuel required at a specific 
point to enable the aircraft to complete the route as planned, arriving at the destination with the specified 
overhead fuel.  Once the fuel overhead the destination has been calculated, it is possible to work back 
through the fuel plan, and calculate the en route minimum fuel for any point on the flight plan. 
 
In-flight Fuel Monitoring 
 
12. The fuel plan, as calculated, gives an indication of the expected fuel consumption, leg by leg.  
However, if the fuel consumption varies from that expected, it can be difficult to make an accurate 
assessment of any trend from the flight plan form.  To overcome this shortcoming, the fuel graph 
has been developed.  The fuel graph presents a visual solution: the fuel expected is plotted on the 
vertical axis against either time or distance on the horizontal axis.  The former is known as the 
fuel/time Howgozit and the latter as the fuel/distance Howgozit.  Each type is suited to certain roles; 
in general, the maritime and AAR roles use fuel/time graphs while transport operations tend to use 
the fuel/distance graph.  The fuel/distance Howgozit has the advantage of being ideally suited to 
the solution of critical point and other tactical problems (Volume 9, Chapter 16). 
 
13. COMBAT, BINGO and JOKER Fuels.  The terms 'COMBAT', 'BINGO' and 'JOKER' can be used 
to assist with in-flight fuel management.  These terms are described fully in Volume 9, Chapter 18. 
 
Fuel/Distance Howgozit 
 
14. Construction.  Fig 8 shows an example fuel/distance Howgozit, based on the flight plan at Fig 6.  
The vertical axis represents fuel remaining while the horizontal axis represents the distance to go to 
the destination.  The departure airfield is represented by the intersection of the total route distance 
and the take-off fuel, in this example 955 nm and 8,000 lb.  The destination is similarly represented by 
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the intersection of the flight plan fuel remaining overhead the destination (2,220 lb) and zero distance 
to go.  The predicted fuel consumption between these points is plotted using the flight plan values of 
fuel remaining at each waypoint and the corresponding distance to go.  As fuel consumption is a 
function of time rather than distance, the gradient of the line will vary with changes in groundspeed 
(higher groundspeeds giving shallower gradients).  This fact can be used as a cross-check of the 
plotting as the gradient changes can be correlated with the flight plan groundspeed changes. 
 

9-15 Fig 8 Fuel/Distance Howgozit 
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15. Minimum Fuel Line.  The graph plotted in Fig 8 represents the expected fuel consumption for 
the flight and, in particular, terminates at the expected fuel remaining overhead the destination.  For 
the reasons outlined in paras 9 to 11, there will be a minimum fuel requirement overhead the 
destination; this value is plotted at the zero distance-to-go point.  In the example (Fig 9), the 
minimum fuel overhead is assumed to be 1,710 lb.  A minimum fuel line may now be constructed 
through this minimum fuel point and parallel to the planned fuel line.  As a flight safety item, the 
minimum fuel line is normally plotted in red.  Any in-flight fuel check that falls below this line means 
that the destination cannot be reached with the stipulated reserves and some action must be taken 
to remedy the situation. 
 

9-15 Fig 9 Fuel/Distance Howgozit with Minimum Fuel Line and Plotted Fuel Checks 
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16. In-flight Fuel Checks.  One advantage of graphical monitoring of fuel consumption is that fuel 
checks can be carried out at any convenient time and are not restricted to pre-planned times or 
positions.  The fuel remaining at any time is simply plotted against the distance to go at that time.  If 
the fuel check plots above the line then there is more fuel than planned and vice versa.  A series of 
such checks is shown in Fig 9.  From the first fuel check it will be seen that the fuel consumption is 
'above the line'.  There may be several reasons for this; a greater than expected start fuel, colder 
temperatures, better than average engine efficiency.  At this stage, the only assumption that can be 
made is that the fuel for the remainder of the flight will be as planned and therefore the fuel 
remaining overhead the destination will be above the line by a similar amount.  The frequency of 
fuel checks will normally be stipulated by the operating authority, but, in general, a check will be 
made at TOC, just prior to TOD and at approximately 30 minute intervals during the cruise. 
 
17. Fuel Consumption Trend.  After a number of fuel checks, it will be possible to join them to 
establish an impression of the actual, rather than the predicted, consumption.  This trend line may 
be extrapolated to estimate the effect on the expected destination fuel.  Clearly, such estimates 
must be treated with caution and, the longer the period over which the trend can be established, the 
more reliable it is likely to be.  It is important to give some consideration as to the reason for a trend 
varying from the prediction.  For example, it may be due to winds differing from forecast, in which 
case this difference may not necessarily persist for the rest of the flight.  In the case of a circular 
route back to base, it is quite likely that such a trend established on the outbound section will be 
reversed on the inbound section.  This effect is shown in Fig 9 where the positive trend between 
1055 hrs and 1125 hrs is reversed between 1125 hrs and 1155 hrs. 
 
Fuel/Time Howgozit 
 
18. Construction.  The fuel/time Howgozit is constructed in a similar manner to the fuel/distance variety 
except that the horizontal axis represents flight plan elapsed time from take-off.  Fig 10 shows an 
example graph on which a horizontal minimum fuel line has been plotted.  The gradient of the fuel/time 
line is more constant than the fuel/distance line as the fuel flow with respect to time is relatively constant.  
The minor difference as AUW reduces is not readily apparent at the scale of the graph. 
 

9-15 Fig 10 Fuel/Time Howgozit with Minimum Fuel Line and Plotted Fuel Checks 
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19. In-flight Fuel Checks.  Once airborne, the elapsed times on the horizontal axis can be 
replaced with real times, if required.  Fuel checks are plotted on the graph as values of fuel 
remaining against time, or elapsed time from take-off.  Revision of fuel expected at destination 
requires an extra stage when using this graph.  Suppose that a fuel check plots above the line by 
200 lb.  It is not sufficient to assume that the destination fuel will be better by 200 lb; it is first 
necessary to check how airborne ETAs correspond with the flight plan ETAs.  At the time of the fuel 
check, the ETA for the next waypoint is calculated and compared with the flight plan ETA.  If the 
flight is running, say, 3 minutes behind flight plan then 3 minutes extra fuel will be used (assuming 
that the 3 minute discrepancy is maintained).  Using an average fuel flow rate of 30 lb/min in this 
example, an extra 90 lb of fuel will be used.  Thus the revision to the overhead fuel is 200 – 90 = 
+110 lb.  An extra facility can be offered, on the fuel/time Howgozit, by joining 2 representative fuel 
checks, and extending that line downwards.  Where this line intercepts the minimum fuel line, the 
time can be estimated for achieving that fuel state.  In the example in Fig 10, by joining the 1155 
hrs and 1225 hrs fuel checks and projecting that line, it can be forecast that the minimum fuel of 
1,710 lb will be reached at approximately 1306 hrs. 
 
Fuel Saving 
 
20. If, during the flight, a fuel check falls below the minimum fuel line, or if a reliable trend shows that 
the fuel will be below minimum at the destination, then some fuel saving action must be initiated. 
 
21. The action to be taken will depend on a number of factors such as the aircraft type and 
performance, the nature of the task, and airspace restrictions.  Although no precise guidance can be 
given, the following options might be considered: 
 

a. Reduce Time on Task.  Reducing time on task is a simple method of saving fuel, but may 
not be operationally acceptable. 

 
b. Shorten the Route.  This is normally the most effective method but is dependent upon the 
route geometry.  It should be relatively simple in a route with large turns, but will be impossible in 
a straight route.  In addition there may be air traffic control or airspace restrictions preventing re-
routeing. 

 
c. Alter the Cruise Profile.  There are various techniques which may be considered within the 
cruise profile.  When on task, it may be possible to change to a more economical speed 
(endurance cruise), or perhaps fly higher.  On route to the destination, best speed for range 
should be utilized.  A higher cruising flight level may also save fuel over a long distance (but the 
effect of a different fuel flow rate and of a different wind structure must be considered).  
Approaching the destination, it may be beneficial to remain at height for longer and then execute 
a rapid, rather than normal, rate of descent.  Finally, the planned approach may be changed, eg 
straight-in visual rather than full instrument recovery, weather permitting. 

 
d. Re-negotiate the Minimum Overhead Fuel.  It may be possible to change the planned 
diversion airfield to one that is closer or has better weather (allowing a visual approach instead of 
an instrument approach) thereby permitting a reduced minimum fuel overhead the destination. 
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Introduction 
 
1. An important aspect of flight planning is the calculation of the action to be taken in the event of a 
diversion or an emergency.  The decision to be made is whether, with the available fuel and knowledge 
of the wind velocity, it will be preferable to return to base, divert, or continue to the destination, and 
indeed which of these options is feasible.  This chapter will describe the various decision points which 
can be determined at the flight planning stage and the methods by which they can be calculated.  
 
 

CRITICAL POINT 
 
Definition 
 
2. Route Critical Point (CP).  The CP is the point between two airfields from which it would take the 
same time to fly to either airfield.  The calculation of critical point is based on the ratio of groundspeed to 
destination and groundspeed back to base.  These speeds are computed from a mean wind velocity for 
the flight for simplicity.  The TAS selected for the calculation depends on the type of emergency 
envisaged.  For example in the case of an engine failure a reduced TAS will be used, whereas in the 
case of a sudden deterioration in the condition of a patient on a medical evacuation flight a higher than 
normal TAS might be appropriate. 
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3. There are three methods of determining the critical point between two airfields; formula (DR 
Computer), Howgozit and critical line graphics. 
 
Formula (DR Computer) Method 
 
4. Fig 1 illustrates the problem to be solved.  A and B are the two airfields and C is the critical point 
whose position along AB is to be found.  The distance from A to B is D, and the distance from A to C is X.  
The groundspeed on to the destination is O and the ground-speed back to base is H.  In most cases, 
these ground-speeds will be calculated on the basis of a reduced TAS. 
 

9-16 Fig 1 Critical Point Problem 
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By the definition of Critical Point, the time from C to A is the same as the time from C to B.   
 
Therefore: 
 

O

XD 
= 

H

X

 

XO = H(D – X) 

XO = HD – HX 

XO + XH = HD 

Xie = 
HO

HD

  

D

X
or = 

HO

H

  
 
 
5. In this latter form, the equation can be solved for X on the DR Computer by setting H on the outer 
scale against (O + H) on the inner scale and then reading X on the outer scale against D on the inner 
scale. 
 
6. Example.  

D = 1,000 nm 
Reduced TAS = 260 kt 

W/V = 060/60 
Track = 090T 

O = 208 kt 
H = 312 kt 

O+H = 520 kt 
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From the DR Computer (Fig 2)  
 

X = 600 nm  
 

9-16 Fig 2 DR Computer Solution to Critical Point 
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Howgozit Method 
 
7. The CP can be determined using the fuel/distance Howgozit graph.  The principle is to back plot, 
from the point at the departure and destination airfield representing the minimum fuel, two fuel gradient 
lines equivalent to the expected fuel consumption rate from the CP.  The intersection of these gradients 
will then be at the CP. 
 
8. Fig 3 shows a fuel/distance Howgozit for a flight of 741 nm.  The minimum fuel required at either 
the destination or on return to base is 1,500 lbs.  Points A and B represent this fuel value at the 
departure and destination airfields. 
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9-16 Fig 3 Howgozit Solution of Critical Point 
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9. The requirement now is to determine the fuel gradients in terms of fuel against distance, taking 
into account the optimum single-engine cruising level and speed, a representative AUW, and the 
expected wind velocity.  The ODM table (Fig 4) shows an example of the distance flown whilst using 
2,500 lbs of fuel (from 4,000 lbs to 1,500 lbs) for a selection of head and tail wind components.  Other 
aircraft will have different figures, but the principle remains the same.  The gradients can now be 
constructed by stepping these distances from the departure and destination airfields on the graph and 
plotting the 4,000 lbs of fuel point.  
 

9-16 Fig 4 ODM Table - Distance Flown for 2500 lbs of Fuel 
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10. On the example graph, the 'home' wind component is 9 kt head and the 'out' component is 8 kt 
tail.  These values are computed using forecast wind velocity and a reduced TAS in the single engine 
case.  Fig 4 gives distances of 401 nm and 428 nm respectively for these wind components.  Point C 
is plotted at 4,000 lbs and 428 nm from destination; point D is plotted at 4,000 lbs and 401 nm from 
departure (741 401 = 340 DTG).  CB and AD are then t he required fuel gradients and their 
intersection gives the CP position, 383 nm DTG.  
 
11. It should be remembered that the CP represents the equal time point between two bases and the 
fact that the solution has been determined on a fuel Howgozit graph does not in itself guarantee that 
the aircraft will arrive at base or destination with the minimum required fuel.  The expected fuel can be 
determined by drawing a line through the flight plan fuel point at the CP parallel to the appropriate 
gradient determined above.  Thus, on the example graph, if it was decided to return to base from the 
CP under the single-engine conditions, the fuel line would be plotted as EF, parallel to AD, giving an 
expected fuel at base of 2,900 lbs.  However an adverse combination of distance and wind velocity 
could bring the overhead fuel level to less than minimum. 
 
Critical Line 
 
12. The critical point represents that point on track from which it will take equal time to proceed to 
destination or return to base.  If the aircraft is off track however, the critical point loses its significance 
and must be replaced by a critical line.  For a straight line track, as in Fig 5, in still air the 
perpendicular bisector of track represents the equal time line back to A or on to B.  Thus, for an 
aircraft well off track (at C), it would be quicker to return to A than proceed to B in still air.  
 
 

9-16 Fig 5 Critical Line in Still Air 
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13. To be valid, this line must be modified for the effect of wind.  The time for the aircraft to fly from 
the still air critical line to either A or B in still air at the reduced TAS is calculated.  The critical line is 
then moved upwind by a distance equal to the still air time multiplied by the wind speed.  
 
14. In the example, the still air critical line is at 500 nm, the reduced TAS is 260 kt and the wind velocity is 
060/60.  The still air time to fly from the critical line to either A or B is 115 minutes (1.923 hrs).  Thus the 
critical line must be moved upwind (i.e. in the direction 060 T) by 1.923   60 nm = 115 nm (Fig 6). 
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9-16 Fig 6 Wind - Modified Critical Line 
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15. The assumption in this solution is that the distance, from any point on the still air critical line to A or 
B, is the same (i.e. 500 nm in this example).  This assumption becomes less valid as distance off track 
increases but the errors induced are unlikely to be significant unless the track error is large and the route 
relatively short.  
 
Critical Point/Line Between Three Airfields 
 
16. The discussion in the foregoing paragraphs has considered only the case where the options 
available are proceeding to the destination or returning to base.  More commonly, there will be a third 
option of diverting to an off-track airfield.  Fig 7 shows the still air situation, where, between A and L, it 
will be quicker to return to base, from L to N it will be quicker to divert to C, and beyond N it will be 
quicker to proceed to B.  Thus, L and N represent two critical points.  The best method of finding the 
positions of L and N is graphical and is based on the critical line solution. 
 

9-16 Fig 7 Critical Point Between Three Airfields 
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17. The method is illustrated in Fig 8.  AC and BC, joining the departure and destination airfields to 
the diversion, are drawn, and the perpendicular bisectors of these lines (LM and NO) are constructed 
to cut the track, AB, at L and N.  As L is equidistant from A and C, and N is equidistant from B and C, 
L and N are the still air critical points.  
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9-16 Fig 8 Graphical Solution for Critical Points/Lines Between Three Airfields 
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18. To account for the wind effect the points L and N are moved upwind, in the same manner as 
constructing a critical line, by an amount equal to the wind speed multiplied by the time to fly from L and 
N respectively to C at the reduced TAS.  Critical lines are drawn through the ends of the wind vectors, 
parallel to LM and NO, and where these cut the track represent the critical points. 
 

POINT OF NO RETURN 
 
Definition 
 
19. The point of no return (PNR) is that point furthest removed from base to which an aircraft can fly 
and still return to base within its safe endurance.  PNR is normally calculated on long flights where the 
aircraft is unable to land between the departure and destination airfields.  As with the CP, there are 
three methods of solution, but only the formula (DR Computer) and Howgozit methods are practical.  
 
Formula (DR Computer) Method 
 
20. By definition, the distance to the PNR equals the distance from the PNR back to base.  If T is the 
time to the PNR, O the outbound groundspeed (using full TAS), H the homebound groundspeed 
(full TAS), and P the aircraft endurance, then: 
 

T  O =  (P – T)H 
TO = PH – TH 

T(O + H) = PH 
  

ie         T = 
HO

PH

  
 
Distance to the PNR is then found from T  O. 
 
21. The problem can be solved on the DR Computer by transposing the formula into the form: 
 

P

T
= 

HO

H

  
 
H is set on the outer scale against O + H on the inner scale and then T can be read on the outer scale 
against P on the inner scale.  
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22. Example. 

O = 380 kt 

H = 340 kt 

P = 3 hrs 

 
180

T = 
720

340

340380

340



 

 
From Fig 9, T can be seen to equal 85 minutes.  Distance to PNR is then equal to 85 minutes at 
380 kt = 538 nm. 
 
 

9-16 Fig 9 DR Computer Solution to PNR 
 

 
 
 
Howgozit Method 
 
23. Fig 10 shows a fuel/distance Howgozit for a flight of 741 nm.  Point A represents the minimum 
fuel requirement on arrival back at base (1,200 lbs) and it is necessary to construct a fuel gradient 
back to this point. 
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9-16 Fig 10 Howgozit Solution for Point of No Return 
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24. From the ODM cruise table, the TAS and fuel flow rate for the appropriate return flight level is 
extracted.  An assumption will have to be made for the AUW pertinent to the return leg, a mid-AUW 
will probably suffice.  
 
25. The groundspeed is now calculated for the homebound leg, using the ODM TAS and the forecast 
wind velocity.  There is now sufficient information to plot the gradient as the fuel used per hour and the 
distance flown per hour are known and therefore the fuel used per distance is known.  In the example, 
the fuel rate is 1760 lbs/hr and the groundspeed is 312 kt and a point on the graph at 1760 + 1200 = 
2960 lbs and 312 nm from base can be plotted (B in Fig 10). 
 
26. The fuel gradient is drawn in by joining AB and is extended to intersect the planned consumption 
line (C in Fig 10).  The distance corresponding to this point represents the PNR. 
 
Last Point of Diversion 
 
27. The last point of diversion (LPD) is a special case of the point of no return.  Under normal 
circumstances, an aircraft will arrive at its destination with sufficient fuel reserves to divert to and 
reach its diversion with a specified minimum fuel.  However, occasionally, routes may be flown where 
the nearest diversion is at such a distance from the destination that the aircraft cannot carry enough 
fuel to reach the destination and then divert safely.  Under these circumstances it is possible to 
determine that point along track beyond which it is impossible to reach the diversion airfield safely.  
This point is known as the 'Last Point of Diversion'.  
 
28. The LPD is found graphically and the procedure is illustrated in Fig 11, where B is the intended 
destination.  AB is the final track, and C is the diversion airfield.  The track AB is extended to D (the 
false destination) such that AD represents the limit of safe endurance at the groundspeed along that 
track.  CD is joined and a perpendicular bisector is constructed, QP, cutting AD at P.  The still air time 
from P to C is calculated and a wind vector is drawn upwind from P for this time.  A critical line can 
now be drawn parallel to PQ cutting the track AB at the last point of diversion for C. 
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9-16 Fig 11 Last Point of Diversion (LPD) Solution 
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29. In flight it may be necessary to amend the position of the false destination in accordance with a 
Howgozit fuel trend.  Fig 12 shows a Howgozit graph with a fuel trend drawn in.  This is extended to 
intersect the minimum fuel line and the distance equating to this point defines the false destination, in 
this example 100 nm beyond the destination.  The LPD is then constructed graphically as above. 
 
 

9-16 Fig 12 Howgozit Solution of False Destination (FD) 
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Introduction 
 

1. Many air operations require that aircraft reach a given point at a precise time. As it is usually 

easier to lose time than to gain it, such operations are often planned with a margin of time in hand. 

Whether or not this is done, some adjustment to the speed or to the distance flown will invariably be 

necessary to achieve the planned arrival time. 

 

TIMING BY SPEED ADJUSTMENT 
 

General 
 

2. The obvious way to alter an aircraft’s time of arrival at its target is to increase or decrease the 

airspeed, thus changing the groundspeed.  If the aircraft is equipped with a navigation system giving a 

direct readout of groundspeed, it is more convenient to base adjustments directly on groundspeed. 

 

3. Only a small increase above the standard operating speed of an aircraft at a given height is normally 

possible without an appreciable penalty in fuel consumption.  Small speed changes result in only small 
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increases or decreases in flight time.  For example, at a groundspeed of 200 kt an adjustment in 

groundspeed of 10 kt will gain or lose only three minutes in an hour; the same adjustment at 400 kts 

gives a difference of only one and a half minutes per hour.  If, therefore, accurate timing at the target is to 

be achieved by speed adjustments, action must be initiated as early as possible.  The ideal is to be on 

time at the beginning of a flight, and stay on time by adjusting the speed at each fix. 

 

4. Two factors usually tell against attainment of the ideal.  If operating in an area not served by a 

reliable wind forecasting service (a situation more common operationally than in training), to stay on 

time during the early part of the flight might lead to impracticable speed changes being required when 

near the target, to compensate for major changes from the forecast head or tail wind component.  

Furthermore, frequent speed changes when operating high performance aircraft are expensive in fuel.  

It is therefore good practice to make only one or two adjustments to speed in the early stages of 

theflight, and changes at turning points are usually adequate.  The aim is to stay nearly on time but 

with a progressively decreasing amount of time in hand, arriving on time at a suitable way point near 

enough to the target to allow any reasonable wind changes to be taken care of by speed adjustment.  

From that waypoint, to the target, timing is checked and speed adjusted at each fix. 

 

Calculation of Speed Adjustments 
 

5. The required groundspeed changes can be calculated as follows: 
 

a. On the Dead Reckoning computer, by calculating the groundspeed required between a fix 

and the next turning point, by using time and distance to go. 
 

b. By the use of tables, prepared for the usual operating speeds, giving the amount of time 

gained or lost if various speed changes are applied for a given period. 
 

c. By using annotations, made on the flight plan, of the airspeed adjustments required to gain 

or lose one minute, computed for each leg. 
 

d. By estimation in flight using mental DR (MDR). 
 

6. An MDR change of G/S can be converted to an MDR change in CAS by multiplying it by the 

approximate ratio of CAS to TAS.  Thus, if the required G/S is an increase of 44 kt with a current CAS 

of 209 kt and a TAS of 282 kt, then the CAS should be increased by 44  0.75, i.e. 33 kt. 
 

Change of Mach Number 
 

7. When an aircraft is being flown by reference to a Mach meter, rather than an airspeed indicator, 

an adjustment to indicated Mach number to gain or lose time can be calculated as follows: 
 

a. Computer Method. 
 

(1) Determine the present groundspeed. 
 

(2) Determine the groundspeed required to make good the required ETA. 
 

(3) Calculate, on the computer, a new Mach number to fly, using the following formula: 
 

Current Mach No

Current G / S

 Mach No

Required G / S


New

 
 
 

This method is adequate under most circumstances, but becomes increasingly inaccurate with head 

or tail wind components in excess of 50 kt. 
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b. Use of Timing Graph.  The change in Mach number required can be determined directly 

from a graph (such as that illustrated at Fig 1); the method is as follows: 
 

(1) Calculate the ETA, using the current groundspeed and the distance to go. 
 

(2) From this ETA and the required ETA, determine the amount early or late. 
 

(3) Enter the graph with distance to go and current groundspeed, extract the Mach number 

change required to gain or lose one minute, and by proportion determine the Mach change 

needed. 

 

 

9-17 Fig 1 Change of Mach Number to Gain or Lose Time 
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TIMING BY ADJUSTMENT OF DISTANCE TO BE FLOWN 
 

General 
 

8. It may sometimes be desirable to adjust timing by altering the distance to go rather than by 

changing airspeed.  The various methods of doing this, some of them requiring pre-planning and 

some not, are described in the following paragraphs. 
 

Losing Time by 60 Dog-leg 
 

9. Heading is altered 60 in either direction for the length of time that is to be lost, then altered 120 
in the opposite direction for the same length of time to regain track.  Heading to the next turning point, 

or target, is then resumed.  The aircraft will, thus, have flown two sides of an equilateral triangle, and 

the time lost will be equal to the time taken to fly one side. 
 

10. Small inaccuracies in tracking and time lost will be introduced by the wind effect during the 

procedure, but they will usually be negligible if the amount of time to be lost is small.  If the same 

constant rate of turn is maintained throughout the three turns, and if legs are timed accurately from 

levelling out after a turn to the start of the next turn (see Fig 2), the effect on time lost of the time taken 

to turn can be ignored. 
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9-17 Fig 2 60 Dog-leg Procedure 
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11. The 60 dog-leg procedure, as described above, can normally be used for small time losses.  If 

more than two minutes is to be lost, or if the wind is strong, it will be necessary to adjust the time on 

the second leg to ensure that the final turn will bring the aircraft back on track.  If this is not done, the 

resulting track error will leave a further timing problem, particularly if near the next turning point.  

Where such an adjustment will be necessary, it is usual to make the first turn towards the 'into wind' 

direction.  This will ensure that track can be rejoined with time in hand, and that it will not be 

necessary to extend the second leg to regain track, thus putting the aircraft in the more difficult 

position of having to make up time. 

 

Losing Time by 30 Dog-leg 
 

12. A similar procedure, altering heading first 30 in one direction, then 60 in the other, before resuming 

heading, may be used for small adjustments in ETA (see Fig 3). 

 

9-17 Fig 3 30 Dog-leg Procedure 
 

Notes.
1. Legs are Timed B-C and D-E.
2. Time A-F           of time A-C-F and time loss
1 min in 8 mins.

B

C
D

E F30°

60°

A 30°

 

 

13. For each minute to be lost, each leg is flown for four minutes.  This procedure is useful for small 

time losses (up two minutes) when it is desired to stay near track and avoid big alterations of heading. 

 

14. Even when timing is not a consideration, adoption of a formal dog-leg procedure to avoid 

obstacles or weather will enable the track to be regained and ETA amended with minimum calculation. 
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Losing Time by Rate 1 Turns (90 Method) 
 

15. The procedure illustrated at Fig 4 could occasionally be useful in high performance aircraft.  The 

time lost by using the procedure is arrived at as follows: 

 

 

Distance  A-B-C-D = π d (where 'd' is the diameter of turn) 

Time A-B-C-D = 2 mins (360ºat Rate 1) 

Direct Distance A-D = 2d 

Time A-D = mins
πd

2
2d  

 = 1¼ mins approx 

 Time lost = ¾ min 

 

 

9-17 Fig 4 Losing Time by 90 Method 
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16. To lose more than ¾  min, subtract ¾  min from the time to be lost, and straighten up between 

each reverse for half the resultant time. 
 

Summary of Dog-leg and 90 Methods 
 

17. The above methods suffer from the disadvantages that: 
 

a. They are imprecise in regaining track. 
 

b. They can be inaccurate in losing time. 
 

18. It is usually necessary for them to be followed by heading corrections, and if precision is required, 

by speed adjustments.  They do, however, serve to lose a lot of time in a short distance along track, 

but at the expense of considerable deviation from the planned track - not always tactically acceptable. 

 

Cutting the Corner 
 

19. If there is a suitably large track alteration along the route, timing may be adjusted by extending or 

cutting the corner at that turning point.  Two simple examples of this procedure are shown in Fig 5. 
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9-17 Fig 5 Timing by Adjustment of Track at a Turning Point 
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20. Given a route A-B-C (Fig 5a), timing is adjusted by adopting a new turning point in place of 

position B. As shown in Fig 5a, distances representing 1, 2 and 3 minutes of groundspeed are marked 

along the track B C and its reciprocal, and marked G1, G2 and G3 (gaining time) and L1, L2 and L3 

(losing time).  If at position X the aircraft were two minutes ahead of time, heading would be altered to 

fly the track X-L2-C.  Alternatively, the track AB may be extended beyond B and the 1, 2, and 3 minute 

marks placed on this extension for losing time ( L1 , L2  and L3 ) and on the reciprocal for gaining time 

( G1 , G2 , and G3 ).  If running late, time may be gained by turning early to C from either G1 , G2  or 

G3 .  If early, overflying B and turning towards C from L1 , L2  or L3  will provide the appropriate 

number of minutes delay.  However, since the track has changed so too will the groundspeed.  Thus a 

revision of timing on the new leg will be necessary.  Where turning circles have to be allowed for, and 

using the first method as an example, it is convenient to mark the timing points along a line parallel to 

the track from B to C, passing through the originally planned start turn point at B, as shown in Fig 5b.  

ETA start turn is then easily calculated. 

 

21. The technique of cutting short/extending at corners, described in Para 20, requires the turn angle at 

B to be close to 90, so that, for example, the leg X - L2 would be approximately equal to X - B. 

 

Pre-computed Timing Leg 
 

22. A more precise method of adjusting timing, by revising the distance to be flown, is to use pre-

computed timing legs at any convenient turning point.  Use is again made of the principle of isosceles 

triangles. 

 

23. Fig 6 shows pre-computed timing legs constructed for the route A-B-C.  At position B, a line BDE 

is drawn at an angle of 75 to track BC.  The length of BD is the distance flown in, say, four minutes 

where three minutes is the longest period it is thought it will be necessary to make up at that turning 

point.  Similarly, DE is the distance flown in the maximum time it will be necessary to lose.  From D, 

line BDE is divided into units of distance flown in one minute, and marked G1, G2, L1, L2 etc as shown. 
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9-17 Fig 6 Pre-computed Timing Legs 
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24. A line DF is drawn at an angle of 75 to BD to intercept BC at F.  A-B-D-F is now the 'on time' 
track, used in calculating the required set heading time when completing the flight plan.  The dotted 
line in Fig 6 illustrates the track to gain two minutes.  A method of construction when allowance must 
be made for turning circles is shown in Fig 7. 
 

9-17 Fig 7 Pre-computed Timing Legs with Turning Circles 
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GENERAL CONSIDERATIONS 
 

Accuracy 
 
25. Accurate flying and navigation are essential to successful timing.  Turns should be executed at 
the planned rate, and the aircraft flown at the correct airspeed and altitude.  Track keeping is 
important; attempts to make up or lose time by speed adjustment will be negated if the aircraft is 
allowed to stray far from the planned track. 
 

Early Remedial Action 
 
26. The task of arriving at a target, or destination, on time will be simplified if any tendency to gain or 
lose time is quickly recognized, and if remedial action is taken before too big an error has 
accumulated.  When the aircraft is early, care must be taken to ensure, before shedding all the time in 
hand, that the planned route for the remainder of the flight to the target, coupled with practicable 
speed adjustments, gives sufficient flexibility to make up any foreseeable subsequent loss of time. 
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CHAPTER 18 - FLIGHT PLANNING 
 
Contents Page 
 
Introduction.............................................................................................................................................. 1 
Planning and Map Preparation................................................................................................................ 1 
Fuel Planning........................................................................................................................................... 3 
 
Table of Figures 
 
9-18 Fig 1 Medium Level Transit to LLEP (not to scale) ......................................................................... 2 
9-18 Fig 2 Adjusting Track to make best use of TACAN Beacon ........................................................... 3 
 
 
Introduction 
 
1. Fast jet operations are primarily concerned with the delivery of weapons onto a surface or air 
target, and the gathering of reconnaissance information.  In the air defence role, air navigation will 
normally be carried out with direct reference to the air target rather than to geography, and with 
assistance or control from ground agencies, AWACS, or on-board sensors.  Even so, an awareness of 
geographical position is vital so that adequate terrain clearance can be maintained and the aircraft fuel 
state in relation to base or diversion airfield can be monitored. 
 
2. In addition to these specialized roles, there are occasions where some form of medium or high 
level navigation techniques are appropriate, e.g. transit to a low level entry point (LLEP) or exercise 
area, or a ferry flight.  However, due to the limited cockpit space the techniques of Volume 9, 
Chapter 14 can rarely be used without amendment, particularly in single-seat aircraft; maximum use 
will be made of mental dead reckoning (MDR) techniques (Volume 9, Chapter 19) and radio aids (see 
Volume 9, Chapter 21).  The particular case of airways flying is covered in Volume 8, Chapter 30. 
 
Planning and Map Preparation 
 
3. Chart.  The en route series of charts (ERCs) are normally used for medium/high level navigation.  
Although the high level chart will be used in the UK for any cruise portion of the flight above FL 245, 
reference will need to be made to the low level chart for the climb and descent portions, to ensure that 
due account is taken of restricted and controlled airspace at the lower levels.  It may be considered 
desirable to highlight any restricted airspace adjacent to track and emphasize its vertical extent.  In 
addition, navigation beacons and any control frequencies may be emphasized.  Other information 
which should be annotated includes safety altitude and pressure setting for the descent, and the 
contact frequency for any suitable air traffic control agency that might be able to provide assistance, 
particularly if in IMC. 
 
4. Route.  The route waypoints should be carefully selected, and plotted.  The tracks can be drawn 
between waypoints, ensuring that the appropriate turning circles for the TAS and rate of turn are correctly 
constructed.  An information box may be drawn near the beginning of each leg as shown in Fig 1.  
Distance-to-go (DTG) marks are annotated along track, if required. 
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9-18 Fig 1 Medium Level Transit to LLEP (not to scale) 
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5. Planning.  The top-of-climb (TOC) and top-of-descent (TOD) points are calculated and plotted 
using Operating Data Manual (ODM) or Flight Reference Card (FRC) information.  The determination 
of headings and groundspeeds for the climb, cruise and descent portions may be achieved using the 
DR Computer or MDR methods. 
 
6. Fixing.  To simplify matters in the air, especially for the single-seat operator, it will be beneficial 
to construct a selection of range circles and bearing lines from appropriate TACAN, VOR or DME 
beacons (Fig 1).  Careful selection of beacons can assist navigation, and reduce workload.  TACAN or 
DME ranges from beacons on the beam will provide position lines to assist tracking.  Beacons ahead 
or behind, aligned with track, offer many advantages - a VOR or TACAN bearing will assist with 
tracking; a DME or TACAN range will provide distance gone or distance to go information.  The use of 
radio aids for navigation is covered in Volume 9, Chapter 21. 
 
7. Selection of Beacons for Descent.  It is especially beneficial to have one beacon aligned with 
track during the section from TOD to LLEP.  This will help to ensure that the TOD and LLEP can be 
located accurately and with the minimum of effort, during a portion of the flight where the workload is 
liable to be high.  Indeed, it may be worthwhile revising the descent track if a small change (perhaps 
10º to 15º) will enable alignment with a beacon (see Fig 2).  During the final stages of the descent, 
terrain screening and earth curvature (i.e. long range) are considerations, as they may cause the 
beacon to unlock.  
 

9-18 Fig 2 Adjusting Track to make best use of TACAN Beacon 
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Fuel Planning 
 
8. Fuel planning is accomplished using data from the ODM or FRCs as appropriate (see also 
Volume 9, Chapter 15).  Many units will have locally-produced, rapid planning guides to cover the 
normal load configurations and the common flight profiles.  Minimum and expected fuel figures are 
calculated for TOC, TOD and, if appropriate, the LLEP.  Conventionally, the figures are marked on the 
map in a circle (Fig 1), the top figure being the expected fuel and the lower figure is the 'en route 
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minimum fuel' (see para 9).  In addition, for extended cruise sectors, fuel circles should be added, at 
medium level every 30 minutes and, at low level at convenient intervals such as 6 or 10 minutes. 
 
9. En Route Minimum Fuel.  The 'en route minimum fuel' is the amount of fuel required at a 
specific point, to enable the aircraft to complete the route as planned, arriving at the destination with 
the specified fuel reserves.   
 
10. Fuel Checks.  During the sortie, fuel checks should be taken at the planned points by comparing 
the aircraft’s actual fuel remaining against the expected fuel.  Regular and punctual fuel checks will assist 
the crew in identifying any deviation from the expected fuel flow rate. 
 
11. COMBAT and BINGO Fuels.  The following terms are commonly used to assist in-flight fuel 
management: 
 

a. COMBAT Fuel.  At any point en route, the difference between the aircraft’s fuel remaining 
and the en route minimum fuel is termed COMBAT fuel.  A positive COMBAT figure can be 
utilized for unplanned eventualities such as extra tasking, weather avoidance, timing adjustment 
by speed (if late), or actual combat.  A negative COMBAT figure indicates that some fuel saving 
action is necessary. 

 
b. BINGO Fuel.  The term BINGO fuel is used to describe the minimum amount of fuel required 
at a point, to enable the aircraft to recover to base, or nominated airfield, utilizing the most 
economical route and profile from that point, to arrive with the specified fuel reserves.  The ideal 
criterion for a BINGO profile is a direct route, with an unrestricted climb to the most efficient 
cruising level, followed by an unrestricted descent to land from the first approach.  The BINGO 
calculation must include an allowance for any headwind.  Furthermore, where there are 
foreseeable ATC restrictions in routeing or cruising heights, the BINGO fuel must include suitable 
allowance.  

 
12. Formation Sorties.  To assist with sortie management, the leader of a formation must be aware 
of the fuel situation of the other aircraft whilst airborne.  The leader will normally brief the other pilots 
to declare when they first reach a specified fuel state; often termed 'JOKER' fuel.  The pre-flight 
briefing should include fuel information calls tailored to the particular sortie, e.g. 
 

JOKER 1 = 30 minutes of fuel remaining 
JOKER 2 = 2,000 kg of fuel remaining 

 
Prompt and diligent reporting of fuel states by formation members is essential. 
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Introduction 
 

1. The operating environment in a single or two-seat cockpit normally precludes the use of 

traditional plotting and calculating equipment.  Further limitations may be imposed by system 

degradation or equipment unserviceability and, in some aircraft, the lack of navigation aids.  There 

is, therefore, a requirement to be able to solve mentally, calculations involving speed, distance, 

direction, time and fuel. The ability to multiply and divide numbers mentally is an essential skill 

that users of Mental Deduced Reckoning (MDR) techniques must possess.  As with any other skill, 

MDR needs to be practiced to the extent that it becomes second nature.  This is particularly 

important in the airborne environment.  An appreciation of the techniques of MDR can also be 

useful in checking the results from ground planning aids and aircraft navigation systems, thus 

avoiding gross errors. 
 

The 1 in 60 Rule 
 

2. The 1 in 60 rule is used as a method of assessing track error and closing angle, and has long 

been favoured as a MDR navigation technique because of its flexibility, ease of use and relative 

accuracy (up to about 40º).  The 1 in 60 rule postulates that an arc of one unit at a radius of 60 units 

subtends an angle of one degree (see Fig l). 

 

9-19 Fig 1 The 1 in 60 Rule 
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3. In practical use, this 1 in 60 rule may be applied equally well to a right-angled triangle.  It may be 

accepted that, in a right-angled triangle, if the length of the hypotenuse is 60 units, the number of units 

of length of the small side opposite the small angle will be approximately the same as the number of 

degrees in the small angle (see Fig 2). 

 

9-19 Fig 2 Application to a Right-angled Triangle 
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This approximation can be compared with the exact computation below: 

 

Short Side Sine of Angle Angle 
1 unit   1/60 = .0167   0º 57' 

10 units 10/60 = .1667   9º 36' 

20 units 20/60 = .3333 19º 28' 

30 units 30/60 = .5000 30º 

35 units 35/60 = .5833 35º 41' 

40 units 40/60 = .6667 41º 49' 
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4. Furthermore, since the navigator is likely to have distances on the required track marked on his 

map, the approximation is just as good if the distance gone is measured along the required track 

(see Fig 3).  In either case, the distance gone is compared with the distance off track and the ratio of 

one to the other is reduced to an angle. 

 

Distance off Track x 60 
Track error (degrees) = 

Distance along Track 

 

9-19 Fig 3 Calculation of Track Error 
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Thus, an aircraft passing over a feature 2 miles port of the required track, after flying 30 miles has a 

track error of: 

 

2 

30
× 60 = 4º 

 

Estimation of Map Distances 
 

5. With practice in using particular maps and their scale on the parallels of latitude, it should be 

possible to make reasonable estimates of distance by eye.  This skill may be aided by one of the 

following techniques: 

 

a. Hand Measurements.  Map distances can be measured against a hand span, fist, or 

against the length from knuckle to tip of a finger or thumb.  Wearing flying gloves will yield 

marginally different measurements over those made with the bare hand. 

 

b. Map Comparisons.  Pre-flight map preparation includes distance-to-go markers or time 

marks.  These give distance values that can be used for comparison.  Symbols on the map, such 

as a standard UK MATZ, or the latitude graticule can also be used for comparison. 

 

c. Map Scale.  Any convenient straight edge can be marked and the length measured against the 

latitude or map scale. 
 

Estimation of Map Directions 
 

6. Changes of track may be required at short notice and the use of plotting instruments may be 

impractical.  The ability to measure a direction 'by eye' is a skill that can be acquired with practice.  

Several techniques to estimate map directions are described in the following sub-paragraphs. 
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a. Visual Inspection.  Most people can bisect or even trisect an angle by visual inspection quite 

accurately.  Thus a 90 angle can be progressively broken down by bisection to 45, 22 and 11 
(see Fig 4), or by trisection to 30 and 10 (Fig 5).  It is possible to combine these two techniques. 

 

9-19 Fig 4 Visual Inspection to Bisect Angles 
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9-19 Fig 5 Visual Inspection to Trisect Angles 
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b. 1 in 60 Rule.  Use of the 1 in 60 rule to calculate angles (Para 2) can give results which are 

accurate to within 2, up to about 40.  The rule can also be used to estimate tracks on a map as 

explained below (see Fig 6). 
 

(1) Starting at a point where the track crosses a parallel of latitude (see Fig 6a), estimate a 

distance along the track which is a convenient fraction of 60.  In this example, 30 nm has 

been used. 
 

(2) From this estimated point, drop a vertical line to the parallel of latitude to form a right 

angled triangle, as shown in Fig 6a. 
 

(3) The length of this line is now measured (10 nm in this case) and the 1 in 60 rule applied 

to determine the angle (20) (see Fig 6b). 
 

(4) The track can now be estimated as 070 (90 – 20). 

 

 

 

Revised Mar 11 Page 4 of 16 



AP3456 – 9-19 - Mental Deduced Reckoning 

9-19 Fig 6 Using the 1 in 60 Rule to Estimate Track 
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c. Map Comparison.  A required direction can often be estimated by comparison with other 

known directions on the map, such as drawn and measured tracks, airway centrelines, or 

overprinted VOR radials. 

 

d. Map Graticule.  The latitude and longitude graticule on the map can be used to estimate 

bearings and tracks.  In Fig 7, the top left hand corner of the box has been joined by lines to the 

10 minute divisions of latitude and longitude.  Measuring the angles these lines make with 

respect to true north, gives guidance which can be used to estimate tracks and bearings.  This 

method can be used worldwide, but the example shown here applies to latitudes between 50° 

and 60°.  Other latitudes will produce different angles to those shown.  Users can construct an 

equivalent of Fig 7 for their normal operating latitudes. 

 

9-19 Fig 7 Using the Map Graticule Between Latitudes 50and 60 to Estimate Track 
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Estimation of True Airspeed (TAS) 
 

7. Because of the rather complex effects of deviations from the standard atmosphere and of 

compressibility, there is no simple formula for the determination of TAS from either Calibrated Airspeed 

(CAS) or Mach number (see Volume 1, Chapter 1).  Nevertheless, there are a few methods which can 

produce acceptable results within their limitations. 

 

a. Formula Method.  Up to about 25,000 feet, the TAS can be estimated by multiplying the 

CAS (in nm/min) by the altitude (in thousands of feet) and adding this figure to the CAS.  This can 

be shown as: 

 

TAS = CAS + (C x A) 
 

Where C = CAS in nm/min 

  A = Altitude in thousands of feet 
 

For example: 
 

CAS = 210 kt (3 ½ nm/min), Altitude = 20,000 feet 
 

TAS = 210 + (3.5  20) 
 

TAS = 210 + (70) = 280 kt 

 

b. Mach Number Method.  At about 25,000 feet, the Mach number multiplied by ten is 

approximately equal to the TAS in nm/min, e.g. M 0.6 equates to 6 nm/min, which is 360 kt.  For 

other heights a correction is applied to the TAS value as follows: 

 
(1) If the indicated Mach number is M 0.6 or less, 1 kt is added to the TAS for each 1,000 ft 
below 25,000 ft, or, 1 kt is subtracted from the TAS for each 1,000 ft above 25,000 ft. 

 
At 25,000 ft M 0.6  6 nm/min  360 kt TAS 

 
At 20,000 ft M 0.6  360 + (1  5) = 365 kt TAS 
At 35,000 ft M 0.6  360 – (1  10) = 350 kt TAS 

 
(2) If the indicated Mach number is greater than M 0.6, 2 kt are added to the TAS for each 
1,000 ft below 25,000 ft, or, 2 kt are subtracted from the TAS for each 1,000 ft above 25,000 ft. 

 
At 25,000 ft M 0.8  8 nm/min  480 kt TAS 

 
At 20,000 ft M 0.8  480 + (2  5) = 490 kt TAS 
At 35,000 ft M 0.8  480 – (2  10) = 460 kt TAS 

 
(3) Where the Mach number does not equate to a whole number of nm/min, the number of 
nm/min is multiplied by 60 to give the TAS; for example: 

 
At 25,000 ft M 0.43  4.3 nm/min  4.3  60 = 258 kt TAS 

 
At 20,000 ft M 0.43  258 + (1  5) = 263 kt TAS 
At 35,000 ft M 0.43  258 – (1  10) = 248 kt TAS 
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c. Tabular Solution.  Table 1 shows the factor by which the CAS should be increased to 

approximate TAS at various heights. 

 

Table 1 CAS to TAS Correction Factors 
 

Height 
(ft) 

Starting Value 
% (Starting Value 

Squared) 
Fraction of CAS to be added 

40,000 10 100 1  CAS 

35,000 9 81 4/5  CAS 

30,000 8 64 2/3  CAS 

25,000 7 49 1/2  CAS 

20,000 6 36 1/3  CAS 

15,000 5 25 1/4  CAS 

10,000 4 16 1/6  CAS 

5,000 3 9 1/10  CAS 
 

The square of each 'starting value' gives a 'percentage' which is then used to give an 

approximate fraction by which the CAS should be increased.  If the starting value of 10 for 

40,000 ft is memorized, it is necessary only to reduce it by 1 for every 5,000 ft below. 
 

For example: 

CAS = 210 kt at 20,000 ft 
 

From memory, starting value at 40,000 ft = 10. 
 

Deduct 1 for every 5,000 ft below 40,000 ft. 
 

Therefore, starting value at 20,000 ft = 6 
 

6 squared = 36 % = approximately ⅓. 
 

⅓ × CAS = 70 kt. 
 

TAS = 210 + 70 = 280 kt. 
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Four-step MDR Plan 
 

8. The four-step MDR plan (Table 2) is a useful tool to enable the user to mentally determine, in a 

logical manner, navigational information within acceptable limits of accuracy.  Subsequent paragraphs 

will explain the actions given in Table 2 and the reader should refer to the table as required. 
 

Table 2 The Four-step MDR Plan 
 

Step Action Remarks 

1 

PICTURE 
Picture the situation, i.e. the triangle of velocities. 

Visualising the vectors will assist in the 

correct application of drift and the head/tail-

wind component. 

2 

HEADING 
Calculate Max Drift 

Actual Drift = Max Drift  Clock Analogy Fraction 

Apply Actual Drift to Track = Heading 

Once the max drift is determined (Para 10), 

the clock analogy (Para 12) is used to find 

the actual drift.  The picture of the situation 

ensures the drift is applied in the correct 

sense to the track to find the heading. 

3 

GROUNDSPEED 
Wind Speed  Clock Analogy Fraction (90-Wind Angle) 

= Head/Tail component. 

Apply () Head/Tail component to TAS = Groundspeed 

The picture of the situation ensures the 

head/tail component is applied in the correct 

sense to the TAS to find the groundspeed. 

4 

TIME 
Time = Distance/Speed 

Distance/Groundspeed = Time 

Use one of the four methods given in 

Volume 9 Chapter 20. 

 

Wind and Track Vectors 
 

9. Vector Components of Track and Wind.  Fig 8 illustrates how the wind vector can be split into two 

component vectors at right angles to each other.  One vector is across track, and will affect drift.  The 

other vector is along track, and will affect groundspeed.  For drift purposes, the size of the across track 

vector must be determined.  Mathematically, this value varies in proportion to the sine of the wind angle. 
 

9-19 Fig 8 Wind Vector Components 
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Estimation of Drift 
 

10. Maximum Drift.  To estimate the drift on a given track, it is first necessary to determine the 

maximum drift that could be experienced, i.e. if the wind was at 90 to the track.  The maximum drift 

can be derived from the formula for the 1 in 60 rule.  The 1 in 60 rule formula states that: 

 

Distance Off Track  60 
Track Error (degrees) =

Distance Along Track 

 

Relating this to drift: 

 

Wind Speed (kt)  60 
Max Drift =

TAS (kt) 

 

60 
= Wind Speed (kt) 

TAS (kt) 

 

TAS (kt) 
= Wind Speed (kt) 

60 

 

Wind Speed (kt)  
Max Drift =

TAS (nm/min)  

 

Thus, maximum drift is easily calculated by dividing the wind speed by the TAS expressed in nm/min.  For 

example, given a wind velocity of 200°/50 kt and a TAS of 300 kt (5 nm/min), the maximum drift is: 

 

50 
Max Drift = 

5 
= 10

 

11. Wind Angle.  The actual drift encountered can be considered to be a proportion of the maximum 

drift, depending on the angle at which the wind lies relative to the aircraft track.  In this part of the 

calculation, the 'wind angle', which is the angle between the wind direction and the track, or its 

reciprocal, is determined (see Fig 9).  If the wind angle is 0, then the drift will be 0.  Conversely, if the 

wind angle is 90, then the drift will be at a maximum value.  The wind angle, therefore, determines 

the amount of drift, between zero and maximum drift.  The proportionate calculation to determine drift 

value may be carried out mentally, using the 'clock analogy' (described in Para 12).  With a track of 

230 and a wind direction of 270, as shown in Fig 9a, it can be seen that the wind effect will be from 

the right and the nose of the aircraft.  This information is important in determining how to apply the 

calculated drift and groundspeed.  The along track component will be into the wind and is referred to 

as a headwind component.  Drift will be applied to the right of track and the headwind will result in a 

groundspeed that is less than the TAS. 
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9-19 Fig 9 Wind Angle 
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With a track of 040 (Fig 9b), the wind effect will be from the left and tail of the aircraft.  Thus, the drift 

will be applied to the left of track and the groundspeed will be greater than the TAS. 

 

12. The Clock Analogy.  The clock analogy is an MDR simplification of the sine function.  It uses the 

fact that one full revolution of 60 minutes on a clock is equal to 1 hour, half a revolution of 30 minutes 

equals ½ hour, etc (see Fig 10).  To use the clock analogy, take the wind angle (in degrees) and assume 

that figure to be minutes of time and thus a fraction of one complete revolution.  For example, a wind 

angle of 15 would be regarded as 15 minutes of time, which equates to ¼ of an hour.  Therefore, with a 

wind angle of 15, ¼ of the maximum drift will be experienced.  Likewise, a wind angle of 30 equates to 

one half of maximum drift, and 40 equates to two-thirds of maximum drift, etc.  Where wind angles are 

between 60 and 90, it is assumed that the aircraft will experience the full value of the maximum drift.  It 

will be seen from Fig 10 that some approximations are used on the clock face.  For example, 24 minutes 

is used instead of 25 minutes.  If 25 minutes was used, it would produce a fraction of 5/12, whereas 24 

minutes produces the fraction 2/5 which makes the mental manipulation of other numbers much easier.  

Where a wind angle lies between divisions, for example 32°, it should be rounded to the nearest 5 minute 

mark, in this case 30 minutes, and the fraction 1/2 used.  Depending on the accuracy required, the user 

may choose to use divisions of 10, 15 or 20 minutes only. 

 

9-19 Fig 10 The Clock Analogy 
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13. Calculation of Drift.  To calculate the drift for a given track, using the following parameters: 

 

Track 230, TAS 300 kt (or 5 nm/min), W/V 270/30 kt 

 

a. The first step is to visualise the vectors, either mentally, by referring to the aircraft Horizontal 

Situation Indicator, drawing a sketch or by referring to a map.  Fig 11 represents a sketch of the 

given example.  Once the vectors are visualised, the effect of the wind can be determined.  In this 

case, the wind is from the right giving a headwind component. 
 

9-19 Fig 11 A Simple Sketch of the Vectors 
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b. The Wind Angle (the angle between the wind direction, 270, and the track, 230) is 

determined and its clock analogy fraction found. 

 

2
Wind Angle = 40 

3

By the clock analogy 

(See Fig 7) 
 

c. The maximum drift (see Para 10) is calculated as: 
 

Wind Speed (kt) 
Max Drift =

TAS (nm/min) 
 

Thus: 

30
Max Drift =

5 
= 6

 

d. From the visualisation of the vectors (Fig 11) it can be seen that the wind angle is from the 

right and nose of the aircraft.  Thus the drift is applied to the right of the track. 

 

e. In the given example, the drift is calculated as follows: 

 

Actual Drift = Max Drift  Clock analogy fraction 

 

2
Actual Drift = 6 x 

3
= 4
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14. Calculation of Heading.  Having calculated the actual drift for a specific track, that figure can be 

applied mathematically, to determine the heading to fly to maintain that track.  In this example, the wind 

vector is from the right and so the drift will be applied to the right of track giving a heading of 234. 
 

Heading = Track  Actual Drift 
 

Heading = 230 + 4 (from the right) = 234 
 

(Drift from the left is subtracted) 
 

Estimation of Groundspeed 
 

15. Wind Angle.  Referring back to the vector components (Fig 8), the maximum wind effect on 

groundspeed occurs when the wind angle is 0, giving either a maximum headwind or maximum 

tailwind component.  The wind effect on groundspeed will fall to zero when it is at 90 to track. 
 

16. Use of the Clock Analogy.  Just as the amount of drift varies with the sine of the wind angle, so 

the groundspeed headwind/tailwind component will vary with the cosine of that angle.  The 

relationship between cosine and sine is 90° out of phase, therefore Cos α = Sin (90 - α).  The same 

clock analogy can be used to solve this problem, but the entering argument must be 90 minus the 

wind angle.  This then generates the proportion of the wind speed to be added or subtracted from TAS 

to give groundspeed. 
 

17. Calculation of Groundspeed. To calculate groundspeed for a given track, using the example in 

Para 10, the procedure is as follows: 
 

a. Determine the value of wind angle. 
 

With a wind vector of 270/30 and a track of 230° the wind angle will be 40° from the right (with a 

headwind component) (Fig 11). 
 

b. Subtract wind angle from 90. 
 

Wind Angle = 40 degrees 
 

90 – 40 = 50 
 

c. Use the clock analogy to calculate the head/tail wind component. 
 

5
50o applied to the clock analogy gives 

6
(Fig 10) 

 

d. Calculate the headwind or tailwind component by multiplying the wind speed by the clock 

analogy fraction, remembering that this example gives a headwind component. 
 

5
30 kt  x 

6
= 25 kt (Headwind) 

 

e. Apply the head or tailwind component to the TAS, to give the groundspeed for that track.  A 

headwind component will be subtracted from the TAS value while a tailwind component will be 

added.  This step illustrates the importance of visualising the vectors and determining the effect 

of the wind at the start of the process (Para 13a) so that the calculated wind component is 

applied in the correct sense. 
 

TAS = 300 kt – 25 kt (headwind) =  275 kt groundspeed. 
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Estimation of Time 
 

18. The time taken to travel a certain distance is calculated using the following formula: 
 

Distance 
Time =

Groundspeed 
 

19. For the purposes of this chapter, the following parameters are used: distance (D) in nautical 

miles (nm), groundspeed (GS) in knots (kt) and time (T) in minutes.  As knots are a measure of speed 

in nm/hr, to calculate T (in minutes), the above formula is multiplied by 60: 
 

D × 60 
T =

GS 
 

This formula can be manipulated mathematically to give: 
 

D 
T =

GS 

  60 
 

Thus, time equals distance over groundspeed (in nm per minute): 
 

D 
T =

GS (nm/min)
 

20. Practical MDR methods should be easy to remember and produce valid answers.  Four different 

MDR methods of determining time are described in Volume 9, Chapter 20.  As all give valid results (to 

varying degrees of accuracy), users can select the one most suited to their needs. 
 

Regaining Track  
 

21. Standard Closing Angle (SCA) Technique.  The SCA technique for regaining track is used 

when a position is fixed off track, but no on-track feature is available to assist regaining track, or when it 

is impractical to over-fly an on-track feature.  The SCA is based on the 1 in 60 rule and is a closing angle 

determined by the speed of the aircraft.  The SCA for any groundspeed can be found by dividing 60 by 

the groundspeed in nm/min. 
 

60 
SCA =

GS (nm/min) 
 

Fig 12 shows an aircraft with a groundspeed (GS) of 360 kt (6 nm/min), 1 nm to the left of track. 
 

Thus: 60 

 
SCA =

6 
= 10o

 

9-19 Fig 12 Standard Closing Angle at 360 kt 
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The SCA is used to regain track by altering heading through the SCA and maintaining this heading for a 

number of minutes equal to the number of miles off track.  When it is estimated that track has been 

regained, the heading is altered to maintain the original track.  In this example, being one mile off track, 

the aircraft, flying at 360 kt, turns 10 right, and after one minute will be back on track.  Variations can be 

considered when necessary, e.g. by doubling the angle and halving the time or vice versa.  However, 

using large angular corrections can lead to tracking errors due to the turning circle of the aircraft.  Timing 

errors can also be introduced with large SCAs due to the extra distance flown and fact that the changing 

effect of the wind on the new heading is ignored.  20 is generally considered to be the maximum 

heading alteration that should be employed without adversely affecting the route timing (allowing for any 

change in wind, if necessary).  The aircraft should be flown parallel to the required track before applying 

the SCA.  This allows for the correct SCA to be applied and will provide the correct heading to turn on to 

once the required track has been regained. 

 

Adjusting Time 
 

22. Adjusting Speed.  As well as maintaining track, it is often necessary to maintain the planned timing.  

Providing that the speed range of the aircraft permits, and the fuel penalty is acceptable, relatively small 

timing errors can be corrected by speed changes.  One method of calculating the necessary adjustment is 

to adjust speed by the number of knots equal to the number of seconds late or early and maintain this 

speed for the number of minutes equal to the groundspeed in nm/min.  For example, assuming a GS of 

420 kt and the aircraft being 18 seconds late, the aircraft should be flown at 438 kt for 7 minutes 

before resuming 420 kt 

 

Explanation: 

 

Assume a distance to go of 79 nm at time 10:00 hrs, 420 kt groundspeed and 18 sec late. 

 

The actual ETA is 10:11:18 (hrs:min:sec) 

The planned ETA is 10:11:00 

Thus the aircraft is 18 seconds late 

 

Fly at 438 kt for 7 minutes (420 kt  7 nm/min). 

438 kt for 7 minutes  51 nm 

 

The distance remaining = 79 – 51 = 28 nm 

28 nm at 420 kt = 4 minutes 

 

51 nm at 438 kt + 28 nm at 420 kt = 11 minutes 

10:00 hrs + 11 minutes = 10:11:00 = planned ETA 

 

The speed adjustment can be halved and maintained for twice the time (or vice versa) if necessary.  

Should a turning point occur during the correction, the turn should be made and the timing 

correction reassessed if necessary. 

 

23. Dog-legs.  Time can be lost by using standard dog-legs.  A 60 dog-leg (Fig 13a) will lose the 

time equivalent to the time of each leg, whilst for a 30 dog-leg (Fig 13b), each leg needs to be 

flown for a time period equal to four times the time that needs to be lost.  The use of the dog-leg for 

timing is described further in Volume 9, Chapter 17. 
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9-19 Fig 13 Losing Time by Use of Dog-legs 
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24. 90 Turns.  90 turns, or large turns of about 90, are extremely useful for solving timing 

problems accurately, and expediently.  By simply extending at a turning point, time will be lost (see Fig 

14).  Likewise, by turning early, time will be gained.  After the turn, the aircraft should be flown back to 

track at a convenient closing angle that does not adversely affect the route timing.  Large turns can be 

planned into a route and used, as necessary, to correct gross timing errors caused by external factors.  

As well as being useful to adjust timing, large turns, especially close to a target area, make the aircraft 

track less predictable to defending forces. 

 

9-19 Fig 14 Saving/Losing time at 90 Turns 
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Estimation of the Crosswind Component for Take-Off or Landing 
 

25. Runways are designated with a two digit suffix to the nearest 10 magnetic, and so, for example, 

Runway 04 can be orientated between 035 M and 044 M.  For the purposes of the crosswind 

estimation, 040 M is used.  A wind vector from ATC is given in degrees magnetic whereas that from a 

TAF or METAR is given in degrees true.  Variation must be applied when using a true wind vector.  

For the purposes of the following example, a magnetic wind direction is assumed.  The resultant 

crosswind component is expressed as 'from the left/right at XX kt'.  It is essential to determine the 

correct sense of the crosswind and the habit of picturing the situation is vital to ensure this. 
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26. Normally, take-offs and landings are flown into wind and so the crosswind vector will generally 

have a headwind component.  Exceptionally, take-offs and landing may be made with a tailwind 

component and it is vital that this is determined because of the adverse implications on the aircraft 

performance. 

 

Example:  Runway 04, W/V 010/12 kt. 

 

a. The first step is to picture the situation, either mentally, by referring to the aircraft HSI, with a 

diagram (Fig 12), or by imagining that you are on the runway, heading 040M. 

 

7-27  Fig 1 Estimating the Crosswind Component 
 

W/V 010/12kt

 
 

b. Once a picture of the situation is visualised, the direction (left/right) of the crosswind 

component can be established; in this example it is from the left.  It can also be determined 

whether there is a headwind or tailwind component.  In this example, there is a headwind 

component. 

 

c. The wind angle is calculated (Para 11) and the clock analogy fraction (Para 12) is applied to 

determine the magnitude of the crosswind component. 
 

Wind Angle = 040 (runway direction) - 010 (wind direction) = 30 
 

Clock analogy fraction:  30  1/2 
 

Crosswind speed: 1/2  12 kt (wind speed) = 6 kt 
 

Crosswind component:  From the left at 6 kt 

 

27. The method of establishing the crosswind component described in Para 26 is based on the 

assumptions that the runway direction is exactly that of its designation, and that the clock code 

analogy gives a precise result.  There may be occasions when the estimated crosswind is out of limits 

for the aircraft to take off or land safely.  In this case, the precise orientation of the runway can be 

obtained (from the appropriate En-Route Supplement) together with an exact wind velocity from ATC.  

This information can be used to determine the exact crosswind value using the Crosswind Component 

Table in the Flight Information Handbook. 
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CHAPTER 20 - MDR Time Calculation Methods  
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Introduction 
 

This chapter offers 4 methods of calculating time using Mental Deduced Reckoning (MDR) methods.  At 

first glance they may appear to be quite complicated and unsuited to MDR in a fast moving airborne 

environment.  Careful reading of the methods will allow the user to understand each and choose the one 

that is best suited to their environment.  It must also be stressed that each method will only be effective with 

practice such that they become second nature. 

 

Estimation of Time Using the Percentage Adjustment Method 
 

1. Practical MDR methods should be easy to remember and produce valid answers.  For example, to 

multiply any number by 95 without using a calculator, multiply the number by 100 then subtract 5%.  

Consider an example of multiplying 8.1 by 95. 
 

a. By calculator: 

8.1 x 95  =  769.5 
 

b. By MDR and approximation: 
 

8.1 × 100 = 810

Subtract 5% of 800 = - 40

810 - 40 = 770
 

Note:  Numbers are chosen to ease the mental arithmetic process, thus in line two, 810 is adjusted 

down to 800 to make the percentage calculation easier. 
 

2. Although the MDR answer is not absolutely correct, it is within acceptable levels of accuracy for most 

users.  This method of MDR can be used across a wide range of applications and it will now be considered 

with respect to time calculations. 
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3. In the same way that an approximate answer of 810 was calculated by adjusting 95 up to 100 in 

Para 1,  timing problems can be solved by approximating an answer (using a simple number) and then 

making an adjustment to improve the accuracy of the answer. 
 

4. Time, in hours, is calculated from distance (D) in nautical miles (nm) and groundspeed (GS) in knots (kt). 

 

Distance 
Time =

Groundspeed 
 

To calculate time in minutes (T), multiply by 60: 

 

D × 60 60 
T =

GS 
=   D  

GS
 

5. The 60/GS element of the above equation will produce a fraction that is the time, in minutes, taken to 

travel 1 nm.  For example, using a groundspeed of 240 kt (4 nm/min): 

 

60 1 

240
= 

4 

 

Therefore, the aircraft will travel 1 nm in ¼ of a minute (  4 nm/min).  Referring to the equation in Para 4, if 

it takes ¼ of a minute to travel 1 nm, the total time in minutes can be found by multiplying ¼ by the total 

distance. 
 

6. For the purposes of this method of time estimation, the fractions derived from the 60/GS element of the 

above equation are termed 'Basic Numbers'.  In this context, useful Basic Numbers are considered to be 

easily manipulated fractions such as ⅓, ½, ⅔.  These are derived from groundspeeds that give whole or half 

nm/min values, such as 300 kt (5 nm/min) or 210 kt (31/2 nm/min).  Single-digit decimal numbers, such as 0.4, 

are also considered to be Basic Numbers but these occur less frequently.  In the speed range 100 kt to 600 kt, 

single-digit decimal numbers only occur at the following groundspeeds:  

 

100 kt (0.6) 120 kt (0.5) 150 kt (0.4) 200 kt (0.3) 300 kt (0.2) 600 kt (0.1) 
 

7. The equation, T(approximate) = D  Basic Number, is used to calculate an approximate time and then 

a percentage adjustment is applied to improve accuracy. 
 

8. Calculating Time.  To calculate an approximate time in minutes, the Basic Number derived from the 

standard groundspeed nearest to the actual groundspeed is used.  A series of tables at the end of this chapter 

give a series of standard speeds and their associated Basic Numbers.  For example: 

 

D = 24 nm, actual GS = 132 kt, nearest standard groundspeed = 120 kt (2 nm/min). 

From Table 1, the Basic Number (BN) for 120 kt is ½. 

 

1
T (approximate) = D × BN = 24 ×

2
= 12.0 min 

 

It is essential, for accuracy, that the approximate time is calculated to one decimal place (± 0.1 min).  

Having found an approximate time, an adjustment is made to produce a more accurate answer. 
 

9. Percentage Adjustment. The adjustment is derived from the percentage difference between the actual 

groundspeed and the speed used to work out the approximate time.  For example, consider an actual 
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groundspeed of 132 kt.  The nearest standard groundspeed to 132 kt to give a Basic Number is 120 kt.  The 

difference between the two speeds is 12 kt which equates to 10% of 120 kt.  The approximate time is calculated 

using 120 kt and a 10% adjustment is then applied to give a valid time for an actual groundspeed of 132 kt.  The 

basic steps are: 
 

T (approximate)  =  D x BN 
 

T (actual)  =  T (approximate) ± adjustment 
 

It is vital that the percentage adjustment is applied in the correct sense.  It must be noted before any 

calculations are done, whether the actual groundspeed is faster or slower than the speed chosen to work 

out the approximate time. 

 

a. If the actual groundspeed is faster than the chosen standard groundspeed, it will take less time to 

cover the distance so the percentage adjustment is subtracted from the approximate time (GS faster = 
less time, therefore subtract the adjustment from the approximate time). 

 

b. If the actual groundspeed is slower than the chosen standard groundspeed, it will take more time 

to cover the distance so the percentage adjustment is added to the approximate time  

(GS slower = more time, therefore add the adjustment to the approximate time). 
 

10. The following sub-paragraphs show some examples of applying 5% and 10% adjustments: 
 

a. Example 1. Assume D to be 20 nm and the actual groundspeed to be 132 kt.  From Table 2, the 

nearest standard groundspeed to 132 kt that gives a Basic Number is 120 kt which gives a BN of ½.  It is 

noted that the actual groundspeed (132 kt) is faster than the chosen groundspeed (120 kt). 
 

1
T (approximate) = 20 ×

2
= 10.0 min 

 

132 kt is exactly 10% faster than 120 kt which means the adjustment is subtracted from the 

approximate time. 
 

10% of 10.0 min  = 1.0 min 
 

T(actual) = 10.0 – 1.0 = 9.0 min 
 

The answer derived using a calculator is 9.09 min. 
 

b. Example 2. Assume D to be 36 nm and actual groundspeed to be 256 kt.  From Table 3, the 

nearest standard groundspeed to 256 kt that gives a Basic Number is 270 kt, which gives a BN of 2/9.  

It is noted that the actual groundspeed (256 kt) is slower than the chosen groundspeed (270 kt). 
 

2
T (approximate) = 36 ×

9
= 8.0 min 

 

256 kt is just over 5% slower than 270 kt which means the adjustment is added to the approximate 

time. 
 

5% of 8.0 min  = 0.4 min 

 

T(actual) = 8.0 + 0.4 = 8.4 min 
 

The answer derived using a calculator is 8.44 min. 
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11. This MDR time calculation technique is accurate to within a few percent using 0%, 5% and 10% 

adjustments except in the extremes of slow speeds (below 80 kt) and/or long distances when accurately 

worked percentage adjustments are required.  The tables at the end of this chapter give guidance, in the 

form of tables and notes, on which standard speeds to use and their 0%, 5% and 10% values.  Study of 

Tables 2, 3 and 4 will show that: 

 

a. Above 180 kt, only 0% and 5% adjustments need be used.  It can be seen from the tables that 

above 180 kt, the 10% values of the standard groundspeeds impinge on the speed ranges of adjacent 

standard groundspeeds and so are not needed. 

 

b. Above 330 kt, only the nearest whole nm/min groundspeed need be used.  It can be seen from 

the tables that above 330 kt, the 5% values of the standard whole number nm/min groundspeeds can 

be used instead of the ½ nm/min groundspeeds. 

 

c. The converse argument, to that in sub-paragraph b above, is that below 300 kt the closest 

½ nm/min groundspeed, or whole number groundspeed, should be used. 

 
d. The application of percentage adjustments greater than 10% degrades the accuracy of the estimated 
time.  It can also be seen, from the tables, that adjustments greater than 10% impinge on the speed ranges 

of adjacent standard groundspeeds and so are not needed. 

 
12. Choosing 0%, 5% or 10% Percentage Adjustment.  Although at first glance the above process may 
seem to be complicated, there is no need to work out the percentage adjustment for every occasion.  It is 

sufficient to work out the approximate time, as described above, and then to pick the closest 0%, 5% or 
10% value to the actual groundspeed and complete the calculation. 

 
13. Operators need only remember a small range of numbers applicable to speeds flown by their particular 

aircraft.  It is generally quicker and easier to recall a few fixed numbers rather than to calculate percentage 
adjustments each time they are needed.  Table 1 is an extract from Table 4 and illustrates a range of 
numbers that may be needed for an aircraft that usually cruises at 420 kt.  The standard groundspeeds and 

their Basic Numbers are memorized along with the groundspeeds relating to the respective 5% values.  
The actual groundspeed is compared to the memorized table and the appropriate Basic Number and 
percentage adjustment selected. 

 

Table 1 - Percentage Adjustments Examples 
 

Speed to use closest to actual GS 360 378  399 420 441  456 480 

Basic Number 

(Time in minutes to travel 1 nm) 

1 

6 
   

1 

7 
   

1 

8 

% adjustment of time 0 -5  +5 0 -5  +5 0 

 

14. The following sub-paragraphs show two examples of choosing the closest percentage adjustment to 

the actual groundspeed. 

 

a. Example 1.  Assume an actual groundspeed of 402 kt.  From the above table, the nearest speed 

giving a Basic Number is 420 kt.  The closest 0% or 5% value to 402 kt is 399 kt which is 5% slower.  

Now, assume D to be 28 nm.  The approximate time is worked out using 1/7.  Since the actual 

groundspeed (402 kt) is slower than the chosen groundspeed (420 kt), the percentage adjustment will 

be added. 
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1
T (approximate) = 28 ×

7
= 4.0 min 

 

5% of 4.0 min  = 0.2 min 
 

T(actual) =  4.0 + 0.2  =  4.2 min 
 

The answer using a calculator is 4.18 min. 

 

b. Example 2.  Assume an actual groundspeed of 435 kt.  The nearest speed giving a Basic 

Number is 420 kt.  The closest 0% or 5% value to 435 kt is 441 kt which is 5% faster.  Now, assume D 

to be 44 nm.  The approximate time is worked out using 1/7.  Since the actual groundspeed (435 kt) is 

faster than the chosen groundspeed (420 kt), the percentage adjustment will be subtracted. 

 

1
T (approximate) = 44 ×

7
= 6.3 min 

 
5% of 6.3 min  = 0.3 min 

 
T(actual) =  6.3 - 0.3  =  6.0 min 

 

The answer using a calculator is 6.07 min. 
 

Estimation of Time to the Nearest Whole Minute 
 

15. If a tolerance in the order of plus or minus one whole minute is acceptable to the user, a modified 

version of the percentage adjustment method is used.  The approximate time is still calculated accurately to 

± 0.1 min in accordance with the instructions in the previous paragraphs.  The actual groundspeed is still 

noted as faster or slower than the speed used to work out the approximate time, but instead of applying a 

calculated percentage adjustment, the approximate time is adjusted down or up in the correct sense to the 

next nearest whole minute. 
 

a. Assume D to be 40 nm and the actual groundspeed to be 164 kt.  The nearest speed to 164 kt to 

give a basic fraction is 150 kt or 2½ nm/min (see Table 2).  Thus the approximate time is calculated 

using 2/5.  It is noted that 164 kt is faster than the basic fraction speed of 150 kt. 
 

2
T (approximate) = 40 ×

5
= 16.0 min 

 

164 kt is faster than the basic fraction speed. 
 

GS faster = less time, therefore subtract from the approximate time, and so the answer is adjusted 
down to next nearest whole minute.  Note: where the approximate time results in a whole number of 

minutes, it is adjusted to the next whole minute, up or down as appropriate. 

 

T  =  16.0  ≈  15 min (adjusted down) 

 

The answer using a calculator is 14.63 min.  Care is required with the application of rounding when 

speeds used to work out the approximate time are derived exactly from half or whole nm/min 

groundspeeds.  If the actual speed in this example had been exactly 150 kt, rounding would have been 

inappropriate.  
 

b. Assume D to be 134 nm and the actual groundspeed to be 405 kt.  The nearest speed to 405 kt to 

give a basic fraction is 420 kt or 7 nm/min (see Table 4).  Thus the approximate time is calculated 

using 1/7.  It is noted that 405 kt is slower than the basic fraction speed of 420 kt. 
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1
T (approximate) = 134 ×

7
= 19.1 min 

 

405 kt is slower than the basic fraction speed. 
 

GS slower = more time, therefore add to the approximate time, and so the answer is adjusted up to 

next nearest minute. 
 

T  =  19.1  ≈  20 min (adjusted up) 
 

The answer using a calculator is 19.85 min.  Large errors can be introduced by adjusting.  Consequently, 
use of this method may be inappropriate, and the method of calculating a percentage adjustment should 
be used. 

 

16. Great care must be taken when calculating fuel used based on times derived from this method.  The 

accumulative effect of adjusting, where the actual time is greater than the adjusted time, will result in the 

actual fuel used being greater than the planned fuel. 

 

Estimation of Time Using the Interpolation Method 
 

17. Another method of estimating time is to calculate the time taken to cover a distance at two groundspeeds, 

giving whole number nm/min values, that bracket the actual groundspeed.  The required answer is then 

determined by interpolating between the two time values.  This process is described below. 

 

18. Assuming a groundspeed of 275 kt, and a distance of 86 nm, the time is determined, by calculator, as 

18.76 minutes or 18.8 minutes (to 1 decimal place). 

 

19. 275 kt is bracketed by 240 kt (4 nm/min) and 300 kt (5 nm/min) and so: 

 

86 nm 86 nm 
At 240 kt 

4 nm/min 
= 21.5 minutes  At 300 kt 

5 nm/min 
= 17.2 minutes 

 

The difference between the 240 kt and 300 kt times is 21.5 – 17.2 = 4.3 minutes.  The groundspeed of 275 

kt equates to a proportion of that difference as shown: 
 

240 kt      275 kt    300 kt 

Total difference between 240 and 300 = 60 

Difference = 35 Difference = 25 

35/60 = 7/12 of the total difference 25/60 = 5/12 of the total difference 

7/12 of 4.3 minutes = 2.5 5/12 of 4.3 minutes = 1.8 
 

Thus, by adjusting the 240 kt time we get: 21.5 – 2.5 = 19.0 minutes.  Alternatively, the 300 kt time can be 

adjusted to give 17.2 + 1.8 = 19.0 minutes.  This explanation shows both whole number nm/min 

groundspeeds being adjusted.  In practice only one needs to be adjusted to arrive at the answer, but, care 

must be taken to ensure that the adjustment is applied in the correct sense.  When this result is compared 

to the calculated time of 18.76 minutes, it can be seen that this method of interpolation introduces an error 

of less than 2% which is acceptable for the purposes of MDR. 

 

20. Although the interpolation method can give acceptable results, it involves more calculations than the 

percentage adjustment method.  Meticulous application of this method is required to ensure that the time 

adjustment is applied correctly, or large errors will occur. 
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Estimation of Time Using the Fractional Proportion Method 
 

21. Where the groundspeed is not a multiple of 60, the nm/min value is often difficult to manipulate 

mentally.  For example, a groundspeed of 300 kt is divisible by 60 to give an equivalent speed of 5 nm/min, 

whereas a groundspeed of 287 kt, when divided by 60, gives an equivalent speed of 4.78 nm/min.  One 

method of solving this problem is to increase, or decrease, the groundspeed to a multiple of 60 kt and 

adjust the distance in proportion.  It is important at this stage to note whether the assumed groundspeed is 

faster or slower than the actual groundspeed.  For example: 

 

a. Assuming a groundspeed of 287 kt and a distance of 98 nm.  As 287 kt is not a multiple of 60, the 

groundspeed is assumed to be 300 kt.  To calculate the time correctly, the distance must be increased 

by the same proportion as the groundspeed.  The proportional adjustment is calculated by: 

 

(1) Dividing the actual groundspeed, by the difference between the actual groundspeed and the 

assumed groundspeed. 

 

Actual Groundspeed 

The difference between the actual groundspeed and the assumed groundspeed 

 

287 
=

(300-287)
 

287 
=

13 
= 22  20 

 

Note: Numbers may be adjusted to make subsequent calculations easier. 

 

(2) Dividing the distance by the number found at (1), to give the proportion to be added, or 

subtracted, from the original distance. 

 

98 

20 
= 4.9  5 nm 

 

If the assumed groundspeed is faster than the actual groundspeed, the difference is added and 

vice versa. 

 

(3) In this example, the proportional difference is added to the distance to give an adjusted 

distance: 

 

98 + 5 = 103 nm 

 

b. The distance adjustment calculation can be summarized as: 

 

D
Adjusted Distance = D 

X
nm 

Where: 

D = Actual distance. 

X = Actual groundspeed divided by the difference between the actual groundspeed and the 

assumed groundspeed (adjusted as necessary). 
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c. The time is calculated as: 

 

Adjusted Distance 
Time = 

Assumed Groundspeed (nm/min) 

 

D
D     

X= 

Assumed GS 

 

Thus, in the above example, the time is calculated based on the adjusted distance of 103 nm and the 

assumed groundspeed of 300 kt. 

 

103 (nm) 
Time  =  

5 (nm/min) 
= 20.6 min 

 

d. Using a groundspeed of 287 kt and a distance of 98 nm, the answer by calculator is 20.5 min. 

 

 

 



AP3456 – 9-20 - MDR Timing Methods 

Revised Jan 16 9 of 10 

The tables below contain the numbers and speed ranges of Whole and Half nm/min GS, and their Basic Numbers, used in the MDR calculation of an approximate time (T(approximate)).  The 0%, 

5%, and 10% values applicable for each speed are also tabled. 

 

60 
Formula: T(minutes) = D  x 

GS  
(60/GS = Basic Number) 

T (approximate)  =  D x Basic Number 

T(actual) =  T(approximate) ± % adjustment 

 

Table 2 - Nearest Half or Whole nm/min GS below 180 kt with 0%, 5% and 10% speed values for ± adjustment of time 
Speed range 75      105      135      165 

Speed to use closest to 
actual GS  81 86 90 95 99  108 114 120 126 132  135 142 150 158 165  

Standard GS nm/min    1½      2      2½     

Basic Number    
2 
3 

     
1 
2 

     
2 
5 

   

% adjustment 
of time  +10 +5 0 -5 -10  +10 +5 0 -5 -10  +10 +5 0 -5 -10  

 

Table 3 - Nearest Half or Whole nm/min GS above 180 kt with 0% and 5% speed values for ± adjustment of time 

Speed range 165    195    225    255    285    315   
Speed to use closest  

to actual GS  171 180 189  199 210 221  228 240 252  256 270 284  285 300 315  314 330 

Standard GS nm/min   3    3½     4    4½     5    (5½)  

Basic Number   
1 
3 

   
2 
7 

   
1 
4 

   
2 
9 

   
1 
5 

   
2 

11 
% adjustment 

of time  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 
 

Table 4 - Nearest Whole nm/min GS above 300 kt with 0% and 5% speed values ± adjustment of time 

Speed range 330    390    450    510    570    630    
Speed to use closest 

to actual GS  342 360 378  399 420 441  456 480 504  513 540 567  570 600 630  627 660 693 

Standard GS nm/min   6    7    8    9    10    11  

Basic Number   
1 
6 

   
1 
7 

   
1 
8 

   
1 
9 

   
1 

10 
   

1 
11 

 

% adjustment 
of time  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 -5  +5 0 -5 
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Table 5 - Single Digit Decimal Numbers taken from 100, 120, 150, 200 and 300 kt with 0%, 5% and 10% speed values for ± adjustment of time 

Speed to use 
closest to actual GS 90 95 100 105 110 108 114 120 126 132 135 142 150 158 165 180 190 200 210 220 270 285 300 315 330 

60 

GS 
  

60 

100 
    

60 

120 
    

60 

150 
    

60 

200 
    

60 

300 
  

Basic Number 
Time for 1 nm (mins)   0.6     0.5     0.4     0.3     0.2   

% adjustment 
of time +10 +5 0 -5 -10 +10 +5 0 -5 -10 +10 +5 0 -5 -10 +10 +5 0 -5 -10 +10 +5 0 -5 -10 

In Table 4, percentage adjustments of 10% are given for speeds above 180 kt.  This is because of the greater interval between standard speeds (200 kt – 300 kt) in the Table than in Tables 1, 2, and 3. 
 

Table 6 - Basic Numbers for GS below 80 kt requiring exact % adjustments of time 
Speed to use 
closest  to actual GS 10 15 20 24 30 36 40 45 50 54 60 70 75 80 81 86 90 95 99 90 95 100 

60 

GS 

60 

10 

60 

15 

60 

20 

60 

24 

60 

30 

60 

36 

60 

40 

60 

45 

60 

50 

60 

54 

60 

60 

60 

70 

60 

75 

60 

80 
  

60 

90 
    

60 

100 

Basic Number 

Time for 1 nm (mins) 
6 4 3 

5 

2 
2 

5 

3 

3 

2 

4 

3 

6 

5 

10 

9 
1 

6 

7 

4 

5 

3 

4 
  

2 

3 
    0.6 

% adjustment 
of time exact exact exact exact exact exact exact exact exact exact exact exact exact exact +10 +5 0 -5 -10 +10 +5 0 

 

Example using Table 3  Example using Table 5 
D is 32 nm and Actual GS is 280 kt 

nearest Standard GS is 270 kt & Basic Number is 2/9 

T (approximate)  =  32 x 2/9  =  7.1 min 

284 kt = Closest percentage speed to Actual GS ≡ 5% faster than 270 kt 

5% of 7.1 min  = 0.4 (faster, less time, subtract) 

T(actual) = 7.1 – 0.4  =  6.7 min       (Calculated 6.86 min) 

 D is 58 nm and Actual GS is 325 kt 

nearest Standard GS is 300 kt & Basic Number is 0.2 

T (approximate)  = 58 x 0.2  =  11.6 min 

330 kt = Closest percentage speed to Actual GS ≡ 10% faster than 300 kt 

10% of 11.6 min  = 1.2 (faster, less time, subtract) 

T(actual) = 11.6 – 1.2  = 10.4 min      (Calculated 10.71 min) 

Example using Table 4  Example using Table 6 
D is 67 nm and Actual GS is 395 kt 

nearest Standard GS is 420 kt & Basic Number is 1/7 

T (approximate)   =  67 x 1/7 =  9.6 min 

399 kt = Closest percentage speed to Actual GS  ≡ 5% slower than 420 kt 

5% of 9.6 min  = 0.5 (slower, more time, add) 

T(actual) = 9.6 + 0.5 = 10.1 min     (Calculated 10.18 min) 

 D is 17 nm and Actual GS is 28 kt 

Nearest Standard GS is 30 kt & Basic Number is 2 

T (Approximate) = 17  2 = 34 min 

Actual GS = 28 kt; Standard GS = 30 kt; Difference = 2 kt; 

2 kt = 7% of 28 kt  (The exact percentage difference is used) 

7% of 34 min = 2.4 min.  28 kt is slower than 30 kt  Add the adjustment 

T(actual) = 34 min + 2.4 min = 36.4 min     (Calculated 36.4 min) 
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CHAPTER 21 - USE OF RADIO AIDS IN NAVIGATION 
 
Contents Page 
 
Position Fixing ......................................................................................................................................... 1 
Homing .................................................................................................................................................... 3 
Homing on a Nominated Track................................................................................................................ 5 
TACAN/VOR Point-to-point Navigation................................................................................................... 8 
 
Table of Figures 
 
9-21 Fig 1 Slant/Plan Range Conversion Graph..................................................................................... 2 
9-21 Fig 2 VOR/VOR Fix......................................................................................................................... 2 
9-21 Fig 3 DME/DME 'Sandwich' Fix ...................................................................................................... 3 
9-21 Fig 4 Radar Homing ........................................................................................................................ 4 
9-21 Fig 5 TACAN/VOR Homing............................................................................................................. 4 
9-21 Fig 6 Radar 'On-track' Homing - Initial Identification of Fix Point 'A' 10 Left ................................. 5 
9-21 Fig 7 Radar 'On-track' Homing - Plan of Initial Situation................................................................. 5 
9-21 Fig 8 Radar 'On-track' Homing - Radar Picture after 20 Left Turn ................................................ 6 
9-21 Fig 9 Radar 'On-track' Homing - Plan View on Intercepting Track ................................................. 6 
9-21 Fig 10 Radar 'On-track' Homing - Radar Picture on Intercepting Track ......................................... 6 
9-21 Fig 11 TACAN/HSI Homing on Desired Track................................................................................ 7 
9-21 Fig 12 TACAN Point-to-point Navigation ........................................................................................ 9 
9-21 Fig 13 TACAN Point-to-point Navigation.  Aircraft Closer to Beacon than Destination................ 10 
 
 
 
Position Fixing 
 
1. Most operational fast jet aircraft will be equipped with comprehensive integrated navigation systems 
and displays which can continually portray present position, either as geographical coordinates or on a 
map display.  In addition, the system will calculate the track or heading, distance and time to any 
designated waypoint.  These systems will vary between aircraft, but typically will use information derived 
from radar, radio navigation aids (e.g. TACAN), inertial, and Doppler equipments.  Information may also 
be derived from satellite navigation systems and terrain profile matching techniques. 
 
2. In less sophisticated aircraft, or in certain phases of a flight (e.g. a procedural instrument pattern), 
the pilot or navigator will be required to interpret the raw radar or radio data to determine position and 
deduce the required heading, distance and time.  The aids most commonly available to the fast jet 
crew are: 
 

a. Mapping Radar.  Mapping radar may be used for fixing, provided that a terrestrial feature 
can be identified.  Whereas the identification of coastal features is fairly straightforward, some 
skill and practice is needed in other situations.  The scanner and display is normally aligned with 
the aircraft axis, so a relative bearing will be obtained which must be added to heading and the 
reciprocal plotted (taking care to distinguish between true and magnetic bearings).  Range will be 
slant range which may be corrected to plan range using the graph at Fig 1.  However, in practice 
the error is usually ignored unless the aircraft is at high level and the range is short. 
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9-21 Fig 1 Slant/Plan Range Conversion Graph 
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b. VOR/DME.  VOR provides the magnetic bearing of the aircraft measured from the VOR 
beacon.  DME provides slant range from a DME beacon, which may be corrected to plan range if 
required using the graph at Fig 1.  Each element on its own can only provide a single position line.  
In many cases, VOR and DME ground stations are collocated and so two mutually right-angled 
position lines (range and bearing) can be obtained simultaneously to produce a fix.  Where this is 
not the case, or where the aircraft is fitted with only VOR or DME equipment and not both, then 
other techniques must be used: 

 
(1) VOR/VOR.  A two position line fix can be obtained by tuning to two VOR beacons 
sequentially such that the two position lines are approximately at 90.  Ideally, one position line 
should be near parallel to track and this position line should be obtained first, followed by the line 
at 90 to track.  The bearing of the first position line, aligned parallel to track, will not change 
significantly during the time taken to re-tune and acquire the second bearing (Fig 2). 

 
9-21 Fig 2 VOR/VOR Fix 
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(2) VOR/VOR/VOR.  Where two VORs at 90 are not available, it may be possible to find 
three beacons to give bearings spaced approximately 60 apart.  The time taken to obtain 
the three bearings should be kept to a minimum but, inevitably, there will be some loss of 
accuracy. 
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(3) DME/DME.  Two DME beacons generating position lines approximately 90 apart can be 
used to give a fix.  The 'sandwich' technique usually gives the best result.  The range of the first 
beacon is noted on a half-minute, the range of the second beacon on the full minute, and the first 
beacon again on the next half-minute.  The first and third ranges are averaged and plotted with 
the second range to give a fix, timed at the full minute (Fig 3). 

 

9-21 Fig 3 DME/DME 'Sandwich' Fix 
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c. TACAN.  TACAN gives an instantaneous range and bearing from a single beacon, and is 
generally the preferred radio fixing aid in fast jet aircraft. 

 
d. V/UDF.  It is possible for an ATC unit to measure the direction of a VHF or UHF radio 
transmission from an aircraft and transmit the information by radio to the aircraft.  The information 
will be in the form of a true bearing of the aircraft from the ground station, or as a magnetic track 
from the aircraft to the ground station.  Clearly, in order to obtain a fix, at least two such bearings 
would be necessary and the time taken to achieve this makes the technique cumbersome and 
inaccurate.  Nevertheless, the service can be valuable when it is required to fly to the overhead and 
no other navigation data is available. 

 
e. Auto-triangulation.  Auto-triangulation is an emergency service, within the United Kingdom, 
based on a network of UDF stations.  The service is only available on the emergency frequency of 
243.0 MHz.  The service can provide a geographical position in latitude and longitude or, more 
usually, relative to a known ground position, such as an airfield.  Details of the coverage of the 
system are contained in the Flight Information Handbook. 

 
f. ATCRUs.  Air Traffic Control Radar Units can provide navigation information and assistance, 
provided they have identified the aircraft on radar. 

 
Homing 
 
3. There is often a requirement to fly directly overhead a radar fix point or ground beacon, both in 
general en-route navigation and when flying a procedural instrument pattern.  The bearing of a line 
joining the aircraft to the fix point defines the track to fly to that fix point, and so the requirement is to fly 
that track by selecting a heading to compensate for drift.  In practice, small changes in drift, especially if 
height is changed, and the inherent system inaccuracies will cause slight changes in the bearing and 
so small corrections to the heading will usually be needed.  The process is known as homing. 
 
4. Homing can be carried out using any navigation aid which is capable of giving a continuous 
indication of bearing, and thereby the required track.  Suitable aids are radar, VOR, TACAN, and 
navigation computers (e.g. TANS); it is also possible to carry out a visual homing. 
 
5. Radar.  Airborne mapping radars are usually aligned with the fore-and-aft axis of the aircraft, so the 
centre line of the display represents aircraft heading.  However, most systems allow track to be displayed 
by means of a cursor, fed from Doppler or inertial drift or from a manual control set to the known or 
estimated drift value.  To home to an identified fix point, it is simply necessary to turn the aircraft so that the 
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fix point lies underneath the track cursor (Fig 4).  Unfortunately, radar contact will be lost as the overhead 
is approached and thus, when this occurs, it is necessary to maintain the last heading and determine the 
overhead from ETA or from another system. 
 

9-21 Fig 4 Radar Homing 
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6. VOR/TACAN.  VOR and TACAN indicate the magnetic track from the aircraft to the beacon against 
the pointed end of the indicator needle.  When using a Radio Magnetic Indicator (RMI) or Horizontal 
Situation Indicator (HSI), it is only necessary to fly a heading such that the drift angle is shown between 
the heading pointer and the VOR/TACAN needle (Fig 5).  As the overhead is approached, the needle will 
oscillate before swinging rapidly through 180.  It should be noted that although TACAN (or DME) range 
will decrease as the beacon is approached, the displayed range is slant range and, therefore, will not 
normally reach zero; in the overhead the range will equate to the aircraft’s height. 
 

9-21 Fig 5 TACAN/VOR Homing 
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7. Navigation Computer.  A navigation computer can calculate the required track to any designated 
waypoint and thus, by applying drift, the appropriate heading can be flown.  Accuracy will depend largely 
on the preciseness with which the system knows present position; the system can only give the track to 
its estimate of the destination’s relative position, which may, of course, not be the true position. 
 
8. Visual Homing.  In suitable weather, a visual homing can be carried out by flying to a visually 
identified feature, making an allowance for drift.  However, the accuracy with which the overhead position 
can be determined decreases with increasing altitudes, and may only be satisfactory below about 5,000 ft. 
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Homing on a Nominated Track 
 
9. On some occasions, it is necessary to home to a position on a specific track; SIDs and STARs 
are examples. 
 
10. Radar.  Consider the case where it is necessary to home to a fix point 'A' on a given track of 
090 T, and on initial contact the radar screen shows the situation as depicted in Fig 6, with 'A' 
identified at 10 left; the aircraft heading is 080 T with a drift of 5 S. 
 

9-21 Fig 6 Radar 'On-track' Homing - Initial Identification of Fix Point 'A' 10 Left 
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In order to home directly, it would only be necessary to turn the aircraft 10 left to bring 'A' on to the 
nose, and then a further 5 to allow for the drift.  This, however, would result in the aircraft 
approaching 'A' on a track of 070 T which is 20 removed from the required track of 090 T.  At 
present, the true bearing of 'A' from the aircraft is 070 and, as the required track is 090 T, the aircraft 
must be to the right of the required track (Fig 7). 
 

9-21 Fig 7 Radar 'On-track' Homing - Plan of Initial Situation 
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It is therefore necessary to turn left in order to intercept the required track.  There is no set rule as to 
how large a turn should be made.  A small heading change will entail a long time to intercept track, 
while too large a heading change will result in the fix point disappearing off the edge of the radar 
screen.  In general, a turn in the range of 20 to 40 is usually adequate, and the procedure becomes 
simpler if the alteration is a multiple of 10.  As an example, consider a turn of 20 left onto a heading 
of 060 T, i.e. 30 left of the required track of 090 T.  When the turn is complete, the radar picture will 
be as shown in Fig 8, in which it will be seen that 'A' has moved 20 across the screen. 
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9-21 Fig 8 Radar 'On-track' Homing - Radar Picture after 20 Left Turn 
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The requirement now is to determine when the 090 T track has been intercepted.  In plan form, the 
situation at this time will be as illustrated in Fig 9, and on the radar 'A' will appear 30 right of the 
centre line (Fig 10).  As this point is reached, the aircraft can be turned onto a heading to maintain a 
090 T track, and the homing can be continued as discussed in para 5. 
 

9-21 Fig 9 Radar 'On-track' Homing - Plan View on Intercepting Track 
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9-21 Fig 10 Radar 'On-track' Homing - Radar Picture on Intercepting Track 
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11. VOR/TACAN.  A similar procedure can be used when it is necessary to track on a 
predetermined VOR or TACAN radial.  The task is somewhat simpler, as the indicator continually 
shows the current magnetic track.  Thus, it is only necessary to determine which side of track the 
aircraft lies, and turn an arbitrary amount to intercept that track.  The bearing indication will 
change as track is approached, and the aircraft can be turned onto the required track and a 
heading assumed to allow for drift.  With an HSI presentation, the required track can be inserted 
into the instrument and the deviation bar will then indicate the relative position of track and will 
centralize as track is approached (Fig 11). 
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9-21 Fig 11 TACAN/HSI Homing on Desired Track 
 

a  Aircraft Right of Track and Heading Directly Towards TACAN Beacon. 
Wind from North-east 

 

  
b  Aircraft Turned 20 Port to Intercept Desired Track 

 

  
c  Aircraft About to Intercept Desired Track.  Deviation Bar Nearly Central 

 

  
d  Aircraft Established on Desired Track.  Deviation Bar Central. 

Heading Selected to Account for Drift 
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TACAN/VOR Point-to-point Navigation 
 
12. It is sometimes necessary to fly from a point on one radial of a TACAN or VOR beacon to another 
point, without first having to overfly the beacon or having to follow a range arc.  It is, of course, possible to 
achieve this by plotting the two positions on a map and working out the track and distance.  However, 
this can be cumbersome, particularly for a single-seat operator, and an alternative technique can be 
employed using an RMI or HSI presentation, which is regarded as a circular map. 
 
13. The map is orientated with the aircraft heading at the top and the beacon at the centre.  The 
scale of the map is variable, and the aircraft lies along the bearing pointer towards the tail end, the 
exact distance depending upon the chosen scale. 
 
14. The principle of the technique is best described by example.  Consider an aircraft on the 055 M 
radial at a distance of 90 nm, steering a heading of 301 M, and suppose that it is required to fly to a 
position 60 nm on the 330 M radial.  Fig 12a shows the appearance of the HSI, and it is necessary to 
imagine a line drawn from the centre of the display towards the tail of the TACAN needle.  The length of 
this line is scaled to represent the aircraft’s range from the beacon, ie 90 nm.  A further line is imagined to 
be drawn from the centre of the display along the desired radial.  The length of this line is proportional to 
the length of the desired range, in this case the desired range is 60 nm and, thus, this line extends 60/90, 
i.e. 2/3, of the way to the circumference (Fig 12b).  A third line is now imagined to join the ends of the first 
two lines (Fig 12c).  The length of this line is proportional to the distance to the destination (100 nm in this 
example).  By imagining a final line parallel to the previous line, drawn outwards from the display centre, 
where this intersects the display circumference indicates the required track (Fig 12d).  MDR techniques 
can then be used to determine the heading and time to reach the destination.  Where the aircraft is closer 
to the beacon than the destination, the destination distance determines the scale of the display.  This 
case is shown in the example of Fig 13 a - d where the aircraft is on the 315 M radial at 25 nm heading 
330 M and it is necessary to reach a position 75 nm on the 030 radial. 
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9-21 Fig 12 TACAN Point-to-point Navigation 
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9-21 Fig 13 TACAN Point-to-point Navigation.  Aircraft Closer to Beacon than Destination 
 

a  b 

75 nm

 

 
25 nm

Imagine a line, 75 nm long, drawn from the centre of 
the display along the 030  Radial, as shown above   

Imagine a further line 25 nm long, drawn from the centre
of the display towards the tail of the TACAN needle

   

c  d 

70 nm

 

 

Imagine a line joining the ends of the original lines. 
 of the line gives the range to the desired point (70 nm)

The length
 

Imagine a final line parallel to the previous line.  The
point where this intersects the circumference of the 

display is the required heading (050°)

 
 

 



AP3456 – 9-22 - Maps 

 CHAPTER 22 - MAPS 
 
Contents Page 
 
The Choice of Maps ................................................................................................................................ 1 
Depiction of Relief on Maps .................................................................................................................... 2 
Recognizing Relief Features ................................................................................................................... 2 
The Low Flying Chart (LFC) Series (1:500,000) ..................................................................................... 7 
UK Special Air Charts (1:250,000) .......................................................................................................... 9 
Ordnance Survey (OS) Maps (1:50,000) .............................................................................................. 10 
Maximum Elevation Figure (MEF)......................................................................................................... 11 
Summary ............................................................................................................................................... 11 
 
Table of Figures 
 
9-22 Fig 1 Conical Hill ............................................................................................................................. 2 
9-22 Fig 2 Col .......................................................................................................................................... 3 
9-22 Fig 3 Escarpment ............................................................................................................................ 4 
9-22 Fig 4 Spur........................................................................................................................................ 5 
9-22 Fig 5 Steep-sided Valley ................................................................................................................. 6 
9-22 Fig 6 Extract from Low Flying Chart (1:500,000) ............................................................................ 7 
9-22 Fig 7 Legend (Extract) – Low Flying Chart and Special Air Chart .................................................. 8 
9-22 Fig 8 Extract from Special Air Chart (1:250,000) ............................................................................ 9 
9-22 Fig 9 Extract from Ordnance Survey Map (1:50,000) ................................................................... 10 
 
 
The Choice of Maps 
 
1. The choice of which map to use for low level visual navigation should be dictated by considerations 
of the scale, the clarity with which appropriate features are shown, and the depiction of aeronautical 
information such as Danger Areas and Controlled Airspace.  In practice, availability and common usage 
may be overriding factors. 
 
2. The three series of maps commonly used within the UK, and described within this chapter, are: 
 

a. Low Flying Charts.  For most routine low-flying navigation tasks, the 1:500,000 scale Low 
Flying Charts (LFC) are used.   

 
b. UK Special Air Charts.  Where speeds are relatively low, or if more detail is required, the 
1:250,000 scale UK Special Air Charts (M5219-Air) are used.  

 
c. UK Ordnance Survey Maps.  For applications where greater accuracy or detail is required, 
e.g. for identifying targets, the Ordnance Survey (OS) maps at a scale of 1:50,000 are used. 

 
3. Generally, equivalent maps are available for other geographical areas of operation.  Furthermore, 
maps to other scales are available, if required, for particular purposes. 
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Depiction of Relief on Maps 
 
4. Four methods are used to show the height and shape of the land-form: spot heights, layer tinting, 
contours, and hill shading.  Most maps will use at least two methods (commonly contours and spot 
heights); some maps will use all four techniques. 
 

a. Spot Heights.  Spot heights show the highest elevation in a region.  They are simply shown as 
a black dot with the elevation above mean sea level printed alongside.  Although normally in feet, it 
should be noted that spot heights are shown in metres on the 1:50,000 OS series.  The only 
information they convey is the position and height of the highest point; there is no information as to 
land shape. 

 
b. Layer Tinting.  Layer tinting shows different bands of height in different colours; the deeper 
the colour the higher the land.  A key on the map will show the height band corresponding to 
each colour.  As well as showing height, layer tinting also gives an impression of land shape. 

 
c. Contours.  Contours are lines joining points of equal height above sea level, and are drawn 
at regular intervals of height.  Figures, stating the contour height (in feet or metres), are printed 
periodically along them.  Closely spaced contour lines represent steep gradients and, conversely, 
widely spaced lines indicate gentle gradients.  Thus contours can give a good impression of both 
height and shape. 

 
d. Hill Shading.  Hill shading is a technique which imagines that the land is illuminated from 
one direction.  For example, one side of a ridge will be illuminated while the other will be in 
shadow.  Hill shading gives no indication of height but can give a fair impression of hill shape.  
Hill shading is never used in isolation. 

 
Recognizing Relief Features 
 
5. The interpretation of a map to establish the land-form takes practice and experience.  There are, 
however, a number of features that occur regularly, sometimes in isolation, but most often in association 
with others.  Five such features are illustrated below, both as sketch diagrams and as real features on 
example maps.  The sketch diagrams illustrate the four methods of showing relief. 
 

a. Conical Hill.  The conical hill (Fig 1) is characterized by a series of closed contour lines in a 
roughly circular or oval pattern.  The summit may or may not be shown as a spot height.  For 
flight safety reasons, when no spot height is shown, the highest ground should be assumed to be 
at the level of the next contour interval.  Thus in the example (Fig 1a), with a 200 metre contour 
interval, the highest ground should be assumed to be 1,400 metres. 

 
9-22 Fig 1 Conical Hill 
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c - Example from 1:500,000 Chart 
 

 
 

b. Col.  A col (Fig 2) is a depression in a line of hills.  It often forms a pass across the range 
and so, on occasions, will have a road running through it.  It is characterized by a localized 
narrowing of the contour lines. 

 
9-22 Fig 2 Col 
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c  Example from 1:250,000 Chart 
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c. Escarpment.  An escarpment (Fig 3) is a linear range of hills with a steep slope along one 
side and a more gentle slope along the other.  It can be recognized by the close contour spacing 
on the steep side and the wider spacing on the more gently sloping side. 

 
9-22 Fig 3 Escarpment 
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c  Example from 1:50,000 Ordnance Survey Map 
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d. Spur.  A spur (Fig 4) is a promontory of higher land penetrating into a valley.  The contours 
show a triangular form.  Spurs are frequently found where a river meanders through a hilly region.  
The inside of each bend is occupied by a spur, thus spurs project alternately from each side of the 
valley (interlocking spurs).  It should be noted that in the case of the spur, the broad end of the 
triangle of contour lines lies on the higher ground.  The reverse of this, with the broad end on lower 
ground, indicates a narrow descending valley (typically occupied by a river and often wooded.) 

 
9-22 Fig 4 Spur 
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c  Example from 1:50,000 Ordnance Survey Map 
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e. Steep-sided Valley.  A steep-sided valley can take one of the two forms, known as V-shaped or 
U-shaped (Fig 5).  The V-shaped valley, which is formed by the erosive effect of a river, has a narrow 
floor, whereas the U-shaped valley, which is a result of glacial erosion, has a broader, flatter base.  In 
both cases, the valley walls are characterized by closely spaced linear contours.  In the case of the U-
shaped valley there will be a band of wider spaced, or few, contours along the bottom of the valley 
walls and along the valley centre.  Often, the floor of a U-shaped valley will be in a markedly different 
tint from the surrounding land. 
 

9-22 Fig 5 Steep-sided Valley 
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e  U-shaped Example f  V-shaped Example 
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The Low Flying Chart (LFC) Series (1:500,000) 
 
6. The Low Flying Chart (LFC) maps are constructed on a Lambert’s Conformal Conic projection 
and therefore scale can be considered constant.  Three sheets cover the UK, whilst further sheets 
cover the RAF’s frequent areas of operation in NW Europe. 
 
7. Amendments to the LFC sheets are promulgated to users in the Chart Amendment - Low Flying 
(CALF) (see Volume 9, Chapter 13). 
 
8. The depiction of man-made features follows a conventional pattern (see Fig 6).  Thus, for 
example, railways are shown as black lines (with one or two cross hatches to show single or multiple 
track stretches), roads and motorways as single or double brown lines, towns as grey areas 
approximating to their outline, villages as small black circles. 
 

9-22 Fig 6 Extract from Low Flying Chart (1:500,000) 
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9. The manner in which natural features are shown is also conventional.  Water features are shown 
in blue and are easily interpreted; equally, wooded areas are shown in green, although some caution 
is necessary as woods are sometimes harvested, and new plantations established.  All four methods 
are used to show land-form: spot heights (in feet), layer tinting, contours (at vertical intervals of 250 ft), 
and hill shading. 
 
10. It is possible to construct a reasonable impression of a region from the LFC.  For example, Fig 6 
shows an area around Brecon, most of which is layer tinted in deep or medium tone so it is clearly an 
area of generally high ground.  The high ground is divided by a number of valleys, shown in a lighter 
tone and often emphasized by the presence of rivers, roads and railways.  A major valley can be seen 
from Llandovery, through Brecon to Abergavenny (River Usk).  Another valley (with a railway in it) 
runs north-east from Llandovery towards Builth Wells.  A further valley runs north-east from Brecon, 
eventually joining the major valley of the River Wye.  To the south and east of Brecon, the land rises 
steeply, but to the north-west it rises less steeply.  The range of hills, aligned East-West, to the South 
of Brecon is punctuated by a number of small, steep-sided valleys running predominantly north-south.  
South of the 2907 spot height the land falls away more gently towards the more populated areas to 
the north of Cardiff.  
 
11. A legend explaining the depiction of aeronautical information (e.g. controlled airspace, restricted 
areas, obstructions and low flying boundaries) is available as a separate sheet (see Fig 7). 
 
 

9-22 Fig 7 Legend (Extract) – Low Flying Chart and Special Air Chart 
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UK Special Air Charts (1:250,000) 
 
12. The UK Special Air Charts (M5219-Air) are to a scale of 1:250,000 and are designed for use as 
low flying charts.  They are based on a transverse Mercator projection, therefore, scale can be 
considered constant.  The charts are overprinted with Latitude and Longitude and the National Grid 
Reference System (10 km squares).  Both of these overlays are adjusted to the WGS 84 datum 
(see Volume 9, Chapter 2). 
 
13. Amendments to the UK Special Air Charts are promulgated to users in the Chart Amendment - 
Low Flying (CALF). 
 
14. The chart shows aeronautical information including Regional Pressure Setting (RPS) areas, Low 
Flying Areas and hang glider sites (for legend, see Fig 7).  The chart also has a power line and 
obstruction overprint. 
 
15. Topographical information is based on Ordnance Survey data, and man-made features are 
shown using conventional Ordnance Survey symbology.  Terrain is shown by spot heights, layer 
tinting, and contours.  Elevations are in feet with a contour interval of 200 ft. 
 
16. With double the scale of the LFC series, more gradual change in colour of the layer tinting, and 
the increase in the number of contour lines, it is possible to visualize the terrain depicted on the chart 
clearly and accurately.  A comparison of the 1:250,000 map at Fig 8, with the 1:500,000 map at Fig 6, 
will reveal the similarity of major features such as valley lines, towns, road/rail links, and major 
wooded areas.  However, the 1:250,000 chart reveals extra information, particularly in the detail of 
contours and minor roads. 
 

9-22 Fig 8 Extract from Special Air Chart (1:250,000) 
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Ordnance Survey (OS) Maps (1:50,000) 
 
17. The OS maps at 1:50,000 scale are based on a transverse Mercator projection and, for all 
practical purposes, the maps can be considered to be of constant scale.  These maps are overprinted 
with the National Grid Reference System (1,000 metre squares), based on the 1936 OSGB Datum.  A 
comprehensive legend explaining symbology is included on each sheet.  The maps are available with 
an overprint of power lines and obstructions (Series GSGS 5215). 
 
18. The difference between True North and Grid North, at the corner of each map, is stated in the 
legend.  The difference between Grid and Magnetic North, together with the annual change, is also 
quoted in the legend and indicated at the top of each sheet. 
 
19. Relief is shown by contour lines and spot heights.  The contour lines are at vertical intervals of 10 
metres; spot heights are shown to the nearest metre.  The lack of layer tinting and hill shading means that 
the interpretation of relief will often need more care and study.  Nevertheless, with practice and 
experience, it is possible to interpret the topography with a high degree of accuracy. 
 
20. Fig 9 shows an extract from a 1:50,000 sheet, in which several areas of close contours can be 
identified.  In the north-west corner is part of a conical hill (the same as that depicted in Fig 1).  Notice 
that the contours on the lower part of the hill are closer than those near the top, showing that the hill has 
a rounded profile.  In the centre of the map, near the village of Dumbleton, is a conical hill with three 
distinct summits: Alderton Hill, Dumbleton Hill and spot height 162 m.  The contours between these 
hilltops show the narrowing characteristic of cols.  A spur can be identified on the right-hand side of the 
map, running northward from Toddington, with the land descending towards Wormington.  It shows the 
typical triangular pattern of contours and the shape is emphasised by the rivers on either side. 
 

9-22 Fig 9 Extract from Ordnance Survey Map (1:50,000) 
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21. In many of the examples in Fig 9, the hill line is, in part, accompanied by woodland which has a 
tendency to follow the general trend of the contours; a not uncommon feature.  Woods are also a 
common feature of steep-sided river valleys, making them easier to identify; an example is to be found 
in the north-west corner, along two streams running north from Overbury.   
 
22. Over most of the rest of this map extract, the contours are fairly widely spaced and form no readily 
identifiable patterns.  Investigation of the contour and spot height values shows that the ground varies 
between about 25 and 60 metres, ie it is gently undulating.  Thus it is possible to build up a picture of the 
area - a low, undulating plain, interrupted by several conical hills, with a ridge to the south-east. 
 
Maximum Elevation Figure (MEF) 
 
23. On aeronautical charts, a Maximum Elevation Figure (MEF) is printed for designated quadrangles 
(quadrangle sizes vary with chart scale and latitude - typically, 1:500,000 maps have thirty-minute 
quadrangles).  The MEF is calculated in the following manner: 
 

a. The highest terrain elevation within the quadrangle is determined.  A safety factor for 
mapping accuracy, and a Non Represented Allowance (NRA) are added.  The total is rounded up 
to the next 100 ft.  (The NRA allows for obstructions not portrayed on the chart because they fall 
below the requirements of the chart specification.  In UK, the NRA is 300 ft.)   

 
b. The elevation of the highest man-made obstruction in that quadrangle is determined and, 
after adding a safety factor for data accuracy, is rounded up to the next 100 ft. 

 
c. The MEF is the higher figure, from a or b.  

 
On the map, the MEF is depicted by two sets of figures; one represents thousands of feet, the other 
hundreds of feet above mean sea level (AMSL).  For example: 
 

12 5 
 
represents 12,500 feet AMSL. 
 
Note:  MEF refers to highest elevation and is not to be confused with Safety Altitude (see Volume 9, 
Chapter 23). 
 
Summary 
 
24. For the majority of low flying tasks within the UK, and the normal operational regions in NW Europe, 
routine low level navigation is carried out using the LFC 1:500,000 series or the Special Air Chart 
1:250,000 series, while detailed work, such as targeting, is accomplished using the 1:50,000 OS Maps 
(or their national equivalents in Europe).  It is, therefore, essential for aircrew to become familiar with 
these maps.  Learning the legend is a straightforward task, but interpreting the topography takes a 
considerable amount of study and practice.  Without doubt, the airborne experience of matching the 
mapped features to reality greatly improves this skill. 
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Introduction 
 
1. Planning for a low level flight can take a variety of forms.  For example, of necessity, it may take only 
minutes, and involve using a chinagraph pencil on a plastic covered map whilst sitting in the cockpit of a 
tactical aircraft.  Alternatively, it may take 1 or 2 hours to plan a co-ordinated, multi-aircraft interdiction 
mission in a well-equipped Flight Planning section.  It is beyond the scope of this manual to cover the 
particular techniques required for these special cases.  Instead, this chapter will be concerned with the 
elementary techniques and considerations which form the basis of all low level route planning. 
 
2. It will be assumed that the 1:500,000 LFC or the 1:250,000 chart will be used for routine navigation, 
and the OS 1:50,000 maps for target planning.  The discussion will be on the basis of planning for a single 
aircraft executing a low level navigation sortie, with a simulated level attack on a target.  Nevertheless, 
some of the factors to be considered when planning for a formation of aircraft will be mentioned. 
 
3. The aim of low flying is to arrive safely, and ideally undetected, at an objective; typically a target.  In 
practice, the target planning will be done before the route planning.  However, as low level navigation may 
occasionally be undertaken without a target element, this chapter will first look at planning the route. 

Revised Jul 11 Page 1 of 13 



AP3456 – 9-23 - Planning 
 

ROUTE SELECTION AND PLANNING 
 
 
Initial Considerations 
 
4. Route.  The low level route should normally be the shortest, safest, practical route to the target 
and back to base or destination.  In particular, the time spent in 'enemy' territory should be kept to the 
absolute minimum.  Long, straight legs are easier to fly, particularly if in formation.  The following 
points should be considered when planning the route: 
 

a. Airspace Reservations.  Controlled and restricted airspace must be avoided.  Certain 
hazards and sensitive areas on the ground must be avoided, eg hospitals and built-up areas 
(such avoidance has its parallel in a tactical situation where enemy defences or friendly 'weapons 
free zones' (WFZs) must be considered).  Additionally, the UK Low Flying System regulations 
impose some route restrictions, such as flow arrows in congested areas. 

 
b. Low Level Turning Points and Check-features.  The selection of easily identified turning 
points and 'check-features' or 'check-points' (significant features selected to assist navigation) are 
essential to a successful low level sortie.  This subject is discussed in detail in Volume 9, 
Chapter 24. 

 
c. Visibility.  Visual perspective and range to the horizon reduce as height reduces; it will be 
necessary to fly directly over most pre-selected check-points.  Visibility into sun can be poor, 
particularly when the sun is low on the horizon.  The area downwind of a large industrial complex 
is often associated with poor visibility and therefore should be avoided.  Visibility in hazy/misty 
conditions and industrial pollution are all worsened when combined with a low sun. 

 
d. High Ground.  The crossing of high ground should be avoided for tactical reasons.  The 
highest ground should also be avoided for meteorological reasons; it is more likely to be 
enshrouded in low cloud, and turbulence is often present on the lee side. 

 
e. Birds.  Flying adjacent to coastlines and estuaries should be kept to a minimum as these 
areas tend to have higher than average bird concentrations. 

 
f. Nuisance.  To reduce undue noise nuisance, towns and villages should be given as wide a 
berth as is practical.  If this is not practical, then the transit height must be increased.  It should be 
noted that, when flying in formation, other aircraft may be displaced laterally.  Adequate horizontal 
clearance must therefore be planned for all aircraft. 

 
g. Natural Features.  Landmarks with vertical extent which rise above the surrounding terrain 
make excellent turning points or check-features.  Natural line features (ridges, rivers etc) provide 
useful assistance when orientated along track.  Multiple line features can be used as a guide, or 
'funnel', to lead into a destination, turning point or visual fix-point. 

 
5. Speed.  Low level navigation exercises for fixed-wing aircraft are normally planned and flown on the 
basis of maintaining a constant groundspeed.  For convenience, this groundspeed is usually a multiple of 
60 kt so that it equates to an integral number of nautical miles per minute.  On the other hand, rotary wing 
aircraft often fly close to Vmax, and therefore a constant airspeed is flown during a navigation sortie.  For 
most practical purposes it can be assumed that IAS = TAS at low level and thus the only necessary 
adjustment for speed will be to account for the wind effect.  Clearly, if operations are to take place over 
regions considerably above sea level, the IAS/TAS relationship may need to be considered. 
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6. Height. 
 

a. Fixed Wing (FW).  In the majority of cases low flying will be carried out between 250 and 
500 feet minimum separation distance (MSD).  Excursions outside of this bracket, between 100 
and 2000 feet MSD, will normally need little change to planning methods, although there may be 
some need to adjust the low flying techniques. 

 
b. Rotary Wing (RW).  Low flying frequently takes place at 50 feet above ground level (AGL) with 
an associated minimum separation criteria (MSC), even down to hover taxi height in some cases. 

 
7. Track Orientation.  The low level plan is usually made on a 'still air' basis, and so directions are 
annotated in terms of track, either true or magnetic, rather than heading.  Adjustments are made on 
the day, by rule of thumb methods, to account for drift and thus determine required heading to 
maintain each track. 
 
Map Preparation 
 
8. Maps.  It is important that maps are updated using the latest CALF, CHAD, CHUM and NOTAMs.  
It should be remembered that NOTAMs may be issued after planning is complete and so must be 
consulted immediately prior to flight so that any necessary amendments to the plan can be made. 
 
9. Track.  The track should be drawn on the map in such a way that it is easily seen even in turbulent 
conditions, ie in a deep colour and boldly, but so that it does not obscure significant detail.  Gaps can be 
left in the track line so that fix points along track are obvious.  The track direction should be clearly 
annotated near the start of each leg.  Straight line tracks are not mandatory.  Although the straight line 
represents the shortest distance between two points, it is not necessarily the most appropriate route; for 
example it will often be preferable to follow a valley rather than fly the direct line over hills.  In this 
situation, 'mean' tracks for sections of the valley should be measured as guides to direction. 
 
10. Timing Reference Marks.  Time provides the prime reference system for low level visual 
navigation.  The tracks on the chart should therefore be marked at intervals representing the distance 
flown in one minute (or two minutes if preferred and appropriate).  The ETA at turning points, and at other 
significant features, should also be annotated on the map.  Several methods of providing a timing 
reference are possible using stopwatch or real time; this subject will be dealt with in Volume 9, Chapter 24. 
 
11. Other Information.  Other information, which should be annotated on the chart, clearly, includes:  
 

a. Safety altitude(s) for the route or area of operation. 
 

b. Altimeter setting region boundaries. 
 

c. Radio frequencies, for assistance from radar units and airfields. 
 

d. Heights of controlled airspace and other restricted airspace. 
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Safety Altitude 
 
12. A safety altitude (SALT) provides aircrew with a safe height at which to fly, when visual safe 
separation from the ground is not possible.  The SALT is calculated by: 
 

a. Determining the elevation (i.e. height above mean sea level (AMSL)) of the highest ground 
or obstacle over which there is any possibility of the aircraft passing. 

 
b. Adding an increment of one thousand feet. 

 
c. Rounding up the sum of a and b, to the nearest hundred feet. 

 
Where the flight takes place over mountainous terrain - defined as terrain of 3,000 ft AMSL or higher - the 
increment is increased to a minimum of 2000 ft.  When severe turbulence is anticipated, consideration 
should be given to further increasing the SALT.  The instructions pertaining to SALT are contained within 
the MAA RA 2307(1). 
 
13. A common method of applying safety altitude is for a separate SALT to be calculated for each 
track of the planned flight.  Alternatively, a route might be divided into several areas, each with its own 
SALT.  Finally, it is feasible for a route to have one 'blanket' safety altitude for its entirety, from 
departure to destination. 
 
14. When determining the highest elevation on which to base the SALT, it is usual to allow a safety factor 
in distance around the planned track.  This will allow for unplanned deviations from route and navigation 
errors.  Command and Group Orders will normally specify the criteria for such safety factors. 
 
Fuel Planning 
 
15. The exact fuel planning procedure will depend upon the aircraft type, the nature of the exercise, 
and local requirements.  In general, the route should be marked at regular and convenient intervals 
(perhaps every 5 or 10 minutes), and at the point furthest from base, showing in each instance: 
 

a. The anticipated fuel remaining. 
 

b. The 'en route minimum fuel' (see Volume 9, Chapter 18). 
 
16. When operating on a return-to-base route, it is often convenient to draw 'BINGO arcs' on the map 
showing the amount of fuel needed to return to base from that range, by the most direct and 
practicable route, to arrive with the necessary minimum fuel.  The calculation of the BINGO figure (see 
Volume 9, Chapter 18) may be on the basis of remaining at low level, or on flying the profile which is 
most economic on fuel.  These arcs should take into account the wind on the day. 
 
Route Examples 
 
17. Fig 1 shows an example of a route for a fixed-wing aircraft, to fly at low level from base, to a 
target, and back.  Drawn on a LFC, it illustrates many of the items mentioned in the foregoing 
paragraphs.  There is no definitive way in which the chart should be annotated with information; 
operating authorities may specify in some cases, but much will be left to personal preference.  Some 
aspects of this example route are explained below: 
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9-23 Fig 1 Low Level Route Plan (not correct scale) 
 

 
 

a. Route.  The route is designed to be about 30 minutes in duration, to have one target (a level 
attack), and to include flight over varied terrain, including some valley flying.  As far as is practical, 
the route is confined to the lower ground in any area. 

 
b. Start/Stop Points.  Shawbury is the operating base, and it is assumed that there are 
standard departure and arrival procedures.  The low level plan therefore starts and stops at 
points in accord with those procedures. 

 
c. Timing.  The route has been planned at a constant groundspeed of 420 kt (7 nm/min), utilizing 
one stopwatch.  The stopwatch is started at the low level start point and is run continuously to the 
Initial Point (IP) for the target run.  At the IP, the stopwatch is zeroed, and restarted.  The stopwatch 
is then left to run until the route stop point.  Timing marks are annotated on the chart at one minute 
intervals; the elapsed time is also annotated at each turning point. 

 
d. Tracks.  Tracks are magnetic.  In the north-west corner of the route, the track follows the 
valleys, and has been drawn in a broken line to indicate this.  Notice the flow arrows, which 
constrain the route in this area, in accordance with the low flying system. 

 
e. Fuel.  Circles highlighting fuel figures are drawn at intervals, showing the anticipated fuel 
remaining in black and the 'en route minimum fuel' in red.  In this example, the aircraft uses 100 
kg of fuel every 4 minutes.  The general fuel plan is to take a fuel check every 8 minutes from the 
start of low level.  Whilst some fuel circles are conveniently located at furthest points from base, 
note that the check due near the IP was brought forward 2 minutes, to spread the workload.  
BINGO arcs are in red, at 100 kg, 150 kg and 200 kg.  In this example, these figures represent 
the fuel required to transit back to base in a straight line, maintaining speed at 420 kt and 
remaining at low level.  The minimum fuel required at destination (which may change, depending 
on the weather and diversion plans) must be added to the BINGO figures during the flight. 
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f. NOTAMs.  One NOTAM has been plotted to the north of Tregaron.  This notifies a prohibited 
area of 2 nm radius, up to 3,000 feet above mean sea level, around the point.  

 
h. Safety Altitude.  In this example route, a SALT of 5,600 ft (based on Snowdon, elevation 
3,560 ft) has been calculated for the extreme NW portion of the route, to the west of the dam on 
Llyn Elyrnwy.  For the remainder of the route, a SALT of 4,000 ft has been calculated (based on 
the spot height of 2,975 ft, NE of Dolgellau).  Both SALTs are annotated on the chart in red. 

 
i. Controlled Airspace.  The height/altitude of the base of controlled airspace has been 
emphasized on the chart.  Aircrew flying at low level should be aware, at all times,  of the base 
height of controlled airspace above them, and this should be compared with the SALT.  If the 
SALT is higher than the base of the controlled airspace, then the procedures for penetrating the 
controlled airspace must be investigated at the planning stage.  Initial Contact Frequencies (ICFs) 
for radar assistance should be annotated on the chart. 

 
j. Target and Initial Point.  The triangle to the east of Leominster marks the simulated target.  
The square box on track to the south of Leominster represents the associated Initial Point (IP).  
The techniques of target planning will be covered in the next section of this chapter. 

 
18. Fig 2 shows an example helicopter low level route plan to a landing point (LP) and back to 
Shawbury.  Drawn on a UK Special Air Chart, this route illustrates some of the differences between 
RW and FW map preparation, and is described below. 
 

9-23 Fig 2 Low Level Route Plan - RW 
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a. Timing.  The main route is planned at 120 kt, and at 90 kt for the IP to LP leg.  Timing marks 
are made at 2 minute intervals along legs.  Elapsed times for each leg are marked (and 
underlined) at the end of the leg to the right of the turning point (TP).  Total elapsed time is 
marked (surrounded by a box) to the left of each TP or IP.  Helicopters equipped with GPS or 
other navigation systems may mark distance gone, or to go, instead of timing marks.  Depending 
on the route and scale of map, timing marks may be at 1, 2, or even 5 or 10 min intervals.  Some 
routes may lend themselves to times at significant features. 

 
b. IP.  An IP is marked by a square drawn parallel to the IP-to-LP run. 

 
c. LP.  An LP is marked by 4 lines radiating from the grid reference. 

 
d. Fuel.  Fuel circles are normally drawn at the start of each leg, or at 10 minute intervals on 
longer legs.  The circles only show, in red, the minimum fuel plus minimum landing fuel required to 
complete the task and return to base or refuel point. 

 
e. Significant Features.  Significant features selected along the route should be indicated on 
the map with the elapsed time.  Ideally, they should be at 3-5 minute intervals on long legs, or 
near half-way on shorter legs. 

 
TARGET PLANNING 

 
Introduction 
 
19. Whilst flying a route, a slight tracking error of one or two miles is unlikely to be of any cause for 
concern, unless it leads to the infringement of an area to be avoided.  However, much greater 
accuracy is required when attacking a target; an error of a few metres may result in missing it.  
Because of this, target planning is normally carried out using OS 1:50,000 maps which provide the 
required amount of detail.  Change-over of operation, from the en route map to the target map, is 
accomplished by means of an Initial Point (IP) - a feature whose position is identifiable on both maps 
and which has a high probability of being identified at the appropriate stage of flight.  The selection of 
an IP will be covered later; first the approach to the target should be considered. 
 
Line of Approach 
 
20. The best line of approach to any target must be decided on an individual basis.  However, there 
are some general factors which should be considered.  Fig 3 and Fig 4 show two typical targets (each 
a bridge) which will be used to illustrate some of these factors. 
 

9-23 Fig 3 Bridge Target in Steep Sided Valley 
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21. The bridge in Fig 3 is aligned north-south, crossing a river which runs east-west.  A study of the 
contours in the vicinity of the bridge shows that the hills to the north and south of the bridge are steep, ie 
the bridge is at the bottom of a steep-sided valley.  If an approach were to be made from the north or south 
the target could not be seen until the very last moment; indeed there must be considerable doubt as to 
whether the target would be seen at all.  The village of Alton with its church, and the Alton Towers Leisure 
Park, would provide some clues to the position of the bridge but nevertheless the problems of late 
acquisition make this an unsatisfactory line of approach.  The sensible direction is east-west (or vice 
versa) along the valley.  Approaching from the east provides a longer stretch of straight valley before the 
target and is therefore the preferred option.  The valley and the river constitute a line feature leading 
directly to the target and so acquisition is unlikely to be difficult once the valley has been identified.  There 
are no similar bridges in the vicinity; there are a few smaller bridges before the target but the target bridge 
is directly abeam the village of Alton with its church and castle.  Although the approach from the east has 
been shown as a straight line in Fig 3, it would probably be best, in practice, to fly a slightly curved 
approach in order to follow the line of the valley more closely.  As an alternative, it would be possible to 
make an approach from the north-west, from the village of Oakamoor, following the valley and making the 
turn onto east just prior to the target.  This may be preferable if the target were defended, as the aircraft 
would not be visible until late in the attack.  However, although the bridge would not be appreciably more 
difficult to locate, there may be weapon aiming constraints with such a late turn onto the target. 
 
22. Fig 4 shows another bridge target, this time a railway crossing a river.  Both the river and the railway 
constitute line features leading directly to the bridge.  It is not always necessary, or desirable, to fly along 
such line features; instead they can be used to direct the eyes once in the vicinity of the target.  Whereas 
the previous example was in a steep-sided valley, this bridge is situated on a broad river flood plain in 
fairly open ground.  
 

9-23 Fig 4 Rail/River Bridge Street 
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23. An approach from the south-east would entail crossing the high ground of Bredon Hill.  Although, 
in this instance, the hill is not hiding the target, it is not generally recommended to approach a target 
from high ground as it means that the aircraft is more exposed to any defences.  To the north-west of 
the target is a disused airfield, and study of the 1:500,000 LFC reveals that this is the site of a High 
Intensity Radiation Transmission Area (HIRTA), and so may need to be avoided.  Other approach 
directions, from the north-east and south-west quadrants, impose no special restrictions.  The one 
other factor which may need to be considered is the direction of the sun.  Where there are no other 
constraints, it is normally preferable to approach out of sun, especially when the sun is low on the 
horizon.  The best line of approach is therefore probably from the south or south-west.  Approach lines 
from the region of Tewkesbury could put the M5/M50 motorway junction or the church at Strensham 
on, or very close to track, thus providing good check features.  To aid final visual acquisition, the 
railway and river would appear to converge on the target. 
 
24. Although the approach to the target has been discussed in some detail in these two examples, the 
departure from the target area should not be neglected.  It may well be the case that the optimum line of 
approach would involve the aircraft infringing a restricted area beyond the target.  More importantly, the 
presence of high ground or obstructions immediately beyond the target must be considered.  The 
example in Fig 3 shows this to an extent; depending upon the height of the aircraft, it may be necessary 
to climb or turn to avoid the southern valley wall. 
 
25. One factor which is beyond the scope of this chapter, but may be overriding, is the constraint 
imposed by a particular weapon delivery profile. 
 
The Initial Point (IP) 
 
26. The manner in which the transfer between the LFC or UK Special Air Chart and the OS map is 
accomplished is by use of an 'Initial Point' (IP), the position of which should be identifiable on both 
charts.  The ideal IP should exhibit the same characteristics as that of a good visual fix or check-
feature.  It should: 
 

a. Be easily found, by dint of being big (or part of a big feature) or offering good contrast to its 
surrounds. 

 
b. Be unique or unambiguous within the area. 

 
c. Ideally, have some vertical extent. 

 
27. The ideal IP is rare, and inevitably some compromise will have to be accepted.  Although there can be 
no hard and fast rule, experience has shown that in most cases the distance from IP to target should be: 
 

a. Fixed Wing Aircraft:  Between 30 seconds and 90 seconds. 
 

b. Training Aircraft:  A maximum distance of 8 nm to 10 nm, with a 2 minute run-in. 
 

c. Helicopters:  A maximum distance of 3 nm to 5 nm, with a run-in of 2 minutes to 3 minutes. 
 
It may be necessary to have a pre-IP some distance from the target in order to locate a less than ideal 
IP nearer the target.  Short IP to target times allow little opportunity for errors to be corrected; long IP 
to target times can lead to unwieldy maps and demand an unnecessarily long period of high 
concentration. 
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28. Although the choice of an IP should be dictated by the most appropriate line of approach to the 
target, and not vice versa, the availability of a good IP can be the deciding factor between approaches 
which are otherwise equally suitable. 
 
Planning from IP to Target 
 
29. Planning the IP to target part of the mission is not significantly different from planning the route.  The 
line of intended track should be clearly drawn on the OS 1:50,000 map, although it may be desirable to 
omit sections to permit the user to read mapping detail in parts.  The map should be clearly annotated 
with the track direction from the IP.  The track line should be annotated with timing marks, normally every 
ten seconds for FW, every minute for RW, together with the total elapsed time from the IP to target.  It is 
usually advantageous to mark the 'escape' track details, post-target. 
 
30. OS 1:50,000 maps (other than Series GSGS 5215) do not carry any aeronautical information, 
therefore any relevant restrictions will need to be transferred from the LFC.  It may also be desirable to 
highlight any obstructions (eg power lines and masts) and any other significant features. 
 
31. In the normal course of events, once the IP to target has been planned, work can commence on 
planning the route.  The route should be arranged so that the approach to the IP is on approximately 
the same track (within 20º to 30º) as the IP to target.  Large turns prior to, or at, the IP almost 
inevitably lead to error, and therefore should be avoided. 
 
32. Fig 5 shows the OS map, prepared for the IP to target portion, incorporated into the route shown 
at Fig 1.  Some notes on this plan are presented below: 
 

9-23 Fig 5 IP to Target Plan (not correct scale) 
 

 
 
 

a. Line of Approach.  The target is a 90º bend in a track, adjacent to woods.  Visual 
acquisition would be poor on approaches from the south, or the north, due to high ground and 
woods, respectively.  On an approach from the west, the road rises into the target, which is on a 
slight ridge.  The sun would not present any problem for an approach from the west/south-west, 
except in the early morning. 

 
b. IP.  There are several possible features for an IP in the area of Leominster.  On the chosen 
line of approach, the town itself should be clearly visible, with the River Arrow converging from 
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the left.  The selected IP is the bridge where the road, running south from the town, crosses over 
the river.  There are numerous lines of small pylons in the area, presenting more of an avoidance 
problem than an aid to navigation. 

 
c. Features to Assist Tracking.  Once the IP is visually identified, the stopwatch is zeroed, to be 
re-started directly overhead the IP.  Time will then assist with the identification of several features 
that can be utilized to maintain the aircraft’s tracking towards the target.  These features include a 
road junction at 13 seconds, and the leading edge of a wood, left of a hill fort, at 30 seconds.  The 
group of small lakes at 23 to 26 seconds will assist overall confidence.  Also, in several places, 
portions of road and disused railway, running close to the planned approach track, could be utilized. 

 
d. Additional Information.  The IP to Target map shown at Fig 5 is relatively uncluttered, having 
just the bare essential information required during flight.  Depending upon requirements, the planner 
may wish to highlight extra mapping detail, or annotate further information.  Information required by 
some operators includes distance-to-go markers in nautical miles (for nav/attack systems), aide 
memoirs, or weapons checklists. 

 
Concealed Approaches and Departures (CAD) 
 
33.  Support Helicopter (SH) operations often require an approach and departure to be made to a 
landing site (LS) whilst flying a profile that will keep the helicopter hidden from enemy ground forces.  
This usually requires ultra low flying using terrain, trees and other vertical features to achieve 
concealment.  Factors to be considered during CAD operations include: 
 

a. Planning.  The relative position of the enemy from the pick up point (PUP) or drop point (DP) will 
dictate the direction of approach.  The planning process is essentially the same as an IP to target run 
with one difference; the route is selected by working back from the DP along the lowest ground 
towards the IP.  The best departure is generally the reciprocal of track, but it is not always the case, 
so the departure should be considered separately.  Forecast windspeed is an important consideration 
as the low groundspeed required for concealed approaches and departures may be outside the 
wind/airspeed limits for the helicopter and therefore a compromise track may have to be selected. 

 
b. Map Marking.  Contour analysis is the key to good map reading.  At 100 ft AGL, a 10 m 
contour is significant, whereas at 200 ft AGL such a contour may be invisible.  It is vital to study 
the contours around the LS; a 10 m contour can hide most helicopters.  The procedure is to work 
back from the enemy position looking for valley contours and water indications, as water 
generally flows in the lowest ground.  One point to note is that trees grow along river and stream 
beds, but they are not shown on the OS 1:50,000 map; they can aid concealment but may 
present a problem if they need to be crossed.  If the contours are difficult to see, then highlighting 
them can help in visualising the valley shape, but highlighting more than one contour can lead to 
confusion.  Once the direction of approach is selected, then the map should be marked as shown 
in Fig 6, using a dashed track line so that the map detail can be clearly seen.  Tracks and timing 
marks (appropriate to the planned speed) should be marked, and prominent features highlighted.  
The general rule is to fly as fast as possible whilst maintaining the height required to remain 
concealed.  The aim should be to reduce speed and height as range to the DP reduces, typically 
2 kt per 1 ft of height (e.g. 30 kt/15 ft AGL ). 
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9-23 Fig 6 Concealed Approach and Departure 
 

 
 

c. General.  Map reading and communication between the crew whilst flying at ultra low level 
are obviously problems, but can be overcome by good planning, effective cockpit management 
and foresight. 
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Map Folding 
 
34. Having completed all the planning, the maps require folding so that they can be conveniently 
handled in the air.  It is not normally a good idea merely to cut out the required portion of the sheet as 
the resulting map will be too flimsy for use in the cockpit. 
 
35. A suggested method of folding is outlined below and illustrated in Fig 7: 
 

a. Decide which is the long axis of the route.  On a nearly square route this decision will be 
arbitrary.  Make the first fold, outside of the route, parallel to the long axis. 

 
b. Fold in the two ends at right angles to the long side. 

 
c. Fold over the remaining long side parallel to the long axis.  The excess map of this last fold 
can be tucked into the pocket formed by the first three folds, having been trimmed if necessary. 

 
9-23 Fig 7 Folding the Map 

 
a 

Complete sheet, showing the route with the long 
axis and first fold 

 

b 
 

Second and third folds 

First Fold Long Axis

Route

Base

 

Second Fold

Third Fold

 
  
c 

Final Fold 
 

d 
Reverse side of folded map 

 

Final Fold

 

Final Fold

Tuck In
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Introduction 
 
1. Modern aircraft avionics systems are quite capable of performing the routine navigation tasks 
necessary in a low level mission.  However, like all computer systems, they are unable to think, or 
automatically instigate changes to a plan when conditions vary from those expected.  Moreover, 
although reliability is generally high, such systems do occasionally fail or become degraded.  
Particularly in the final stages of an attack, it may become necessary to refine the system’s 
navigation solution by direct visual reference to the outside world.  Furthermore, there are still many 
aircraft, especially in the training role, without sophisticated navigation systems.  There is, 
therefore, a continuing need to develop the skills of low level navigation using the basic aids of 
map, compass, stopwatch, eye, and brain. 
 
2. The aim of low level navigation is to get the aircraft to an objective safely and, ideally, undetected.  
There is therefore a need to blend accurate navigation, both in space and time, with skilful flying, 
sound airmanship, and tactical awareness.  The general rules regarding the operation of aircraft in the 
low level environment are dealt with in Volume 8, Chapter 19.  This chapter will be concerned 
primarily with navigation techniques at low level.  It complements Volume 9, Chapter 23, which should 
be read in conjunction with it. 
 
Map Reading 
 
3. The art of map reading consists of visualizing the physical features represented on the map by 
symbols, thus forming a complete mental picture of the ground by relating the features one to 
another (this is known as 'map to ground' technique).  It is also necessary to perform this analysis 
in reverse, ie seeing an arrangement of features on the ground and being able to recognise the 
relevant portion of the map ('ground to map' technique).  Expertise at low level map reading 
demands much practice but there are a number of factors which can make the task easier.  The 
most important of these are thorough flight planning and pre-flight route study.  When in flight, 
maintaining track and time should be a prime aim; errors should be recognised and acted upon 
early, but concentration on navigation to the detriment of other tasks must be resisted.  It is equally 
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important to keep a good look-out to reduce collision risks, to detect any enemy activity, to be 
aware of any potential weather problems, and to manage the aircraft systems.  To this end, 
significant features (known as 'check features') should be selected at the planning stage at perhaps 
3 to 5 minute intervals, and the in-flight technique should be to identify these features as early as 
possible and fly with reference to them.  Check features need not be exactly on track; a good 
feature close to track will usually be better than a poor feature on track, and it is a relatively simple 
matter to fly the appropriate distance away from the feature. 
 
4. The Ideal Check Feature.  The ideal check feature will have the following properties: 
 

a. Big.  The check feature should be big, or be part of a big feature.  However, it must not be 
so big that a precise point is indistinguishable. 

 
b. Unambiguous.  The feature must be selected to ensure that no other similar feature is 
nearby. 

 
c. Vertical Extent.  At low level, a feature such as a hilltop, mast or chimney may well be 
visible from several miles away. 

 
d. Easily Identified.  The check feature should be seen and identified easily, to minimize time 
spent searching for it. 

 
Only rarely will a feature possess all of these attributes and some compromise will be necessary.  The 
value of any type of feature to navigation will depend on circumstances; minor roads may be poor 
features in built-up areas but may become very significant in an otherwise barren landscape. 
 
5. Selection Considerations.  The following considerations must be borne in mind when selecting 
a check feature: 
 

a. Terrain.  Careful map study is necessary to ensure that the feature will be seen.  For 
example, if crossing a valley at 90º, any feature in the valley may be visible for 5 to 10 seconds.  
A feature on the near side of the valley may not be seen until it has been passed. 

 
b. Contrast.  A feature that contrasts with its natural surroundings will be easily identifiable. 

 
c. Lead-in Features.  The presence of features that lead towards the check feature can be 
used to draw the eyes to the area.  A lead-in is essential for small check features. 

 
6. Choice of Check Features.  Some of the ground features suitable for visual map reading are 
discussed below.  However, only rarely is any one feature used in isolation; it is the relationship of one 
feature to another that provides confident identification: 
 

a. Coastlines.  Coastlines generally offer an excellent opportunity for fixing.  There is usually 
some associated feature such as a river estuary, headland, or inlet to enable position to be fixed 
with reasonable accuracy. 

 
b. Water Features.  Large rivers, estuaries, canals and lakes normally show up well.  
However, they naturally tend to occupy the lowest ground in the area and so may be hidden from 
view by the surrounding terrain.  This is particularly true of lakes in mountainous regions; it is 
quite possible to fly within a mile or two of a mountain lake and not see it.  Smaller rivers are 
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often tree-lined; the trees can assist in locating the line of the river, but can also tend to hide the 
detail so that particular features of the river may not be seen. 
 
c. Mountains and Hills.  As the observer’s height above ground decreases, the terrain 
contours take on considerably more significance.  However, the interpretation of topography for 
mountains and hills from the map is more difficult than the interpretation of water and man-made 
features.  Isolated and prominent hills provide the best opportunity for check features.  Terrain 
which undulates fairly uniformly is extremely difficult to use unless there are additional features 
such as significant woods or transmission masts.  Wherever there are mountains and hills there 
will be valleys and these can be extremely valuable features.  They can usually be identified with 
confidence from their orientation and from the presence of roads, railways and settlements, and 
they provide a line feature for navigation and a route away from the highest ground. 

 
d. Masts.  Masts, with their vertical extent, can provide good visual clues to position at low 
level.  However, they should not be selected as turning points, as they are difficult to see in poor 
visibility.  Larger masts often have guide stays, therefore horizontal avoidance is essential. 

 
e. Towns and Villages.  Because the over-flight of towns and villages should be avoided at low 
level, they cannot be used for accurate pin-pointing on their own.  However, they are useful as 
general indicators of position and for directing the eyes to suitable features nearby.  The 
identification of a town or village must normally be done by relating it to other features in the vicinity, 
e.g. roads, railways, rivers and hills. 

 
f. Railways.  In areas of dense population and industry, the identification of railway lines can 
sometimes prove difficult.  However, in more rural areas they provide an excellent line feature 
and, if there is some unique aspect to the line such as a junction, station, or conspicuous bridge, 
a pin-point can be obtained. 

 
g. Roads.  The usefulness of roads as check features is extremely variable, depending on the 
nature of the surrounding landscape.  Motorways can be particularly distinctive if viewed 
lengthways or from height, but if approached at 90º at very low level, they can be obscured by 
trees or by being located in cuttings.  By comparison, a single-track, narrow road might prove 
extremely significant in open country, especially over barren mountainous terrain.  In general, the 
larger the road the more use it is likely to be. 

 
h. Woods.  Like roads, woods can vary between excellent and useless.  Although woods may 
appear to have a particularly distinctive and identifiable shape on a map, this shape will not normally 
be apparent from a low level viewpoint.  The exception is when the wood is on a facing slope, e.g. 
on the far side of a valley.  In this situation, woods can prove extremely valuable check features.  
Although there can be some change to wood shapes due to felling and afforestation, the impact 
of this activity is normally fairly obvious.  Nevertheless some care is needed. 

 
i. Miscellaneous Features.  Many other features can prove to be satisfactory navigation 
checks.  Power transmission lines can act as line features, and can provide pin-points where they 
cross each other or other line features.  Power stations, airfields, transmission masts, 
lighthouses, monuments, and follies are all worthy of consideration. 
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7. Seasonal Variation.  The time of the year may affect the appearance of many features: 
 

a. Winter.  Lakes may be iced over, and snow cover may hide smaller roads and isolated railway 
tracks.  Conversely, cleared roads may become more apparent due to their increased contrast with 
the surroundings.  In the Northern Hemisphere, the sun is lower for longer periods of the day. 

 
b. Spring.  Any flooding will change the shape of water features, and indeed, the landscape. 

 
c. Summer.  Heavy foliage may obscure roads and railway lines.  A period of drought will 
change the shape and water level of reservoirs.  Rivers in many regions of the world will dry up. 

 
d. Autumn.  Deciduous woods may apparently change shape and importance. 

 
8. Accuracy of Map Features.  Three types of map detail are always plotted in their correct 
geographic positions on maps.  These are: 
 

a. Coastlines 
 

b. River centrelines 
 

c. Tops of Hills (Spot heights/Trig points) 
 
To avoid being superimposed, all other features are likely to have adjusted positions.  In making the 
adjustments, the cartographer takes care to display the detail correctly relative to adjacent features.  Thus, 
for example, a mast will always be depicted on the correct side of the motorway even though accurate 
plotting would show it in the fast lane.  In this case, it is the standard motorway feature which takes up 
more space on the map than its actual width demands.  Such minor errors in position are unlikely to pose 
difficulties in the visual navigation environment, but must be considered during operational planning. 
 
Timing 
 
9. The intelligent use of the watch and stopwatch is perhaps the most valuable aid to low level 
navigation.  Provided that the correct heading and speed are flown, time will provide a relatively 
accurate means of reckoning position, and the refinement of this position by reference to map and 
ground will be considerably eased.  Time can thus be used to resolve any ambiguity of features.  For 
low level navigation, several timing methods are available. 
 
10. Continuous Timing.  Continuous timing is a simple timing method.  It requires the stopwatch and 
the route timing marks to be started from zero at the navigation start point (or take-off point), and both to 
run continuously to the navigation stop point (or landing).  The technique is for the aircraft to be kept as 
close as possible to the elapsed time on the map, principally by MDR speed adjustment.  Continuous 
timing facilitates simple planning for ETA, fuel etc.  Where targets are included in the route, it will usually 
be preferable to zero the stopwatch, and re-start it overhead each IP (see Volume 9, Chapter 23, Fig 1).  
This enables the IP to target run to be navigated as a separate entity and with no accrued errors. 
 
11. Leg Timing.  Leg timing is also a simple timing technique.  It can be used for routine 
navigation, and consists of starting the stopwatch at the beginning of every track (see Volume 9, 
Chapter 23, Fig 2).  Leg timing requires a degree of certainty of finding the turning points.  
Furthermore, leg times must be added together to produce overall planning figures (ETA, etc).  Leg 
timing can be reverted to if an aircraft is forced off the planned track - the stopwatch is started when 
the aircraft leaves track and again whenever a significant feature is found.  Thus the technique 
provides a means of reckoning aircraft position relative to a series of known 'most recent' fixes. 
 
12. Hack Timing.  This method is a variation of continuous timing and can be used when it is 
necessary to achieve a 'real' (rather than elapsed) time on target (TOT).  At the planning stage, the 
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elapsed time from take-off to TOT is measured.  By subtracting elapsed time from TOT, the take-off 
time is determined.  The stopwatch is started (hacked) at this calculated take-off time regardless of the 
actual aircraft position.  The aircraft is then flown to achieve the timing marks on the map.  Large 
errors should be corrected early by cutting short the route.  Smaller residual errors can be corrected 
by MDR speed adjustment. 
 
13. Real Time.  If the intent is to be overhead a selected point at a precise time, then the marking of 
real time against low level timing marks on the chart provides the ultimate comparison of where the 
aircraft is, against where it should be.  However, operating totally in real time has few other advantages, 
and indeed is extremely inflexible.  Many operators will therefore employ a combination of stopwatch and 
real time in order to achieve a TOT.  For example, the stopwatch systems described in paras 10 to 12 
can be augmented by annotating the real time required against each turning point. 
 
14. Selection of Timing Method.  Each of these methods has its advantages, disadvantages, and 
adherents.  Any continuous timing technique works well, particularly if it is necessary to achieve a TOT, 
unless circumstances divert the aircraft off track.  If the aircraft is forced off the planned track, the 
technique of leg timing can be reverted to.  Leg timing is very flexible and lends itself to stopping and 
starting in flight as any significant features are noted.  It can thus provide very accurate navigation 
between fix or turning points as accrued errors are not carried forward, and it lends itself to off-track 
navigation.  A decision on the timing method to be employed will be made on the basis of the flight 
objectives, the probability of staying on track, and on personal preference. 
 
Estimation of Drift and Required TAS or Groundspeed 
 
15. The essence of successful low level visual navigation lies in the ability to stay on track and on 
time.  To do so, account must be taken of the effect of wind velocity.  If the aircraft is equipped with 
doppler or inertial systems, a continuous display of track and groundspeed is available and 
corrections can easily be made.  Without these aids more elementary methods must be employed, 
normally employing mental dead reckoning (MDR). 
 
16. Wind Velocity at Low Level.  At the planning stage, and initially when airborne, the forecast wind 
velocity for the route or area of operation will be relied upon.  Refinement of this may be possible by 
observing smoke plumes along the route.  Generally, smoke blowing almost horizontally indicates a wind 
of approximately 25 kt.  Smoke at about 60º to the vertical indicates a wind speed of about 15 kt.  Given 
the wind speed and direction, it is possible to use MDR techniques in order to resolve the velocity into 
approximate components of head/tailwind and crosswind.  Low level flight is usually not undertaken in 
wind speeds greater than 40 knots, therefore the approximate methods are normally adequate. 
 
17. MDR Techniques.  MDR techniques are explained fully in Volume 9, Chapter 19.  By applying 
MDR to the low level wind velocity, it is possible to estimate: 
 

a. The drift on a particular heading. 
 

b. The headwind or tailwind component on a particular heading.  This component can then be 
used in one of two ways: 

 
(1) If flying to maintain a planned groundspeed, the head/tailwind component can be 
applied to the TAS, to derive the required airspeed to fly. 

 
(2) If flying to maintain a constant IAS/TAS, the head/tailwind component can be used to 
derive the resulting groundspeed. 
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Regaining Track 
 
18. Inaccuracies in planning, in wind estimation and in maintaining heading will inevitably cause the 
aircraft to deviate from track.  It is usually desirable to regain track as soon as possible as this makes 
map reading easier and avoids infringing avoidance areas.  Regaining track can be achieved by any 
of the following methods: 
 

a. By identifying a feature that is on track, and altering heading to fly over it. 
 

b. By following a line feature back to track. 
 

c. By using the Standard Closing Angle (SCA) technique (see Volume 9, Chapter 19). 
 
Regaining Time 
 
19. The same errors that lead to the aircraft deviating from track can lead to deviations in time.  The 
techniques of dog-legs, cutting corners and pre-computed timing legs outlined in Volume 9, 
Chapter 17 can be applied to the low level environment.  Providing that the speed range of the aircraft 
permits it, and the fuel penalty is acceptable, relatively small timing errors can be corrected by speed 
changes.  A method of calculating the necessary adjustment, suited to low level, is described in 
Volume 9, Chapter 19. 
 
20. Helicopters cruise close to their maximum permitted speeds and, although it is easy to lose time, 
gaining time along the route by increasing speed can be difficult.  If one or more legs of the route are 
planned at a speed lower than the normal cruise speed, then time can be gained by flying the 'slow' legs 
at normal cruise speed.  The amount of time to be gained by this method can be calculated by 
subtracting the leg time flown at normal cruise speed from the leg time at the slower speed. 
 
Weather Avoidance 
 
21. Should bad weather be encountered during low level flight, there are four options available; 
lateral avoidance, vertical avoidance, turn back, and emergency low level abort.  The extent and 
nature of the weather, together with the nature of the terrain and the objectives of the flight, will 
determine which course of action is appropriate.  An early appreciation of impending poor weather will 
reduce the chances that the last option has to be resorted to, and provide more thinking time to 
implement one of the other options. 
 

22. Lateral Avoidance.  Lateral avoidance is by far the preferred method as low level flight is 
maintained and the sortie objectives stand a greater chance of being achieved.  It may be possible to 
follow a valley or line feature that avoids the weather and returns the aircraft on, or close to, track.  
Equally, it may be possible to fly from one significant landmark to another, around the weather, and back 
to track.  If these options are not practicable then a procedural technique, known as the 'dog-leg', can be 
used. 
 
23. The Dog-leg.  The dog-leg provides a simple procedural technique for avoiding a patch of poor 
weather on track whilst ensuring that the aircraft will return back onto, or close to, track.  Fig 1 
illustrates the principle.  The aircraft is turned at a point (A) by an amount sufficient to avoid the 
weather.  The time is noted, and this heading is maintained until the weather is cleared (B).  The time 
from A to B is noted and the aircraft is turned back towards track, through twice the original heading 
change.  This second heading is maintained until time BC equals time AB.  At point C, a turn back on 
to the original track is made.  Although track will be regained, time will be lost due to the greater 
distance flown.  For a 30º dog-leg, the time lost will be a quarter of the time taken to fly the leg AB; for 
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a 45º dog-leg it will be about half of the time, and for a 60º dog-leg it will be approximately equal to the 
time.  A variation on the simple dog-leg technique is to turn back to a track parallel to the planned 
track for a period of time, before turning to regain track (Fig 2). 
 

9-24 Fig 1 Simple Dog-leg 
 

30

C

60

Planned
Track

B

A

30

Bad
Weather

o

o

o

 
9-24 Fig 2 Dog-leg with Parallel Section 
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24. Vertical Avoidance.  If the lateral extent of the weather cannot be determined, or if lateral 
avoidance is precluded by restricted airspace, it may be necessary to climb on track to maintain VMC or 
to level at safety altitude.  Position above the planned route can be maintained by flying accurate speeds 
and headings, and making turns on time.  If the weather clears later, it should be possible to identify a 
ground feature and make a return to low level.  As the IAS/TAS ratio increases with height, it will be 
necessary to adjust the IAS to maintain the planned groundspeed.  The simple method is, for every 
1,000 ft climbed, to reduce the IAS by an amount equal to the number of nautical miles travelled in one 
minute at the desired TAS.  For example, if trying to maintain a TAS of 360 kt, reduce IAS by 6 kt per 
1,000 ft height increase.  This approximation is sufficiently accurate up to about 10,000 ft.  If it is 
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necessary to fly above cloud for a lengthy period, then DR accuracy will be degraded and it may be 
necessary to resort to radio aids, radar assistance or to discontinue the sortie.  Particular attention should 
be paid to the base altitude or level of any controlled airspace that crosses the route.  The vertical 
avoidance option is not always available to helicopters due to aircraft operating limitations such as icing. 
 
25. Turn Back.  If the lateral and vertical extent of the bad weather is such that none of the techniques 
described in paras 22 to 24 are practicable, or if climbing on track would mean penetrating controlled 
airspace, then the best option is to turn 180º and retrace the track already flown, as this is known to be 
clear of bad weather.  It is important that the decision to turn back is made early enough so that the turn 
can be completed in VMC.  It may be possible, once in clear weather, to re-plan in the air to reach a 
target or destination, but often the sortie will have to be abandoned.  In helicopters, it is first possible to 
reduce height and speed to maintain visual contact with the ground before considering a turn back. 
 
26. Emergency Low Level Abort.  Should unacceptable weather be flown into, an emergency low 
level abort must be carried out.  The flying technique will vary with aircraft type but, in essence, it is 
necessary to level the wings and then achieve the maximum angle of climb in order to avoid any high 
ground or obstructions.  The climb will be continued until VMC above cloud, or until safety altitude, 
whichever is the lower.  If the aircraft is likely to penetrate controlled airspace on climb out, then it is 
necessary to squawk emergency and call for assistance on 243 MHz as soon as is practicable.  The 
low level abort should be a rare occurrence; good look-out and sound airmanship should allow one of 
the other options to be executed in good time.  The helicopter technique is to perform a quick stop 
manoeuvre to bring the aircraft to the hover.  If the bad weather precludes a turn back then the 
helicopter can be landed to await a weather improvement. 
 
Lost Procedure 
 
27. Thorough planning, careful route study and accurate planning should drastically reduce the 
possibility of becoming lost.  Among the most common causes of uncertainty are missing a turning 
point and flying on regardless, or having to re-route to avoid bad weather.  Checking for gross errors 
in heading and timing may resolve the problem, but should uncertainty persist, it is important to 
recognise the problem as early as possible and take positive remedial action. 
 
28. In peacetime, the first action will be to climb to increase the area of view, and then to fix position 
by the best available means; visually, using radio aids, or with radar assistance.  Should this not be 
possible, then use of the emergency organization will be necessary.  An assessment of fuel state and 
safety altitude must be made. 
 
29. If it is necessary to remain at low level, or if radio contact cannot be established, then other courses 
of action will be needed.  It should be possible to deduce an approximate position based on the time and 
position of the last known fix, and the speed and heading flown subsequently.  Clearly, the accuracy of 
the compass system and of the speed flown should be considered, as should the wind velocity in relation 
to that expected.  Checks of these factors may well reveal the cause of the uncertainty and may give 
more clues as to position.  The general topography may provide additional information, i.e. is the terrain 
flat, hilly, or mountainous; is the region rural or urban?  Having established a DR position, a circle of 
uncertainty can be drawn around it.  A sensible radius for the circle of uncertainty might be equal to 10% 
of the air distance flown since the last fix.  The technique now should be to maintain visual contact with 
the ground and to set heading towards a line feature (e.g. coastline, railway, motorway) outside of the 
circle of uncertainty, whilst map reading from ground to map.  On reaching the line feature, it can be 
followed until a further feature allows a pin-point to be established. 
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Introduction 
 
1. Weather can be described as the state of the atmosphere at a given time and place, with respect 
to temperature, moisture, visibility, pressure and wind velocity.  It can have a significant effect on 
aircraft performance and flight safety. 
 
The Atmosphere 
 
2. The atmosphere is the term given to the layer of air which surrounds the Earth and extends 
upwards from the surface to about 500 miles and can be considered as four concentric gaseous 
layers (Fig 1).  The flight of all objects using fixed or moving wings to sustain them, or air-breathing 
engines to propel them, is confined to the lower layers of the atmosphere. Most flying occurs in the 
troposphere but high flying jets cruise in the stratosphere and so the properties of the atmosphere are 
of great importance to all forms of flight. 
 

10CD-1 Fig 1 - Gaseous Layers of the Atmosphere 
 

EXOSPHERE where the atmosphere merges into SPACE 

THERMOSPHERE  
Upper limit not defined. 
Temperature increases above the Mesopause. 

------------------------- Mesopause --------------------------------------------------------------------------------------- 

MESOSPHERE  
Extends to between 260,000 and 295,000 ft. 
Temperature falls with height to the Mesopause. 

------------------------- Stratopause --------------------------------------------------------------------------------------- 

STRATOSPHERE  
Extends to about 164,000 ft.  Negligible water content. 
Temperature overall increases.  Contains the Ozone layer. 

------------------------- Tropopause --------------------------------------------------------------------------------------- 

TROPOSPHERE  

The Troposphere contains almost all atmospheric water and 
therefore most of the weather, clouds, storms and temperature 
variances.  Temperature falls with height. 
The Tropopause varies in height from about 25,000 ft at the poles, 
35,000 ft over UK latitudes, to about 55,000 ft over the equator; 
thus being elliptical in shape.  The height varies from day to day 
and is higher in summer than in winter. 

SURFACE 

 



AP3456 -– The Atmosphere 

Original May 17  Page 3 of 13 

 
10CD-1 Fig 2 - Structure of the Atmosphere 
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Pressure falls steadily with height but temperature falls steadily to the tropopause, where it remains 
constant through the stratosphere, and then increases for a while in the warm upper layers.  
Temperature falls again in the mesosphere and eventually increases rapidly in the thermosphere.  The 
fall in temperature in the tropopause is known as the Environmental Lapse Rate (ELR) or 
Temperature Lapse Rate (TLR) (See Fig 2). 
 
 
Troposphere and Tropopause 
 
3. Most weather occurs in the Troposphere.  The Tropopause is important in aviation as clouds are 
rare above it, maximum wind speeds are often found just below it, condensation trails occur just below 
but not above it and severe turbulence may be encountered close to it.  A simplified diagram of the 
troposphere is at Fig 3.  There may be multiple overlapping mid-latitude tropopauses separated by 
jetstreams.  Air masses tend to ‘keep’ their Tropopause, so in the northern hemisphere, with a moving air 
mass from the south, the Tropopause will rise with the air mass.  The tropopause is higher in each region 
in the summer than in winter. 
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10CD-1 Fig 3 - The Troposphere and Tropopause 
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Stratosphere 
 
4. The lower portion of the stratosphere is an isothermal layer where the temperature remains 
constant (approximately -57° C) with increasing height, and then in its upper layers the temperature 
increases to around 0° C at the stratopause.  This layer of the atmosphere, where high flying jets 
cruise, contains the Ozone Layer.  Ozone is an efficient absorber of ultraviolet radiation. 
 
Significant Differences between the Troposphere and the Stratosphere 
 
 Troposphere Stratosphere 

Temperature 
Decreases with altitude with an abrupt change 
in the ELR at the tropopause. 

Steady in the lower region but 
increases in the higher layers. 

Air movement 
Marked vertical movement with warm air rising 
and cool air descending. 

Little vertical movement. 

Water content Contains almost all atmospheric water vapour. Clouds rare. 

 
Properties and Composition of Air 
 
5. Air is a compressible fluid and as such it is able to flow or change its shape when subjected even to 
minute pressures.  In fluids the degree of cohesion of its molecules is so small that very small forces 
suffice to move them in relation to each other.  At any point in a fluid the pressure is the same in all 
directions, and if a body is immersed in a stationary fluid, the pressure on any point of the body acts at 
right angles to the surface at that point irrespective of the shape or position of the body. 
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6. Air is a mixture of a number of separate gases, the proportions of which are: 
 

Element By Volume % By Weight % 

Nitrogen 78.08 75.5 

Oxygen 20.94 23.1 

Argon 0.93 1.3 

Carbon dioxide 0.03 0.05 

Plus trace quantities of other gases 

 
7. For all practical purposes the atmosphere can be regarded as consisting of 21% oxygen and 78% 
nitrogen by volume.  From the Surface up to a height of between 26,000 to 30,000 ft water vapour is 
found in varying quantities from almost zero to 5% by volume.  The amount of water vapour in a given 
mass of air depends on the temperature and whether the air is, or has recently been, over large areas of 
water.  The higher the temperature the greater the amount of water vapour that the air can hold. A water 
molecule is relatively light and the presence of large numbers in an air mass decreases the overall 
density of that air mass.  As a result aircraft and engine performance will be degraded on a humid day as 
compared to a dry day. 
 
Atmospheric Circulation 
 
8. The combination of the earth’s tilt and its curved surface means that the equatorial regions get 
more direct sunlight, and hence more surface heating from the Sun.  This heating causes convection 
within the atmosphere, resulting in a circular motion of the air with warm, less dense air rising and 
being replaced by cooler, denser air.  The warm air flows towards the poles where it cools, becoming 
denser, and sinks back towards the surface. 

 
10CD-1 Fig 4 - Comparing the Sun’s Energy Over Polar and Equatorial Regions 
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4.7 

10CD-1 Fig 5 - Atmospheric Circulation 
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Coriolis Force 
 
9. In the general atmospheric circulation theory, warm, less dense air exists in equatorial regions 
creating areas of low pressure while in polar regions, areas of high pressure exist due to cooler, 
denser air.  In simple terms, high pressure at the poles causes air to flow along the surface towards 
the equator.  This simplified pattern of air circulation is correct in theory but the circulation of air is 
modified by several forces, the most important of which is the rotation of the Earth. 
 
10. The force created by the rotation of the Earth is known as the Coriolis force.  To a person standing 
on the Earth the effect of Coriolis is imperceptible because humans move slowly and travel relatively short 
distances compared to the size of the Earth and its speed of rotation..  However, the Coriolis force significantly 
affects bodies that move over great distances, such as air masses or bodies of water. 
 
11. In the Northern Hemisphere, the Coriolis force deflects air to the right causing it to follow a curved 
path instead of a straight line (Fig 6). The degree of deflection depends on the latitude. It is greatest at 
the poles, and diminishes to zero at the equator.  
 
12. The speed of the Earth’s rotation causes the general flow to break up into three distinct cells in 
each hemisphere. In the Northern Hemisphere, the warm air at the equator rises upward from the 
surface, travels northward, and is deflected eastward by the rotation of the Earth. By the time it has 
travelled one-third of the distance from the equator to the North Pole, it is no longer moving northward, 
but eastward. This air cools and sinks in a belt-like area at about 30° latitude, creating an area of 
high pressure as it sinks toward the surface. Then, it flows southward along the surface back 
toward the equator. Coriolis force bends the flow to the right, thus creating the north-easterly trade 
winds that prevail from 30° latitude to the equator. Similar forces create circulation cells that encircle 
the Earth between 30° and 60° latitude, and between 60° and the poles. This circulation pattern results 
in the prevailing westerly winds over the United Kingdom. 
 
13. Circulation patterns are further complicated by seasonal changes, differences between the 
surfaces of continents and oceans, and other factors such as frictional forces caused by the 
topography of the Earth’s surface which modify the movement of the air in the atmosphere. For 
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example, within 2,000 feet of the ground, the friction between the surface and the atmosphere slows the 
moving air. The wind is diverted from its path because the frictional force reduces the Coriolis force. Thus, 
the wind direction at the surface varies somewhat from the wind direction just a few thousand feet above 
the Earth. 
 
International Standard Atmosphere (ISA) 
 
14. To provide a common reference, the International Standard Atmosphere (ISA) has been 
established. These standard conditions are a  mode l  wh ich  a l lows  fo r  the  ca l ib ra t ion  o f  
certain flight instruments and most aircraft performance data.  The ISA seldom applies to actual 
conditions.  The assumed characteristics of ISA are: 
 

a. The air is dry and its chemical composition is the same at all altitudes. 
 

b. The value of g is constant at 980.665 cm/sec2. 
 

c. At mean sea level: 
 

(i) The temperature is 15º C  
(ii) The pressure is 1013.25 hPa (29.92 inches Hg). 
(iii) The density is 1.225 kg/m3. 

 
d. The temperature lapse rate is 1.98 ºC per 1,000 ft up to a height of the theoretical 
tropopause at 36,090 ft.  Above this height the temperature is assumed to remain constant at 
–56.5 ºC until 65,617 ft where is then rises at a rate of 0.3° C per 1,000 ft. 

 
Table 1 ICAO Standard Atmosphere 

 

Altitude 
(ft) 

Temperature 
(º C) 

Pressure 
(hPa / mb) 

Pressure 
(psi) 

Density 
(kg/m3) 

Relative 
Density 

(%) 

50,000 −56.5 116.0 1.68 0.186 15.2 

45,000 −56.5 147.5 2.15 0.237 19.4 

40,000 −56.5 187.6 2.72 0.302 24.6 

35,000 −54.3 238.4 3.46 0.386 31.0 

30,000 −44.4 300.9 4.36 0.458 37.4 

25,000 −34.5 376.0 5.45 0.549 44.8 

20,000 −24.6 465.6 6.75 0.653 53.3 

15,000 −14.7 571.8 8.29 0.771 62.9 

10,000 −4.8 696.8 10.11 0.905 73.8 

5,000 +5.1 843.1 12.22 1.056 86.2 

0 +15.0 1013.25 14.7 1.225 100.0 
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Measurement of Temperature 
 
15. Temperature can be measured against various scales: 
 

a. The Celsius scale (symbol º C) is normally used for recording atmospheric temperatures and 
the working temperatures of engines and other equipment.  On this scale, water freezes at 0º C 
and boils at 100º C, at sea level. 

 

b. On the Kelvin thermodynamic scale, temperatures are measured in kelvins (symbol K - note 
there is no degree sign) relative to absolute zero.  In the scientific measurement of temperature, 
'absolute zero' has a special significance; at this temperature a body is said to have no heat 
whatsoever.  Kelvin zero occurs at –273.15º C. 

 

c. On the Fahrenheit scale (symbol º F), water freezes at 32º F and boils at 212º F, at sea 
level.  This scale is still used, particularly in the USA. 

 
16. Conversion Factors.  A kelvin unit equates to one degree C, therefore to convert º C to kelvins, 
add 273.15.  To convert º F to º C, subtract 32 and multiply by 5

9
; to convert º C to º F, multiply by 9

5
 

and add 32. 
 
17. In ISA conditions, the temperature lapse rate is 1.98 ºC per 1,000 ft up to a height of the 
theoretical tropopause at 36,090 ft.  For practical purposes, it is accepted that the ELR is 2° C per 
1,000 ft up to the tropopause at which point the temperature is constant at -57° C per 1,000 ft. 
 
Temperature Deviation from ISA 
 
18. The temperature at height may not be the same as the ISA value for that level.  Actual temperatures 
may be referred to in terms of a deviation from the ISA value which is of more use when determining 
aircraft performance than an actual temperature might be. 
 
 The determination of the deviation from ISA: 
 

Example   What is the temperature (ISA) deviation at 8,500 ft if the actual temperature is +5° C? 
 

ISA temperature at 8,500 ft = ISA temperature at sea level – (ELR x height (in 1,000) ft) 

= 15 – (2 x 8.5) 

= 15 - 17 

= -2° C 

Actual temperature at 8,500 ft = =+5° C 

The temperature deviation = The difference between ISA and actual temperature is 7° 

This is written as ISA +7 because the actual temperature is warmer than ISA 

 
Atmospheric Pressure 
 
19. Air molecules are invisible to the naked eye but still have mass and take up space.  Atmospheric 
pressure is a measure of the weight (force) of a column of air above the Earth’s surface in a unit area.  
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The circulation of the atmosphere results in there being areas of warm ascending air and cooler 
descending air.  The warm less dense air contains fewer molecules per unit volume than the cooler 
denser air.  As distance increases from the Earth, the weight of the air above will be less, therefore 
atmospheric pressure decreases (Fig 7). 
 

10CD-1 Fig 6 - Decrease in Atmospheric Pressure with Height 
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20. Atmospheric pressure is measured in the following ways: 
 

a. Hectopascal.  The hectopascal (hPa) is the unit of measurement of pressure in 
common use.  At mean sea level (MSL), the atmospheric pressure is of the order of 1,000 hPa 
(see also the next paragraph); at 50,000 ft it is of the order of 100 hPa. 

 
b. Inches of Mercury.  Some countries (notably the USA), measure pressure in inches 
of mercury (Hg).  At MSL, atmospheric pressure is 29.92 inches Hg. 

 
c. Millibar.  Although the hPa is now in common usage, the millibar (mb) is still used in 
aviation.  The hPa and the mb have equivalent values and so can be considered to be identical 
for all practical purposes.  At mean sea level (MSL), the atmospheric pressure is of the order of 
1,000 mb (see also the next paragraph); at 50,000 ft it is of the order of 100 hPa. 

 
Altimeter Pressure Settings 
 
21. The most obvious application of atmospheric pressure is its use in the altimeter.  There are 
four pressure settings that are generally used on the altimeter. 
 

a. QFE. QFE is the corrected pressure for a specific datum, usually an airfield.  With QFE 
set, the altimeter will read zero at touchdown and will indicate height above touchdown when in 
the circuit. 
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10CD-1 Fig 7 - QFE Pressure Setting 
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b. QNH. QNH is the observed pressure of the airfield elevation, corrected for temperature 
and reduced to mean sea level (MSL).  With QNH set, the altimeter will read altitude above 
mean sea level (AMSL).  At touchdown, with QNH set, the altimeter will read touchdown 
elevation. 
 

10CD-1 Fig 8 - QNH Pressure Setting 
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c. Regional Pressure Setting (RPS). The RPS is the lowest forecast value of mean sea 
level pressure in a geographical region for a specified hour.  The UK is divided into Altimeter 
Setting Regions (ASRs) with an associated RPS for the current hour and forecast RPS for the 
next hour. 
 
d. Standard Altimeter Setting. The standard altimeter setting is used when flying above 
Transition Altitude (TA).  It assumes a MSL pressure of 1013.2 hPa. 

 
Altitude and Atmospheric Pressure 
 
22. As altitude increases, atmospheric pressure decreases.  At sea level, 1 hPa difference in 
pressure is equivalent to approximately 27 ft of height change; at 20,000 ft, 1 hPa equates to 
approximately 50 ft.  Thus, close to sea level, it can be assumed that 1 hPa equates to 30 ft. 
 
Pressure Altitude 
 
23. Pressure altitude can be defined as the vertical distance from the 1013.25 hPa pressure level.  
When the term 'altitude' appears in Operating Data Manuals (ODMs) and performance charts, it refers 
strictly to pressure altitude.  Therefore, when the sea level pressure is other than 1013.25 hPa, 
aerodrome and obstacle elevations must be converted to pressure altitude before use in performance 
calculations.  ODMs normally contain a conversion graph.  Pressure altitude can be obtained by 
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setting the sub-scale of an ICAO calibrated altimeter to 1013.25 hPa and reading altitude directly from 
the instrument.  Alternatively, the approximate pressure altitude can be calculated.   
 

Pressure altitude ≏ Elevation + 30p, 
where p is 1013 minus the sea level pressure (QNH) at that point. 

 
Example 1:  To determine the pressure altitude of an airfield, elevation 1,700 ft, if sea level 
pressure (QNH) is 1003 hPa: 

 

p = 1013 – 1003 =  10 hPa 
 

∴ airfield pressure altitude ≏ 1,700 + (30 × 10) ft ≏ 2,000 ft 
 

Example 2:  To determine the pressure altitude of an airfield, elevation 1,700 ft, if sea level 
pressure (QNH) is 1026 hPa: 

 

p = 1013 – 1026 =  -13 hPa 
 

∴ airfield pressure altitude ≏ 1,700 + (30 × (-13)) ft  
 

∴ airfield pressure altitude ≏ 1,700 + (-390) ft ≏ 1310 ft 
 
 When 1013 is greater than the QNH, pressure altitude is greater than the airfield elevation. 
 
 When 1013 is less than the QNH, pressure altitude is less than the airfield elevation. 
 
Density Altitude 
 
24. Aircraft and engine performance depend upon air density.  For aircraft operations, air density is 
usually expressed as a density altitude.  Density altitude is the pressure altitude adjusted to take into 
consideration the actual temperature of the air.  For ISA conditions of temperature and pressure, density 
altitude is the same as pressure altitude.  Density altitude can be determined by the formula: 

 
density altitude = pressure altitude + 120t 

 
where t is the actual air temperature minus the standard (ISA) temperature for that pressure 
altitude.  Continuing the Example 1 pressure altitude calculation above, if the actual air 
temperature at the airfield elevation is +13 ºC (ISA temp for 2,000 ft is +11 ºC), then the density 
altitude will be: 

 
2,000 ft + 120 (13º C – 11 ºC)  

 
2,000 ft + (120 × 2) = 2,240 ft 

 
Continuing the Example 2 pressure altitude calculation above, if the actual air temperature at the 
airfield elevation is +5 ºC (ISA temp for 1,700 ft is approximately +11.5 ºC), then the density 
altitude will be: 

 
1,700 ft + 120 (+5º C – 11.5 ºC)  

 
1,700 ft + (120 × (-6.5)) = 920 ft 
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25. It is evident from Example 1 that a pressure altitude exceeding the airfield altitude, combined 
with a higher temperature than ISA can result in a significant increase in density altitude and hence 
a decrease in aircraft performance.  Example 2 shows that the converse is true. 
 
Density 
 
26. Air density is important to aircraft operations because: 
 

a. Lift is generated by the flow of air around the wing and if the air is more dense the lift force 
can be generated at a lower airspeed. 

 
b. Engine power is generated by burning fuel with air (oxygen) and greater engine power is 

available due to the greater mass of air passing through the engine. 
 
27. Density (symbol rho (ρ)) is the ratio of mass to volume, and is expressed in kilograms per cubic 
metre (kg/m3).  The relationship of density to temperature and pressure can be expressed thus: 
 

ρT
p

 
= constant 

where p = Pressure in hectopascals 
and T = Absolute temperature (i.e. measured on the Kelvin scale) 

 
28. Effects of Pressure on Density.  When air is compressed, a greater amount can occupy a given 
volume; i.e. the mass, and therefore the density, has increased.  Conversely, when air is expanded 
less mass occupies the original volume and the density decreases.  From the formula in the previous 
paragraph it can be seen that, provided the temperature remains constant, density is directly 
proportional to pressure, i.e. if the pressure is halved, so is the density, and vice versa. 
 
29. Effect of Temperature on Density.  When air is heated it expands so that a smaller mass will 
occupy a given volume, therefore the density will have decreased, assuming that the pressure 
remains constant.  The converse will also apply.  Thus the density of the air will vary inversely as the 
absolute temperature: this is borne out by the formula in para 27.  In the atmosphere, the fairly rapid 
drop in pressure as altitude is increased has the dominating effect on density, as against the effect of 
the fall in temperature which tends to increase the density. 
 
30. Effect of Humidity on Density.  The preceding paragraphs have assumed that the air is 
perfectly dry.  In the atmosphere some water vapour is invariably present; this may be almost 
negligible in certain conditions, but in others the humidity may become an important factor in the 
performance of an aircraft.  The density of water vapour under standard sea level conditions is 0.760 
kg/m3.  Therefore water vapour can be seen to weigh 0.760/1.225 as much as air, roughly ⅝ as much 
as air at sea level.  This means that under standard sea level conditions the portion of a mass of air 
which holds water vapour weighs (1 −  ⅝), or ⅜ less than it would if it were dry.  Therefore air is least 
dense when it contains a maximum amount of water vapour and most dense when it is perfectly dry. 
 
Dynamic Pressure 
 
31. Because it possesses density, air in motion must possess energy and therefore exerts a pressure 
on any object in its path.  This dynamic pressure is proportional to the density and the square of the 
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speed.  The energy due to movement (the kinetic energy (KE)) of one cubic metre of air at a stated 
speed is given by the following formula: 
 

KE = ½ρV2 joules 
 

where ρ is the local air density in kg/m3 and V is the speed in metres per second (m/s) 
 

If this volume of moving air is completely trapped and brought to rest by means of an open-ended tube 
the total energy remains constant.  In being brought to rest, the kinetic energy becomes pressure 
energy (small losses are incurred because air is not an ideal fluid) which, for all practical purposes, is 
equal to ½ρV2 newtons/m2, or if the area of the tube is S m2, then: 
 

total pressure (dynamic + static) = ½ρV2S newtons. 
 
32. The term ½ρV2 is common to all aerodynamic forces and fundamentally determines the air loads 
imposed on an object moving through the air.  It is often modified to include a correction factor or 
coefficient.  The term stands for the dynamic pressure imposed by air of a certain density moving at a 
given speed, which is brought completely to rest.  The abbreviation for the term ½ρV2 is the symbol 'q'.  
Note that dynamic pressure cannot be measured on its own, as the ambient pressure of the 
atmosphere (known as static) is always present.  The total pressure (dynamic + static) is also known 
as stagnation or pitot pressure.  It can be seen that: 
 

total pressure − static pressure = dynamic pressure 
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Introduction 
 
1. Stability in the atmosphere can be better understood if one has an appreciation of the process of 
adiabatic cooling and warming of air. 
 
2. It is a property of all gases that when compressed their temperature rises and when allowed to 
expand their temperature falls.  Energy is required to compress a gas but in accordance with the 
principle of conservation of energy 1, as the gas is compressed, the energy is not lost but transferred 
to the gas molecules, which increases their motion and hence their temperature.  Similarly, as a gas 
expands its temperature falls. 
 
3. A parcel of air can be affected by the processes of conduction or mixing which may result in a 
temperature change.  When these effects are eliminated such that the air is thermally insulated from 
its surroundings, any change in temperature is said to be adiabatic 2. 
 

10CD-2 Fig 1 - Adiabatic Temperature Change of a Parcel of Air 
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Dry Adiabatic Lapse Rate 
 
4. If a small mass of air is moved rapidly upwards or downwards, the change in pressure will cause 
a change in the temperature of the air.  The rapid vertical movement of the air parcel will not allow 
there to be a transfer of heat by conduction, mixing or radiation, thus any temperature change will be 

                                                      
1  In physics, the law of conservation of energy states that the total energy of an isolated system 
remains constant—it is said to be conserved over time. Energy can neither be created nor destroyed; 
rather, it transforms from one form to another. 
2  An adiabatic process changes the temperature of a gas within a defined system without any transfer 
of heat energy across the boundaries of the system. 
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just adiabatic.  As long as the air remains unsaturated 3, it can be shown that the displaced air 
changes temperature at a rate of 3° C per1,000 ft; the Dry Adiabatic Lapse Rate (DALR). 
 

10CD-2 Fig 2 - The Dry Adiabatic Lapse Rate 
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Saturated Adiabatic Lapse Rate 
 
5. Water can exist in one of three forms in the atmosphere, solid, liquid and vapour.  Each form can 
readily change to another, and during such a transformation latent heat is exchanged.  Latent heat is 
the energy released or absorbed during a constant temperature process.  The moisture content of the 
air is affected by its temperature where warm air can hold more than cold air.  As moist air is cooled it 
reaches its saturation point, where further cooling will result in the moisture condensing.  If the air is 
cooled further, below its saturation point, cloud, mist or fog will form. 
 
6. When saturated air rises, adiabatic cooling occurs as with dry air, however, the cooling causes 
condensation and is part offset by the latent heat liberated.  The rate of cooling is termed the 
Saturated Adiabatic Lapse Rate (SALR) and is less than the DALR.  Unlike the DALR, the SALR is not 
constant and at low levels in temperate latitudes is about 1.5° C per 1,000 ft.  In tropical warm 
saturated air the SALR may fall to about 1° C per 1,000 ft and may exceed 2° C per 1,000 ft in 
freezing air, eventually approaching the DALR. 
 
7. When saturated air falls the process is a little more complicated.  Provided little or no condensed 
water is held in suspension, adiabatic warming causes the air to become unsaturated almost 
immediately and it warms at the DALR.  If however, all of the condensed water were to be retained, 
the effect of the descent would be to gradually evaporate the droplets so that the air would remain 
saturated, thus the air would warm at the SALR.  In practice, larger droplets tend to fall as 

                                                      
3  Saturated air contains the maximum amount of water vapour that is possible at the given 
temperature and pressure, i.e. air in which the relative humidity is 100%.  Air that is not saturated is 
unsaturated. 
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precipitation, while the smaller droplets evaporate, so that descending cloudy air generally clears and 
warms at the DALR. 
 

10CD-2 Fig 3 - The Saturated Adiabatic Lapse Rate 
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Environmental Lapse Rate 
 
8. In the International Standard Atmosphere (ISA) the temperature lapse rate is 1.98 ºC per 1,000 
ft up to a height of the theoretical tropopause at 36,090 ft.  Above this height the temperature is 
assumed to remain constant (isothermal) at  –56.5 ºC until 65,617 ft where is then rises at a rate of 
0.3° C per 1,000 ft.  For practical purposes, the lapse rate which can be termed as the 
Environmental Lapse Rate (ELR) is assumed to be 2 ºC per 1,000 ft.  It must be noted that the ELR 
can vary significantly from the ISA standard due to varying conditions within the atmosphere, 
especially in the lower troposphere and this will affect the stability of the air. 
 
Stability 
 
9. Atmospheric stability is an important factor in the process of cloud formation and can help to 
make predictions about the weather. 
 
10. If air that is displaced has a tendency to return to its original position once the displacing force is 
removed, the atmosphere is said to be stable (Fig 4). 
 
11. In an unstable atmosphere, displaced air tends to be further displaced even when the 
displacement force is removed (Fig 5). 
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10CD-2 Fig 4 - Displaced Air in a Stable Atmosphere 
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10CD-2 Fig 5 - Displaced Air in an Unstable Atmosphere 
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12. It can be deduced from Figs 4 and 5 that basic adiabatic processes within the atmosphere are 
governed by the variable ELR.  If the actual ELR for a particular day is known, then an assessment of 
the atmospheric stability can be made. 
 
13. Consider air at point A in Fig 6 that is lifted adiabatically.  If the air is saturated it will follow the 
SALR line and if it is unsaturated it will follow the DALR line.  If the path of the air is compared to the 
ELR prevailing on the day, three cases may be distinguished. 
 

10CD-2 Fig 6 – Stability and Instability in Relation to Lapse Rate 
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Absolute Instability 
 
14. When the ELR is greater than the DALR, i.e. when the rate of change in temperature with height 
is greater than 3° C per 1,000 ft, a condition of absolute instability is said to exist.  If a parcel of 
unsaturated air at point A in Fig 6 were forced to rise, at 1,000 ft its temperature would have fallen 
at the DALR to 17° C (line 1 in Fig 6).  With an ELR of 4.5° C per 1,000 ft, for example, as depicted 
by line 3 in Fig 6, it can be seen that the parcel of air will be warmer than its surroundings.  As a 
result it will be less dense and lighter than its surroundings and so, if the displacement force were 
to be removed it would continue to rise.  On reaching 2,000 ft, the temperature difference would be 
even greater, increasing the tendency to rise.  In the case of saturated air in the same conditions, 
i.e. the ELR is greater than the SALR, the result will be the same. 
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Absolute Stability 
 
15. When the ELR is less than the SALR, i.e. when the rate of change in temperature with height is 
less than 1.5° C per 1,000 ft, a condition of absolute stability is said to exist.  Line 5 in Fig 6 
represents an ELR of less than 1.5° C per 1,000 ft, and so rising saturated or unsaturated air will 
always be cooler than the surrounding air.  Thus it will be more dense and heavier so there will be a 
tendency for it to return to the surface. 
 
Conditional Stability 
 
16. Line 4 in Fig 6 depicts the conditions where the ELR is less than the DALR but greater than the 
SALR.  If a parcel of unsaturated air rises from point A at the DALR, at 1,000 ft its temperature will be 
less than the ELR (line 4) and so when the lifting force is removed it will sink back to the surface.  
Thus in this case the atmosphere will be stable.  On the other hand, a parcel of saturated air rising 
from point A at the SALR will be warmer than its surroundings at 1,000 ft and thus will have a 
tendency to continue rising.  In this case the atmosphere will be unstable.  In this case a state of 
conditional stability exists.  It is evident that humidity affects the stability of the atmosphere. 
 
Neutral Stability 
 
17. In a neutrally stable atmosphere, a parcel of air that is disturbed tends to remain at the level to 
which it is displaced.  This condition only occurs when the ELR equals the DALR, in the case of 
unsaturated air, or the ELR equals the SALR in the case of saturated air. 
 
Characteristics of an Unstable Atmosphere 
 
18. Air that is displaced vertically in an unstable atmosphere will accelerate upwards into the 
atmosphere generating significant vertical currents.  Cloud formed will be cumuliform and may 
develop into cumulonimbus cloud.  With strong upcurrents pollution at lower levels will be drawn 
upwards giving excellent visibility below.  On warm, clear sunny days, the surface temperature can 
rise rapidly, increasing the ELR to create an unstable atmosphere with active cumuliform clouds. 
 
Characteristics of an Stable Atmosphere 
 
19. Vertical movement of air is suppressed in a stable atmosphere even when convection is present.  
Cloud that is produced will be mainly stratiform and while some cumulus cloud can form it will not be 
of any great vertical extent.  Without any significant vertical motion of the air, pollutants will be trapped 
in the lower layers of the atmosphere creating hazy conditions and poor visibility. 
 
Summary 
 
20. Fig 7 shows that the stability of the atmosphere depends upon in which coloured area the ELR on 
a particular day lies. 
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10CD-2 Fig 7 – Atmospheric Stability in Relation to the ELR 
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21. In the conditional stability area (Fig 7) humidity is a determining factor on whether the 
atmosphere is stable or unstable. 
 
22. For the atmosphere to be neutrally stable: 
 

ELR = DALR if the air is unsaturated 
 
ELR = SALR if the air is saturated. 
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General 
 
1. Atmospheric temperature is fundamental to weather as every process can be linked to an 
exchange of heat. 
 
Heating Processes in the Atmosphere  
 
2. The Sun provides the energy that heats the Earth and its atmosphere by a process of insolation 
(incoming solar radiation).  The mainly short-wave electromagnetic energy radiated by the Sun is 
concentrated in the infrared and near infrared (46%), visible light (45%) and ultra-violet (9%) bands.  
Approximately half of the total radiation reaches, and is absorbed by, the Earth’s surface with the rest 
being absorbed by the atmosphere or re-radiated into space by scattering and reflection.  Some 
radiation is absorbed by gases (mainly oxygen and ozone) in the high atmosphere.  Some is absorbed 
by water vapour and clouds in the lower atmosphere.  Clouds will also reflect radiation, possibly as 
much as 70%.  Most of the remaining radiation is absorbed by the surface but some will be reflected 
due to the nature of the surface or when the Sun is low in the sky and the striking angle of incidence is 
small.  Air is effectively transparent to solar radiation and so the atmosphere is not directly heated by 
the Sun.  Absorption of solar radiation takes place mainly at the earth’s surface with the result that the 
atmosphere is heated indirectly from the heated earth by processes explained in the following 
paragraphs.  The result of this activity is very important in meteorology.  
 
Insolation 
 
3. If the atmosphere were to be ignored when considering the amount of energy reaching the 
Earth’s surface, there are two factors that govern this process. 
 

a. The angle that the Sun’s rays strike the Earth’s surface. 
 

b. The length of exposure. 
 
Angle of Elevation or Incidence 
 
4. In Fig 1 the same amount of radiation reaches the earth’s surface on each occasion. Where the 
angle of elevation is large, the rays are concentrated on to a small area on the earth’s surface.  With a 
small angle the given amount of solar energy is spread over a larger area.  Therefore, large angle of 
elevation result in large rises in the surface temperature whereas small angles result in small rises in 
temperature.  Not all solar energy will be absorbed as some will be reflected.  The amount that is 
reflected will depend upon the nature of the surface, for example, with the sun’s rays striking water at 
an angle of 45° approximately 2% of the radiation is reflected while at an angle of 5° as much as 75% 
is reflected. 
 

10CD-3 Fig 1 - Angle of Incidence of the Sun’s Rays 
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Duration of Insolation 
 
5. The surface of the Earth will only receive solar radiation when it is facing the Sun.  The duration 
of exposure will depend upon the rotation of the Earth on its axis and the season as the Earth travels 
around the Sun.  Latitude will also affect the amount of insolation. 
 

10CD-3 Fig 2 - The Effect of Latitude and Angle of Incidence on Insolation 
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Topography 
 
6. Topography will also affect the amount of radiation received per unit area.  Fig 7 illustrates the 
effects of varying slopes on the amount of insolation received.  These variations in the amount and 
duration of insolation are mainly responsible for the differing temperatures experienced over the 
earth’s surface.  
 

10CD-3 Fig 3  Insolation 
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7. The Nature of the Surface.   The nature of the surface will affect the amount of heat that is 
absorbed which in turn will govern the rise in temperature.  Land will absorb more heat than water for 
a given amount of solar energy, and bare earth more than snow covered ground.  Water requires 
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more energy to raise its temperature by 1° C than land and so the land will heat more rapidly than the 
sea by day, and also cool more rapidly by night. 
 
Specific Heat 
 
8. The amount of heat required to raise the temperature of the substance by 1 C is called the 
thermal capacity of that substance.  Assuming the thermal capacity of water to be unity, any 
substance can be expressed as a ratio of its thermal capacity to that of water; this ratio is known as 
the specific heat.  This is significant as the specific heat of water is higher than that of dry land and so 
water will heat and cool more slowly than dry land given the same radiation conditions. 
 
Latent Heat of Evaporation 
 
9. Evaporation is the process of a liquid (e.g. water) changing into a gas (water vapour).  For this to 
happen heat energy is required, known as latent heat.  The significance of latent heat is that it does 
not change the temperature of the substance but does change the state of the substance; i.e. water to 
water vapour.  Comparing the same amount of heat supplied to equal areas of land and water, 
evaporation of the water will use much of the heat without raising its temperature. 
 
10. The Reflectivity of the Surface.  Solar radiation that is reflected by a surface will not be 
absorbed and so reflective surfaces such as snow and water will reflect more energy than ploughed 
fields for example.  The following figures represent typical levels of reflected solar energy. 
 

Surface % Energy Reflected 
Snow 70-90 
Rock 10-15 
Grass 15-30 
Forest 10-20 
Sand 15-20 

City areas 10 
 
Good reflectors of solar energy tend to be poor absorbers and heating will occur slowly on those 
surfaces with a high reflective index, with a corresponding poor transfer of heat to the atmosphere. 
 
Opacity 
 
11. Water is transparent and some solar radiation penetrates to a considerable depth before being 
entirely absorbed.  The result is that a significant layer of water shares the radiation resulting in an 
overall small temperature change.  The opaque nature of land surfaces leads to a rapid heating of a 
layer a few inches deep as all the solar radiation remains at the surface. 
 
12. The Conductivity of the Surface.    Heat energy does not penetrate readily into the lower 
layers of soil but ocean currents transport heat energy to the lower layers of the sea.  As a result the 
sea is heated to a greater depth than the land for a given area and amount of solar energy. 
 
13. The Effect of Cloud Cover.  Cloud cover by day will reduce the amount of solar radiation 
reaching the Earth’s surface, due to reflection and scattering, resulting in lower temperatures on 
cloudy days as opposed to sunny days.  Cloudy nights however prevent some heat energy from 
escaping from the Earth’s surface and so the atmosphere below cloud will experience less cooling 
than that below clear skies. 
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Terrestrial Radiation 
 
14.  The Earth radiates energy into the atmosphere in the form of terrestrial radiation. It is more 
readily absorbed by the atmosphere especially by clouds, water vapour and carbon dioxide that solar 
radiation due to its longer wavelength.  The absorption of heat by the atmosphere from the Earth is the 
main heat exchange mechanism that causes weather. 
 
15. Any terrestrial radiation not absorbed or reflected by the atmosphere escapes back into space. 
Clouds play an important role in this process; by reflection they cut off a substantial proportion of 
incoming radiation and by absorption and re-radiation they reduce the loss of outgoing radiation.  
 
Radiation 
 
16. Apart from the radiation absorbed by gases (mainly oxygen and ozone) in the high atmosphere, 
the atmosphere gains little or no heat by absorption of radiation directly.  Radiation involves the flow of 
heat from one material to another without heating the intervening space. 
 
Absorption 
 
17. Any body in the path of radiation will absorb some of the energy.  The amount of energy 
absorbed will depend upon the nature of both the body and radiation. 
 
Conduction 
 
18. Conduction is the process by which heat is transferred from one body to another through direct 
physical contact between the two bodies.  The earth’s surface absorbs radiation very readily and so is 
heated.  Heat may be passed from one body to another that is in direct contact with it by conduction.  
Only a layer of air very close to the surface is heated by conduction, but because air is a poor 
conductor it will not transfer its heat to the air above it.  It will however carry heat with it if it moves and 
mixes with higher air layers.  While water and air are poor conductors because of the loose nature of 
their molecular structure, solids generally will conduct heat more readily.  Land materials are usually 
better conductors than water, but even so changes in ground temperature over a 24 hour period will 
only affect the first few centimetres of depth.  Snow is a very poor conductor because it contains a 
large proportion of trapped air pockets. 
 
Convection 
 
19. Convection is the process by which heat is carried from one place to another by the bodily 
transfer of the air.  Air that is heated at the Earth’s surface will expand, become less dense and rise.  
This process of thermal convection will carry heat higher into the atmosphere.  Vertical air currents 
(Fig 4) are formed and heat is spread through the layers in the lower atmosphere that are affected by 
these currents.  Convection is the more important method of atmospheric heating. 
 
20. It must be noted that convection takes place in water also and results in temperature changes 
through a considerable depth. The dispersal, or loss, of heat energy through a large volume results in 
small changes of surface temperature in the oceans. 
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10CD-3 Fig 4 - Convection Heating 
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21. The following diagrams (Figs 5 and 6) show a rough balance for 4 extreme cases. 
 

10CD-3 Fig 5 - Heating Process – Day 
 
 

Heating Process on a Clear Day Heating Process on an Overcast Day 

TERRESTRIAL
Long wave
Less intense

SOLAR
Short wave
Intense

Air Currents

Large net gain, large increase in surface 
temperature, strong vertical currents  

OVERCAST DAY

TERRESTRIAL
Long wave
Less intense

SOLAR
Short wave
Intense

A lot
Reflected

Weak
Remainder

Some reflected
back earthwards

A lot
absorbed
re-radiated

Very weak
remainder

A little
absorbed
re-radiated

Small net gain, small increase in surface 
temperature, vertical currents weak or 
non-existent  

 



AP3456 – Atmospheric Heating and Temperature 

Original Feb 17 Page 7 of 13 

 
10CD-3 Fig 6 - Heating Process – Night 
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Diurnal Variation of Surface Air Temperature 
 
22. In meteorological terms the surface air temperature refers to the temperature of free air recorded 
in the shade and at a height of 1.25 metres (4 ft). 
 
23. Solar heating only occurs on the Earth’s surface facing the Sun, i.e. during daytime.  Radiation of 
heat from the Earth’s surface however happens continually by day and night.  As a consequence, the 
surface of the Earth heats up by day, reaching a maximum temperature at about 1500 local time, and 
cools by night, typically reaching a minimum temperature about one hour after sunrise.  The 
temperature lags behind the elevation of the Sun due to the air being heated indirectly.  The 24 hour 
cycle of heating and cooling is called the Diurnal Variation of Temperature.  The extremes of high and 
low temperatures can be large in desert areas while over the ocean they can be very small or even 
non-existent.  The differing diurnal variations in coastal areas can set up a temperature gradient 
between the two surfaces causing land and sea breezes. 
 
24. Overcast conditions will affect the diurnal variation resulting in a lower maximum and a higher 
minimum temperature.  Generally, the diurnal variation is greatest when the wind is calm. Wind 
causes the surface air to mix with the air above so that the gain of heat by day and the loss of heat by 
night is spread through a layer of air which may be 2,000 ft thick. In windy conditions the daytime 
maximum temperature will be lower and the night time minimum temperature higher than the 
temperatures experienced in calm conditions. 
 
25. With clear skies overnight coupled with calm conditions, the ground temperature may be as much 
as 5° C below the air temperature.  It may be that the air temperature is above freezing but the ground 
temperature is below freezing giving a 'ground frost' and possibly icy airfield surfaces. 
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10CD-3 Fig 7 - Illustration of the Diurnal Variation in Temperature 
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Summary of the Heating and Cooling Characteristics of Land and Water 
 
26. If the same amount of solar energy falls on the same area of land and water: 
 

a. The land will warm more quickly than the water. 
 
b. At night, the land will cool more quickly than the water. 
 
c. Continental land areas will see large diurnal and seasonal ranges of temperature. 
 
d. Oceans and seas will see small diurnal and seasonal ranges of temperature. 

 
27. Figs 8 and 9 illustrate the differential heating over land and water, by day and by night. 
 

10CD-3 Fig 8 - Heating Over Land 
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10CD-3 Fig 9 - Heating Over Water 
 

HEATING OVER WATER 

Turbulence
Mixes

Layer
Affected

Some
Absorbed Some

Reflected

Day

Some
Penetrates

Deep

Moderate gain of heat
In a deep layer

Small (almost 
negligible) rise
In temperature

 

Night

Layer
Affected

Cooling Surface
Water Sinks

Turbulence
Mixes

Deep

Small (almost 
negligible) drop
In temperature

Moderate loss of heat
In a deep layer

 

 
Environmental Lapse Rate 
 
28. Most of the atmosphere is heated as a result of terrestrial heating.  It follows that air temperature 
normally decreases with height.  In Fig 10 line ABCDEF represents readings of a thermometer lifted 
vertically through the atmosphere.  In the troposphere the temperature normally decreases with 
height. This rate of change of temperature with height is called the Environmental Lapse Rate (ELR) 
and varies with place and time. The average value is around 2°C per 1000 ft.  The ELR is the 
temperature change one would observe on an aircraft’s outside air temperature gauge as it climbed 
away from ground level.  The lapse rate may differ considerably from this average value. Line AB 
shows a rise in temperature with height. This is called an Inversion (of lapse rate). Along line CD the 
temperature remains the same through a considerable vertical layer. Such a layer is called an 
Isothermal layer. 
 

10CD-3 Fig 10 - Environmental Lapse Rate 
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Temperature Inversions 
 
29. In the International Standard Atmosphere the ELR is 1.98° C/1,000 ft (but generally assumed to 
be 2° C/1,000 ft).  In some layers of the atmosphere there may be a relatively shallow band where the 
temperature increases.  This is called a Temperature Inversion. 
 

10CD-3 Fig 11 - Temperature Inversion 
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30. Inversions are significant to pilots because: 
 

a. The atmosphere will be stable and vertical movement of air will be resisted. 
 
b. The vertical development of clouds may be limited. 
 
c. Warmer air overlying colder air will reduce the normal mixing of air with lower levels and an 

aircraft climbing through an inversion may experience sudden wind increases and weak 
turbulence. 

 
Types of Inversion 
 
31. Surface Inversion. A surface inversion is caused by radiation cooling of the ground.  As the 
ground radiates heat to the atmosphere, the lowest layers immediately above the surface are cooled 
by conduction to the ground.  With air being a poor conductor the cooling is restricted to a shallow 
layer and a strong surface inversion can be formed which can be just a few tens of feet deep.  The 
cooling can be quite intense with a rise in temperature of as much as 10° C.  Surface inversions tend 
to form on clear nights with no surface wind and are most noticeable around sunrise. 
 
32. Turbulence Inversion.  Two types of turbulence inversions may occur, one at the surface 
and the other in the upper air. 
 

a. Surface Turbulence Inversion. This type is really an extension of the surface inversion.  
The surface inversion requires calm conditions to form but if a light wind is introduced, the cool 
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surface air is mixed with the warmer air aloft.  The depth of the inversion increases to a few 
hundred feet (probably no more than 300 ft) and the temperature rise is reduced to as little as 
1° C.  This type of inversion is important because it is a necessary requirement for fog to form.  
An increase in wind speed to over 5 kt will cause the inversion to dissipate. 

 
b. Upper Air Turbulence Inversion. This type occurs at the top of the layer of air 
containing turbulence and a weak temperature lapse rate.  Air that is lifted by turbulence cools at 
the Dry Adiabatic Lapse Rate (DALR)1 and air caused to descend by the turbulence will warm at 
the DALR.  The combined effect of these movements is to increase the ELR through the layer.  
Assuming that the temperature above and below the turbulence layer is not affected; a weak 
inversion will develop just above the top of the layer.  With sufficient moisture in the air a layer of 
cloud can form just under the inversion. 

 
10CD-3 Fig 12 - Upper Air Turbulence Inversion 
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33. Subsidence Inversion.  Subsidence of air2 is part of the formation process of 
anticyclones (areas of high pressure).  The air in the top layers of the troposphere tends to subside 
more, with greater adiabatic warming due to compression, than air in the lower levels.  The result is 
relatively warmer air overlying the lower layer.  Typically subsidence inversions occur between 4,000 ft 
and 6,000 ft and are quite strong with up to a 15° C temperature rise.  They are generally up to 500 ft 
deep and provide a lid to haze and smoke layers which causes a reduction in visibility during descents 
through them.  Also, they tend to inhibit thermal development so that low level convective cloud has 
limited vertical development if the inversion is strong enough. 
 

                                                      
1 Unsaturated air will cool adiabatically at 3° C/1,000 ft as it rises and expands. This is known as the 
Dry Adiabatic Lapse Rate (DALR). 
2 Subsidence is the downward movement of air in the atmosphere.  It is most commonly applied to the 
slow sinking of air within an anticyclone, but can apply to any downward motion of air. 
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34. Frontal Inversion.  A front is the boundary between two air masses with the most significant 
feature being the temperature difference between them. 
 

10CD-3 Fig 13 - Fronts 
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The colder, more dense air will lie under the warmer less dense air mass.  An inversion will exist along 
the boundary where the warm air overlies the cooler air. The strength of the inversion depends upon 
the width of the boundary zone and the physical temperature difference.  The boundary of a cold front 
is usually quite sharp and may only be a few hundred feet deep. 
 
35. Sea Breeze Inversion.   A sea breeze inversion is very similar to a frontal inversion as it 
occurs at the boundary of a warm body of air and a cooler body; the sea breeze itself. 
 

10CD-3 Fig 14 - A Sea Breeze Inversion 
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As the sea breeze is usually close to the surface, the inversion will also occur there, between 100 ft 
and 1,000 ft above the ground.  The strength of the inversion will depend upon the temperature 
difference between the sea breeze and the warmer air ahead of it.  The rising warm air will be cooled 
adiabatically so the temperature above the inversion might be slightly less than expected, but still 
could be about 10° C through a couple of hundred feet. 
 
36. Tropopause Inversion. It is possible for an inversion to exist at the tropopause.  If ozone is 
present immediately above the tropopause, because the gas absorbs UV radiation from the Sun and 
is warmed by it, there may be a rise in temperature forming a tropopause inversion.  If one exists it 
may not be strong and might only result in a temperature rise of between 1° C and 5° C but it might 
extent through a depth of several thousand feet. 
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Flying Conditions in Inversions 
 
37. There is nearly always a sudden change in wind vector when passing through an inversion.  
Wind speed will increase when climbing through an inversion and decrease when descending.  
Turbulence may also be encountered.  Because of the windshear and density change in the vicinity of 
an inversion, an aircraft may experience turbulence of varying severity. 
 
38. An inversion marks the boundary between layers of air having differing temperatures and to some 
extent density.  This will result in an aircraft gaining lift, thrust and power when descending through an 
inversion with the reverse conditions when climbing.  Changes may or may not be noticeable to the 
pilot depending on the strength of the inversion and its vertical depth.  A strong inversion in the vicinity 
of an airfield may affect climb performance after take-off as a sudden reduction in lift, thrust and power 
coupled with windshear resulting in a tailwind, could lead to a hazardous situation.   
 
39. Visibility below an inversion is generally worse than that above it because the inversion can trap 
impurities in the air.  Greater moisture below an inversion may lead to cloud formation below it but the 
reduced tendency of air to lifting above it inhibits the formation of clouds.  Exceptions to this general 
rule is with inversions formed by fronts and sea breezes. 
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Introduction 
 
1.  By definition, precipitation is any aqueous deposit in liquid or solid form (rain, drizzle, snow, hail, 
etc.) derived from the atmosphere.  Depending on the form of precipitation, it can reduce visibility, create 
icing situations, and affect the landing and take-off performance of aircraft.  It occurs when water or ice 
particles in clouds grow in size until the atmosphere can no longer support them. 
 
Rain 
 
2. Water drops larger than 0.5 mm in diameter are classified as rain with smaller drops termed as 
drizzle.  The difference between rain and drizzle is purely the size of the water drop rather than the 
intensity of the precipitation.  Drizzle will usually fall from sheets of low shallow cloud whereas rain 
generally originates from deeper clouds.  Drizzle, consisting of many small drops, will reduce visibility 
more than the equivalent amount of water falling as rain and is also more wetting than slight rain. 
 
Drizzle 
 
3. Drizzle is liquid precipitation in the form of water drops of very small size (by convention, with 
diameters between about 200 and 500 μm) and usually accompanies fog or low stratus clouds.  
Drizzle forms by the collision of water droplets in stratus cloud.  Large droplets have a greater fall 
speed that small droplets and it is the difference in fall speed that allows the collisions to happen.  The 
turbulent motion of air within clouds also leads to collisions taking place as small drop are carried 
upwards faster than large drops.  For drizzle to fall there also needs to be relatively high humidity 
values below the cloud to prevent the drops from evaporating before they reach the ground. 
 
Hail 
 
4.  If rain falls through a temperature inversion it may freeze as it passes through the underlying cold air 
and fall to the ground in the form of ice pellets.  Ice pellets are an indication of a temperature inversion 
and that freezing rain exists at a higher altitude.  Hail is associated with cumulonimbus (Cb) clouds 
where much of the cloud is composed of supercooled water droplets 1.  Hail stones are carried up and 
down within the cloud by up-draughts and down-draughts, growing larger in size as they come in contact 
with supercooled water droplets.  Once the updrafts can no longer support the hailstone it falls to 
Earth.  A hail stone generally has a diameter of between 5 and 50 mm but can be much larger.  If a hail 
stone is cut open a layered structure similar to that of an onion is apparent.  A large hail stone may 
consist of several layers of clear and opaque ice. 
 
5. Hail showers are common in the UK in westerly and northerly airstreams during spring but large 
hail stones tend to be associated with hot continental air.  While hail stones in the UK tend to be on 
the smaller size they can still cause damage to structures and aircraft.  Hail stones in other parts of 
the globe can be much larger; for example, in 1986 hail stones weighing up to 1 kg fell in Bangladesh 
killing over 90 people.  Such large hail stones falling from a Cb cloud will cause severe damage to an 
airframe, which reinforces the advice to pilots to avoid Cb cloud. 
 

                                                      
1  Water inside a cloud freezes at a temperature below 0° C.  At -40° C all the water will turn to ice but 
between about -10° C and -40° C, the cloud consists of supercooled liquid water droplets and ice 
crystals. 
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Snow 
 
6.  Snow is sol id precipitation in the form of ice crystals that fall at a steady rate or in snow 
showers.  Falling snow also varies in size, falling as very small grains at temperatures well below 0° C 
or as large flakes at temperatures near to 0° C.  Snow grains are the equivalent of drizzle in size.  
Thirty centimetres of snow equates to about 25 mm of rainfall. 
 
7. Precipitation falls as snow when the air temperature is below 2° C.  Logically the snow should 
melt when above freezing but as the melting process begins, the air around the snowflake is cooled.  
However, above 2° C the snowflake will melt to become sleet 2 or rain.  In the UK the heaviest 
snowfall tends to be when the temperature is between 0° C and 2° C. 
 
Virga 
 
8. Precipitation that falls from a cloud but evaporates before reaching the ground is known as virga.  
An important aspect in this process is that the rain absorbs latent heat from the air, causing the air to 
cool and sink, sometimes rapidly, towards the ground.  This can produce a dry microburst which can 
be hazardous to aircraft.  Virga is common in deserts and temperate regions. 
 
Intensity of Precipitation 
 
9. The intensity of precipitation is classified as SLIGHT, MODERATE or HEAVY (see Table 1), and 
it depends on: 
 

a. Vertical Thickness of the Cloud. Development of the cloud to a depth several thousand 
feet above the 0 °C isotherm aids the growth of ice crystals.  These crystals can further increase 
in size by collision with supercooled water droplets and eventually fall out of the base of the cloud 
as snow or rain depending on the temperature. 
 
b. Water Content of the Cloud. This is dependent on the temperature of the cloud base.  
The higher the temperature the more water vapour the air can hold, and therefore the more liquid 
water that is produced when the air is cooled below its dew point. 
 
c. Strength of Updraughts within the Cloud. Strong the updraughts within a cloud can 
support larger water droplets or ice crystals, and so the larger the droplets/crystals that fall from 
the cloud.  Updraughts in Cumulonimbus clouds can exceed 5000 ft/min in the tropics, but in 
temperate latitudes 3000 ft/min is more likely. 
 
d. Topography. When air flows over hills and mountains the vertical velocity of the air 
increases and this leads to deep clouds with large droplets and heavier precipitation. 

                                                      
2  Sleet has no agreed international meaning but in the UK it is used to describe precipitation of snow 
and rain/drizzle together or of snow melting as it falls. 
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Table 1 - Precipitation Intensity 

 
 Rainfall Rate (mm/hr) Snow 

Accumulation 
(cm/hr) 

Drizzle (mm/hr) 
Classification Rain 

Rain/Hail 
Showers 

Slight < 0.5 < 2 < 0.5 Negligible runoff from roofs 

Moderate 0.5 to 4 2 to 10 0.5 to 4  

Heavy > 4 10 to 50 > 4 > 1 

Violent N/A >50 N/A N/A 

 
10. Continuity of Precipitation. There is a clear distinction between showers and general 
precipitation: 
 

a. Showers.  Showers are local outbreaks of precipitation from detached heap cloud, 
i.e. Cumulus or Cumulonimbus, no matter how prolonged the precipitation may be. 
 
b. General Precipitation. General precipitation falls from an extensive layer of cloud and 
affects a larger area, it is reported as: 
 

(1) Intermittent. Where each spell of precipitation lasts for less than one hour. 
 
(2) Continuous. Where it is prolonged, i.e. lasting for one hour or more. 

 
Intensity of Precipitation and Method of Uplift 

 
11. Convection. Convection produces showers and the intensity varies from light to heavy. 
 
12. Orographic Uplift. In an unstable atmosphere orographic uplift starts convection which often 
result in increased intensity. In a stable atmosphere where air is forced to ascend, the precipitation is 
usually light but occasionally moderate and may be sustained.  
 
13. Mass Ascent. Mass ascent can produce clouds of considerable depth with precipitation 
varying in intensity from light to heavy.  
 
14. Turbulence. Usually turbulence produces fairly shallow cloud and only light drizzle if any at all. 
 
The Effects of Precipitation on Flying Conditions 
 
15. Because precipitation is intimately associated with clouds, it is useful to summarize the effects of 
major cloud types on flying conditions.  The effects of major cloud types on flying conditions resulting 
from icing, turbulence and precipitation are shown in Table 2. 
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Table 2 - The Effect of Major Cloud Types on Flying Conditions 

 

CLOUD TYPE  ICING TURBULENCE PRECIPITATION 

Cumulonimbus Cb Severe Severe 
Heavy showers of rain, 
snow and hail 

Cumulus Cu Moderate or Severe 
Moderate or 
Severe 

Light to heavy showers of 
rain or snow 

Cirrus 
Cirrostratus 
Cirrocumulus 

Ci 
Cs 
Cc 

 
Nil 

 
Nil 

Nil 

Altostratus As Light Nil or Light Nil or light rain or snow 

Altocumulus Ac Light or Moderate Light or Moderate Nil or rain or snow 

Stratus St Light during prolonged flight Nil Nil or drizzle 

Stratocumulus Sc Light or Moderate Light 
Nil or light rain, drizzle or 
snow flurries 

Nimbostratus Ns Moderate or Severe Moderate Periods of rain or snow 
 

16. Cloud types which are most likely to affect flying conditions in terms of icing, turbulence and 
precipitation are Cumulus, Cumulonimbus and to a lesser extent Nimbostratus. 

 
17. The effects of cloud on air operations are as follows: 

 
a. Reduced visibility from air to ground (sometimes obscuring high ground) and air to air. 
 
b. Turbulence (some clouds are more turbulent than others). 
 
c. Icing (ice accretion varies with type of cloud). 
 
d. Interference with communications (lightning, static, icing). 
 
e. Increased airframe fatigue (turbulence stresses). 
 
f. Instrument approaches required (cloud base). 

 
18. The effects of precipitation may be summarized as follows: 

 
a. Lowering of cloud base (saturation of air below cloud). 
 
b. Stronger down-currents of air (air sinks as it is cooled by evaporation of precipitation and is 
dragged downwards by the precipitation) known as down draughts, gust fronts and micro bursts. 
 
c. Reduced visibility (greatest with snow, then drizzle, then rain). 
 
d. Hail damage to airframes (especially at high speed). 
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Introduction 
 
1. The term wind refers to the flow of air over the earth’s surface.  This flow is almost completely 
horizontal, with only about 0.1% of the total flow being vertical.  Despite only a small proportion of 
the overall flow of air in the atmosphere, vertical airflow is extremely important to weather and to 
aviation, since it leads to the formation of clouds and turbulence.  In general the term wind is used 
in reference to the horizontal flow of air.  It is a pressure difference in the atmosphere (usually 
resulting from temperature differences) that initiates a wind.  
 
2. Air flows from high pressure to low pressure.  Air pressure, temperature changes, and the Coriolis 
force work in combination to create two kinds of motion in the atmosphere.  Vertical movement of 
ascending and descending currents, and horizontal movement in the form of wind.  In the Northern 
Hemisphere, the flow of air is deflected to the right and produces a clockwise circulation around an 
area of high pressure (anticyclonic circulation).  The opposite is true of low-pressure areas; the 
air flows toward a low and is deflected to create an anticlockwise or cyclonic circulation.  
 
3. High pressure systems are generally associated with good weather as they are areas of dry, 
stable, descending air.  Conversely , air flows into a low pressure area to replace rising air.  This air 
tends to be unstable, and usually brings increasing cloudiness and precipitation. 
 
Unstable Air 
 
4. A rising parcel of air that is warmer than its surroundings will continue to rise.  Such air is 
unstable and can produce vertical air currents known as thermals.  These conditions often result in 
turbulence (especially in thermals) and the formation of cumuliform (heaped) clouds giving showery 
rain and good visibility between showers. 
 
Stable Air 
 
5. An unstable parcel of air will stabilize when it reaches the same temperature as its surroundings 
and will stop rising, becoming stable.  Stable air results in the formation of stratiform clouds with 
steady precipitation.  Visibility will generally be poor but with smooth flying conditions, i.e. little 
turbulence.  Inversions may form along with fog. 
 
6. The circulation theory is accurate on a global scale but local conditions, geological features and 
other factors can affect the weather and wind conditions close to the Earth’s surface. 
 
Buys Ballot’s Law 
 
7. There is a relationship between the direction of the wind and the air pressure (and hence the 
isobars shown on a synoptic chart) known as Buys Ballot’s Law which states: 
 

If an observer stands with their back to the wind in the northern hemisphere, then the 
lower pressure is on the left hand side.  The opposite is true in the southern hemisphere. 

 
 



AP3456 – Wind Patterns, Air Currents and Stability 

Revised May 17  Page 3 of 7 

Convective Currents 
 
8. Ploughed land, rocks, sand, and barren land radiate a large amount of heat.  Water, trees, and other 
areas of vegetation tend to absorb and retain heat which results in uneven heating of the air close to the 
Earth’s surface generating small areas of local circulation called convective currents. 
 
9. Convective currents can cause turbulent air in the lower layers of the atmosphere and updrafts are 
likely to occur over pavement or barren places with downdrafts over water or expansive areas of 
vegetation.  Convective currents may be noticeable in areas with a land mass directly adjacent to a 
large body of water.  During the day, land heats faster than water, and the air over the land becomes 
warmer and less dense.  This air rises and is replaced by cooler, more dense air from over the water 
causing an onshore wind (Sea Breeze).  Conversely, at night land cools faster than water along with 
the corresponding air, causing the warmer air over the water to rise and be replaced by the cooler, 
denser air from the land, creating an offshore wind (Land Breeze). 
 
Effect of Obstructions on Local Wind 
 
10. Structures on the ground may affect the flow of the local wind.  Ground topography and large 
buildings can break up the flow of the wind and create wind gusts that change rapidly in direction and 
speed.  Structures may be manmade, such as hangars and buildings, or large natural obstructions, 
such as mountains. 
 
11. Local winds in mountainous regions can cause difficult flying conditions.  Wind generally flows 
smoothly up the windward side of the mountain whereas the wind on the leeward side tends to 
follows the contour of the terrain and is increasingly turbulent.  
 
Windshear 
 
12. Windshear may be defined as a sudden change of wind velocity and/or direction which may be in 
the vertical or horizontal plane, or a mixture of both.  Windshear can occur at altitude but it becomes 
particularly significant and potentially hazardous at low level especially during the take-off, approach 
and landing phases of flight.  It is important that pilots should recognise when and where to expect 
windshear so that it can be avoided, or countered in accordance with the recognised flying techniques 
associated with their particular aircraft. 
 
Low-Level Windshear 
 
13. Low-level windshear is commonly associated with passing frontal systems, thunderstorms, and 
temperature inversions with strong upper level winds (greater than 25 knots). 

 
a. Frontal Passage. Windshear is likely on active fronts with narrow frontal zones and a 
marked temperature difference.  Fronts with sharp changes in wind direction across the front, 
temperature differences of 5° C or more, or a speed of movement of 30 kt or more may indicate a 
potential for windshear. 
 
b. Thunderstorms. Thunderstorms are associated with severe updraughts and 
downdraughts which will produce significant windshear.  Some thunderstorms have a well-
defined area of cold air flowing out ahead of the storm, known as a gust front.  These are areas of 
significant turbulence and give little warning of their approach. 
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10CD-5 Fig 1 Thunderstorm Gust Front 
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c. Microbursts. A microburst is a particularly intense downdraught of air within a 
thunderstorm.  It is typically less than 2 nm across and is short lived.  With a downdraught speed 
of up to 6,000 feet per minute and very rapid wind direction changes of 45 degrees or more, this 
is perhaps the most lethal form of windshear.  Fig 2 shows a small aircraft flying through a 
microburst.  At position 1 it will experience an increasing headwind and hence a rising airspeed.  
The rate of descent will reduce resulting in a tendency to rise above the glidepath.  At position 2, 
the headwind will reduce, thus reducing the airspeed.  The aircraft will descend below the 
glidepath with an increased rate of descent.  At position 3 there will be an increased tailwind and 
a still falling airspeed along with an increasing rate of descent.  A successful recovery from this 
extremely hazardous condition will depend on the pilot recognising the situation and the power, 
height and speed reserves available to them. 

 
10CD-5 Fig 2 Windshear Caused by a Microburst 
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d. Temperature Inversion. A temperature inversion at low level can separate stronger airflow 
above it from weaker airflow below the inversion causing turbulence, and hence windshear, at the 
inversion boundary. 
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Atmospheric Stability 
 
14. A stable atmosphere resists vertical movement and small vertical disturbances dampen out, 
whereas in an unstable atmosphere small vertical air movements tend to become larger, resulting in 
turbulent airflow and convective activity.  Instability can lead to significant turbulence, extensive 
vertical clouds, and severe weather. 
 
15. When a gas expands its temperature falls and conversely, when a gas is compressed its 
temperature rises.  Rising air expands and cools due to the decrease in air pressure with altitude.  
The opposite is true of descending air; as atmospheric pressure increases, the temperature of 
descending air increases as it is compressed.  Adiabatic heating and adiabatic cooling are terms used 
to describe this temperature change. 
 
16. The adiabatic process takes place in all upward and downward moving air.  The rate at which 
temperature decreases with altitude is referred to as its lapse rate.  In the Standard Atmosphere, the 
temperature lapse rate is 1.98 ºC per 1,000 ft up to a height of 36,090 ft above which the 
temperature is assumed to remain constant at –56.5 ºC.  Moisture in the air will affect its lapse 
rate.  Since water vapour is lighter than air, moisture decreases air density, causing it to rise.  
Conversely, as moisture decreases, air becomes denser and tends to sink.  Since moist air cools at a 
slower rate, it is generally less stable than dry air since the moist air must rise higher before its temperature 
cools to that of the surrounding air.  The dry adiabatic lapse rate (unsaturated air) is 3 °C  per 1,000 feet. 
The moist adiabatic lapse rate varies from 1.1 °C to 2.8 °C  per 1,000 feet. 
 
17. Moisture and temperature determine the stability of the air and hence the resulting weather.  
Cool, dry air is very stable and resists vertical movement, which leads to good and generally clear 
weather.  The greatest instability occurs when the air is moist and warm, as it is in the tropical regions 
in the summer, resulting in daily thunderstorms. 
 
Inversion 
 
18. Under normal circumstances rising air expands and its temperature decreases.  An inversion is 
an atmospheric anomaly where the air temperature increases with altitude.  Inversion layers are 
shallow layers of smooth stable air close to the ground where the temperature increases to a certain 
altitude which is the top of the inversion.  The air at the top of the inversion traps weather and 
pollutants below it.  Where the relative humidity is high, it can lead to the formation of clouds, fog and 
haze and in combination with pollutants can significantly affect visibility. 
 
19. Surface based temperature inversions occur on clear, cool nights when the air close to the 
ground is cooled by the falling temperature of the ground. The air within a few hundred feet of the 
surface becomes cooler than the air above it. Frontal inversions occur when warm air spreads over a 
layer of cooler air, or cooler air is forced under a layer of warmer air. 
 
Moisture and Temperature 
 
20. Water can exist in one of three forms in the atmosphere, solid, liquid and vapour.  Each form can 
readily change to another, and during such a transformation latent heat is exchanged (Fig 3).  Latent 
heat is the energy released or absorbed during a constant temperature process.  The moisture 
content of the air is affected by its temperature where warm air can hold more than cold air.  As moist 
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air is cooled it reaches its saturation point, where further cooling will result in the moisture condensing.  
If the air is cooled further, below its saturation point, cloud, mist or fog will form. 
 

10CD-5 Fig 3 The Three States of Water 
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Definitions 
 
21. Sublimation: The transition of a substance directly from a solid to its gaseous form without 
passing through a liquid phase. 
 
22. Deposition: The reverse process of sublimation. 
 
23. Evaporation: The vaporization of a liquid that occurs from its surface into a gaseous state that is 
not saturated with the evaporating substance. 
 
24. Condensation: The change of a vapour into its liquid form commonly caused when a vapour 
is cooled and/or compressed to its saturation limit.  Condensation requires a surface to condense 
onto.  Within the air, the surfaces are provided by microscopic solid particles (condensation nuclei) 
such as dust, smoke, sea salt, bacteria and pollens. 
 
25. Freezing: When the temperature of a liquid is lowered below its freezing point. 
 
26. Melting:  The reverse of freezing. 
 
Relative Humidity 
 
27. Humidity refers to the amount of water vapour present in the atmosphere at a given time.  
Relative humidity is the actual amount of moisture in the air compared to the total amount of moisture 
the air could hold at that temperature expressed as a percentage.  For example, if the current relative 
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humidity is 65%, the air is holding 65% of the total amount of moisture that it is capable of holding at 
that temperature and pressure.  
 
Temperature and Dew Point 
 
28. The dew point, given in degrees, is the temperature at which a sample of air becomes saturated 
if cooled at a constant pressure.  When the temperature of the air is reduced to the dew point moisture 
begins to condense in the form of fog, dew, frost, clouds, rain, hail, or snow. 
 
29. There are four methods by which air can reach the saturation point.  
 

a. When warm air moves over a cold surface, the air temperature drops and reaches the 
saturation point.  

 
b. The saturation point may be reached when cold air and warm air mix.  

 
c. When air cools at night through contact with cooler ground, air reaches its saturation point.  

 
d. When air is lifted or is forced upward in the atmosphere. 

 
Dew and Frost 
 
30. On cool, calm nights, the temperature of the ground and objects can cause the surrounding air 
temperature to drop below the dew point.  When this occurs, the moisture in the air condenses and 
deposits itself on the ground, buildings, and other objects such as aircraft.  This moisture is known as 
dew.  If the temperature is below freezing, the moisture is deposited in the form of frost. 
 
Fog and Mist 
 
31. Fog forms when very small water droplets are suspended in the air, reducing the horizontal 
visibility at the Earth’s surface to less than 1000 m.  Where ice crystals are held in suspension, ice fog 
forms.  Mist is defined as for fog but the visibility does not fall below 1000 m.  Fog can be taken as a 
cloud on the surface.  Fog typically occurs when air near the ground is cooled to its dew point. 
 
32. Radiation Fog. Radiation fog occurs when the ground cools rapidly due to terrestrial 
radiation, and the surrounding air temperature reaches its dew point.  As the Sun rises and the 
temperature increases, radiation fog usually lifts and burns off. 
 
33. Advection Fog. Advection fog is caused by the movement of moist air over a relatively colder 
surface.  Unlike radiation fog, wind is required to form advection fog.  Winds of up to 15 knots allow 
the fog to form and intensify; above a speed of 15 knots, the fog usually lifts and forms low stratus clouds.  
Advection fog is common in coastal areas where sea breezes can blow the air over cooler 
landmasses.  Advection fog, unlike radiation fog, may not burn off with the morning sun, but instead can 
persist. 
 
34. Steam Fog.  Steam fog, or sea smoke, forms when cold, dry air moves over warmer water. As the 
water evaporates, it rises and resembles smoke.  This type of fog is common over bodies of water 
during the coldest times of the year. Low-level turbulence and icing are commonly associated with 
steam fog. 



AP3456 – Visibility and Fog 

Revised May 17  Page 1 of 6 

10CD-6 - VISIBILITY AND FOG 
 
Contents 
 
Introduction .............................................................................................................................................. 2 
Prevailing Visibility ................................................................................................................................... 2 
Factors Affecting Visibility (Obscurations) ......................................................................................... 4 
Fog ........................................................................................................................................................... 5 
Radiation Fog .......................................................................................................................................... 5 
Valley Fog (Radiation Fog) ...................................................................................................................... 5 
Hill Fog..................................................................................................................................................... 5 
Advection Fog (Sea Fog) ........................................................................................................................ 5 
Frontal Fog .............................................................................................................................................. 6 
Arctic Smoke or Steam Fog .................................................................................................................... 6 
 
Figures 
 
10CD-6 Fig 1 - Reduced Visibility on the Final Approach ................................................................. 3 
10CD-6 Fig 2 - Slant Range Affected by Aircraft Height ................................................................... 3 
10CD-6 Fig 3 – Slant Visibility ................................................................................................................. 3 
 
 
 
 
 



AP3456 – Visibility and Fog 

Revised May 17  Page 2 of 6 

 
Introduction 
 
1. Meteorological visibility is the greatest horizontal distance at which a defined object can be 
recognised, against a contrasting background, by an observer with normal eyesight during daylight.  
At night, visibility is defined as the distance over which the lights of a specified candlepower can be 
distinguished by the naked eye.  Many synoptic weather stations in the UK use automatic sensors to 
determine the visibility.  Where there are also human observers (e.g. at airfields) the sensors are used 
as an aid in the estimation of visibility. 
 
2. In-flight visibility is defined as the forward visibility from the cockpit of an aircraft in flight. 
 
Prevailing Visibility 
 
3. Depending upon the weather, the prevailing visibility may not be the same in all directions.  In the 
UK the Met Office has adopted the concept of prevailing visibility for aerodrome weather reports.  
Prevailing visibility is the visibility value which is either reached or exceeded around at least half of the 
horizon circle, or within at least half of the surface of the aerodrome.  If the visibility in one direction, 
which is not the prevailing visibility, is less than 1500 m, or less that 50% of the prevailing visibility, the 
lowest visibility observed, and its general direction should also be reported. 
 
4. Within aviation there is more than one meaning of the term ‘visibility’.  One is 
Meteorological Optical Range (MOR) and is usually referred to as ‘Met Vis’, while another is the 
Runway Visual Range (RVR). 
 

a. The MOR or Met Vis is the greatest horizontal distance at which suitable objects can be 
recognised for what they are in daylight, or at which lights of a specified candlepower can be 
seen at night, by a person of normal sight.  Where the visibility varies depending on the direction 
of view, it is usual to report the lowest visibility. 
 
b. The RVR is the maximum distance in the direction of take off or landing at which the runway 
or specified lights delineating the runway can be seen from a position on the centreline at a 
height corresponding to the average eye level of the pilot at touchdown. 
 
c. Because the RVR is determined directionally while the met visibility is determined 
omni-directionally, if there is, for example, fog away from the runway, this may affect the 
met visibility but not the RVR.  At night the met visibility is measured using lights of a set 
candlepower whereas RVR may use high intensity lighting to maximize the visual range. 

 
5. The above measures of visibility are made horizontally at ground level and do not cater 
for the air to ground (slant range) condition.  The slant range visibility will depend upon the 
angle of slant, the thickness of any low cloud or haze layer and the aircraft height.  Figs 1 
and 2 illustrate this. 
 
6. Although the airfield may be visible from the overhead, once the aircraft is on the final 
approach the runway may no longer be visible.  Descending into shallow fog from air where 
the visibility is good may give a visual illusion that the aircraft has a pitched-up attitude 
causing disorientation and leading to a dangerous situation. 
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10CD-6 Fig 1 - Reduced Visibility on the Final Approach 
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7. Fig 2 illustrates the reduced visibility for an aircraft flying over a layer of haze as 
compared to a higher flying aircraft.  The visibility under the haze layer may be unlimited while 
visibility through the haze will be reduced and will be affected by the aircraft height. 
 

10CD-6 Fig 2 - Slant Range Affected by Aircraft Height 
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8. Slant visibility is the distance a pilot can see along the ground at a given height.  Flying 
within a haze layer will reduce visibility, especially when heading into sun.  Fig 3 depicts the 
distance a pilot can see when flying within a haze layer using the concept of a visibility 
hemisphere.  At position 1 the pilot cannot see the ground and therefore the slant visibility is 
zero.  At position 2 the pilot can see the ground but the slant visibility is poor.  When flying still 
lower at position 3, the slant visibility is improved and the pilot can see more of the ground 
ahead of the aircraft.  In summary, when operating in a haze layer, descending will improve 
the slant visibility BUT depending on the actual conditions it may be unsafe to do so. 
 

10CD-6 Fig 3 – Slant Visibility 
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Factors Affecting Visibility (Obscurations) 
 
9. Reduced visibility can be caused by several atmospheric phenomena known as 
obscurations. 
 

a. Airborne Water and Precipitation.   Fog, mist and cloud are water droplets or ice 
particles that are suspended in the air and will reduce visibility to varying degrees.  Rain 
Drizzle, hail and snow will affect visibility to varying degrees.  Rain will reduce visibility 
depending upon the size and number of the rain drops.  Heavy rain may reduce visibility 
to between 50 m and 500 m whereas light rain may reduce visibility to 5 or 6 nm.  Heavy 
rain may also collect on the windscreen, further reducing the visibility.  Drizzle will 
normally reduce visibility to about 1.5 nm but heavy drizzle can reduce it to 500 m.  Hail 
has little effect on visibility.  Snow may reduce visibility to less than 1000 m but heavy 
snow, especially if it is blowing in the wind can reduce visibility to less than 100 m. 
 
b. Sea Spray. When low flying over the sea or operating from an airfield very close to 
the sea, visibility may be reduced due to sea spray.  Another hazard associated with sea 
spray is the build-up of salt deposits on windscreens as the spray evaporates rapidly in 
the airflow. 
 
c. Smoke, Dust and Sand. Smoke and industrial pollution can affect visibility to 
varying degrees and can encourage fog to form as there is likely to be an abundance of 
condensation nuclei in the air.  When combined with an inversion, where the layer of 
pollution is trapped under the inversion, visibility can be severely reduced.  In rural areas 
visibility may be affected by pollen or dust trapped below an inversion.  In desert areas 
sand can be blown to heights of several thousand feet but is seldom carried far from its 
source.  Close to the source of the sandstorm, and immediately downwind, visibility can 
be reduced to a few metres. 

 
d. Fog, Mist and Haze.  

 
i. Fog is defined as a visibility of less than 1000 m with a relative humidity near to 
100%. 
 
ii. Mist is defined as the visibility of between 1000 m and 5000 m providing that the 
relative humidity is 95% or more.  The upper limit of visibility for mist may vary. 
 
iii. Haze or smoke is reported when the visibility is below 5000 m and when the 
humidity is not high enough for the obscuration to be classified as mist or fog.  Haze or 
smoke is cause by solid particles suspended in the atmosphere.  In haze the humidity 
will be less that 95% and will often be in the order of 50% to 60%. 
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Fog 
 
10. There are five main types of fog, which are, radiation fog, hill fog, advection fog, frontal fog and 
arctic smoke or steam fog. 
 
Radiation Fog 
 
11. Radiation fog forms inland at night when air in contact by the ground is cooled by conduction.  If 
the air is cooled to below its dew point 1, the water vapour in the air will condense into water droplets 
and fog will form.  There are three conditions required for radiation fog to form: 
 

a. Clear Skies. There must be clear skies as clouds trap warm air near the Earth’s surface. 
 

b. High Relative Humidity.  There must be sufficient moisture so that the air will become 
saturated when cooled. 

 
c. Light Wind. A light wind of around 2 to 8 kt is required.  If there is no wind there will be no 

condensation nuclei suspended in the air for the water vapour to condense onto.  With no 
wind dew will form on the ground instead.  With a wind of above about 8 kt, the cool surface 
air will mix with the higher warmer air and radiation fog will not form. 

 
12. The above conditions are usually present in anticyclonic conditions, especially in autumn and 
winter, when long nights allow for a significant cooling period, and around sunrise and sunset.  
Radiation fog is most prevalent just after dawn when the surface temperature is at its lowest.  Once 
the Sun rises and starts to heat the ground the fog will thin and disperse through evaporation.  Also, 
as the ground heats, convection will become established, mixing ground level air with warmer upper 
air to aid the dispersal process.  If the wind increases, thus causing further mixing of the air layers, the 
radiation fog may lift to form low stratus cloud. 
 
Valley Fog (Radiation Fog) 
 
13. Valley fog is a form of radiation fog, which as the name suggests, forms in valleys.  It is the result 
of heavier cold air settling into a valley with warmer air passing over the valley sides above.  It is 
radiation fog confined by the local topography and can last for several days in calm conditions. 
 
Hill Fog 
 
14. Hill fog forms when moist stable air is forced upwards over high ground.  The air will condense to 
form low cloud which covers the high ground which will pose a serious hazard to aviators. 
 
Advection Fog (Sea Fog) 
 
15. Advection fog forms when warm moist air moves over a cold surface which cools the air to below 
its dew point.  It is mainly associated with cool sea areas, particularly in spring and summer, and may 
affect coastal areas too, hence it being also known as sea fog.  The fog may also form in winter over 
land when the ground is frozen or snow covered.  For the fog to form the wind speed must be around 
15 kt and the air must have a relatively high humidity. 
 
16. Advection fog is usually dispersed when drier air moves into the area to replace the fog or with a 
wind increase that lifts it to become low stratus. 

                                                      
1  The dew point is the temperature to which the air must be cooled at constant pressure in order for it 
become saturated, i.e., the relative humidity becomes 100%. 
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Frontal Fog 
 
17. As the name suggests, frontal fog is associated with a frontal system.  It is formed when 
precipitation from warm falling air into colder air below causes the colder air to become saturated, 
forming fog.  Frontal fog can extend up to 200 nm ahead of a front and will clear as the front passes. 
 
Arctic Smoke or Steam Fog 
 
18. Arctic Smoke or Steam Fog can be referred to by many names but the process is the same for 
all.  It is formed by evaporation of relatively warm water into cool air and results in a shallow layer of 
fog.  Arctic Smoke is rare in the UK and is more common in high latitudes when very stable cold air 
moves over relatively warm water in sea inlets, over newly formed holes in pack ice, over lakes and 
streams on calm clear nights and over damp ground heated by bright sunlight in cool conditions.  
Although rare in the UK it can be seen in the winter months, mostly in Scotland. 
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Pressure Systems - Introduction 
 
1. Pressure systems play an important role in determining the Earth’s weather.  In low pressure 
areas, air is rising while in high pressure areas air is descending.  It is the vertical movement of the air 
that determines the distinction between high and low pressure areas not the numerical value of the 
prevailing atmospheric pressure.  There are two main types of pressure system; low pressure systems 
(depressions or cyclones) and high pressure systems (anticyclones).  Subsidiary pressure systems 
may be classified as cols, ridges or troughs. 
 
Low Pressure Systems 
 
2. Low pressure systems may be small or large low pressure areas with significant differences 
between them. 
 
Small Scale Low Pressure Systems 
 
3. Small scale lows are created when there is unequal heating of the Earth’s surface and can be 
found almost anywhere.  Air at the surface is heated by conduction and rises until it reaches a height 
where it has cooled to the same temperature of the surrounding air.  During this process the total 
weight of the column of air above the warm surface reduces as the air spreads out causing the 
atmospheric pressure to fall at the surface.  As the warm air rises, air surrounding the low pressure 
area will be drawn inwards.  This air will be slowed due to friction with the Earth’s surface but the air at 
the top of the column will not be affected and will diverge more quickly.  As a result, the incoming air 
will not be able to return the pressure to equilibrium and the low pressure will be maintained or 
continue to fall over time. 
 
4. Air pressure decreases with increasing altitude and so as the air in the centre of the depression 
rises its volume will expand.  The expansion will cause the air to cool due to adiabatic cooling1   
Condensation takes place when the air temperature has fallen to its dew point 2 and clouds form.  
Clouds which form in small scale lows develop vertically as cumuliform or cumulus clouds.  A great 
deal of energy can be associated with small scale lows resulting in turbulence, precipitation, icing and 
poor visibility. 
 
Large Scale Low Pressure Systems (Depressions) 
 
5. Polar frontal depressions are large scale low pressure areas and are formed differently to small 
scale lows.  The polar front3 typically lies between the 40° and 60° north and south latitudes, 
depending upon the season, which is the area where polar frontal depressions form.  The polar front 
boundary will not be a straight line and at points along it, the warm tropical air will intrude into the cold 
polar air (Fig 1). 
 
6. The intruding warmer air replaces the cold air and as it is lighter (less dense) the weight of the 
overlying air is reduced leading to a reduction of surface air pressure.  As the surface pressure falls, 

                                                      
1 An adiabatic process changes the temperature of a gas within a defined system without any transfer 
of heat energy across the boundaries of the system. 
2 The dew point is the temperature to which air must be cooled, at a constant barometric pressure, for 
the water vapour contained in the air to condense. 
3 The polar front is the boundary where warm tropical air meets cold polar air. 
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more air is drawn into the low pressure area and as this process is happening on a large scale, the 
flow of the air is deflected by the Earth’s rotation (Fig 2).  In the northern hemisphere the air mass is 
deflected to the right causing an anti-clockwise flow around the depression.  In the southern 
hemisphere the opposite is true. 
 

10CD-7 Fig 1 – Formation of a Polar Front Depression 
 

 
 
 

10CD-7 Fig 2 – Air Flow around a Northern Hemisphere Polar Front Depression 
 

 
 
7. There are two types of interaction between cold and warm air masses which are the cold front 
and the warm front. 
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High Pressure Systems 
 
8. An area of high pressure (anticyclone) is formed when the weight of a column of air is increased 
causing subsidence 4 of the air mass.  A common cause of the increase in weight is the convergence 
of air in the upper atmosphere leading to a band of high pressure over the tropics and at the poles 
(Fig 3).  The upper atmosphere convergence increases the mass of air at that location over the 
Earth’s surface and so the surface air pressure will rise.  At the surface there will be a tendency for the 
air to flow outwards but this outward flow will be slowed by friction with the Earth’s surface.  The 
convergence at high level will be unaffected by this hence it will inflow faster than the outflow at the 
surface thus sustaining the high pressure area. 
 

10CD-7 Fig 3 – Atmospheric Air Flow 
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9. As the air descends it is compressed by the increase in pressure in the lower atmosphere.  This 
compression will cause an increase in temperature by adiabatic warming 5 which will inhibit 
condensation and the forming of clouds.  In general there is little significant cloud within high pressure 
areas but contaminants within the atmosphere, such as dust and smoke, are trapped in the lower 
areas and will reduce visibility.  Haze is a common feature especially in summer while in winter the air 
near the Earth’s surface cools significantly without cloud cover to give fog as a prevalent feature and 
surface temperature inversions. 
 
10. Anti-cyclonic Winds. Air descends at the centre of an anti-cyclone and then diverges 
outwards.  As anti-cyclones are large scale events, the diverging air is deflected by the rotation of the 
Earth.  The deflection is to the right in the northern hemisphere giving a clockwise flow while the flow 
is anticlockwise in the southern hemisphere.  Unlike a low pressure area, the anti-cyclonic isobar 
spacing is a lot wider giving light winds. 
 

                                                      
4 Subsidence is the downward movement of air in the atmosphere.  It is most commonly applied to the 
slow sinking of air within an anticyclone, but can apply to any downward motion of air. 
5 An adiabatic process changes the temperature of a gas within a defined system without any transfer 
of heat energy across the boundaries of the system. 
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Ridge of High Pressure (Isobaric Ridge) 
 
11. The isobars around the high pressure area at the bottom of Fig 4 extend to form a protrusion from 
the centre of the anti-cyclone creating a ridge of high pressure.  A ridge of high pressure is usually 
interposed between two depressions and is of short duration.  The weather characteristics are the 
same as for the main high pressure area but the subsidence is not as pronounced which allows for 
greater convection producing cumulus cloud and improved visibility.  Ridges often result in excellent 
flying weather. 
 

10CD-7 Fig 4 – A Ridge of High Pressure 
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Cols 
 
12. A col is an area in between two high and two low pressure systems which is not influenced by the 
high or low pressure areas.  The isobars within the col are widely spaced resulting in very light and 
variable winds.  The weather within a col is season dependent.  Generally over land areas is summer 
typical col weather will be thundery whilst in winter fog is likely to be prevalent. 
 

10CD-7 Fig 5 – A Col 
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Summary of Pressure Systems 
 
13. Each type of pressure system has its own weather characteristics which should allow the weather 
in each area to be predicted. 
 
14. Low Pressure Areas. Low pressure weather is generally dominated by cloud and precipitation. 
 
15. High Pressure Areas. High pressure weather generally has clear skies with poor visibility in fog 
or haze.  Ridges of high pressure generally produce good flying weather. 
 
Fronts 
 
16. As an air mass moves it will eventually come into contact with another air mass with different 
characteristics.  The boundary between two types of air masses is known as a front.  A front of any type will 
change the weather in a geographical area.  Any change will never be absolutely abrupt and the weather 
will change gradually.  While a front is represented on a synoptic chart by a discrete line (see Fig 15), it is 
more realistic to picture it as a ‘frontal zone’ where one air mass is replaced by another.  No two fronts 
are the same but generalized weather conditions can be associated with specific types of front. 
 
Warm Front 
 

10CD-7 Fig 6 – Cross Section Through a Warm Front 
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17. General Conditions of a Warm Front. A warm front occurs where a warm mass of air 
advances and replaces a body of colder air.  Warm fronts move slowly, typically 10 to 25 mph.  The 
slope of the advancing front moves up and over the top of the cooler air and gradually pushes it out of 
the area.  Warm fronts contain warm air that often has very high humidity.  As the warm air is lifted, the 
temperature drops and condensation occurs. 
 
18. Conditions of an Approaching Warm Front.  As a warm front approaches, cirriform or 
stratiform clouds, along with fog, can form along the frontal boundary.  In summer, Cbs are likely to 
develop. Light to moderate precipitation is probable, usually in the form of rain, sleet, snow, or drizzle, 
with poor visibility.  The outside temperature is cool or cold, with an increasing dew point.  The 
barometric pressure falls until the front passes completely. 
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19. Conditions in a Passing Warm Front. During the passage of a warm front, stratiform clouds 
are visible and drizzle may be falling.  The visibility is generally poor, but improves with variable winds.  
The temperature rises steadily. For the most part, the dew point remains steady and the barometric 
pressure stabilizes.  An aircraft flying through a front which is moving in the opposite direction will 
experience the wind veering.  Conversely, if the aircraft is moving in the same direction as the front, the 
wind will back. 
 
20. Conditions When the Warm Front has Passed. After the passage of a warm front, 
stratocumulus clouds predominate and rain showers are possible.  The visibility eventually improves, but 
hazy conditions may exist for a short period after passage.  The temperature rises and the dew point 
rises and then levels off.  There is generally a slight rise in barometric pressure, followed by a decrease. 
 

10CD-7 Fig 7 - Structure of a Warm Front 
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Flight Towards an Approaching Warm Front 
 
21. Fig 7 depicts a warm front moving north east through the UK.  Imagine an aircraft flying from 
Aberdeen to Plymouth. 
 
22. Departing from Aberdeen, the weather is good with a scattered layer of Ci and SC clouds.  
Progressing towards Newcastle the clouds deepen and become increasingly stratiform in appearance 
with a lowering ceiling.  The visibility decreases in haze with a falling barometric pressure.  Approaching 
Birmingham, the weather deteriorates to low level broken clouds with reducing visibility and rain.  With a 
similar air temperature and dew point fog is likely.  At Plymouth, the sky is overcast with low clouds, 
drizzle and poor visibility.  
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Cold Front 
 

10CD-7 Fig 8 – Cross section Through a Cold Front 
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23. General Conditions of a Cold Front.  A cold front occurs when a mass of cold, dense, and 
stable air advances and replaces a body of warmer air.  Cold fronts move more rapidly than warm fronts, 
progressing at a rate of 25 to 30 mph. However, extreme cold fronts have been recorded moving at 
speeds of up to 60 mph.  A typical cold front moves in a manner opposite that of a warm front.  The air is 
denser and so it stays close to the ground and slides under the warmer air forcing it to rise.  The rapidly 
ascending air causes the temperature to decrease suddenly, forcing the creation of clouds.  The type of 
clouds that form depends on the stability of the warmer air mass.  A cold front in the Northern Hemisphere 
is normally oriented in a northeast to southwest manner and can be several hundred miles long.  
 
24. Conditions of an Approaching Cold Front. Prior to the passage of a typical cold front, 
cirriform or towering cumulus clouds are present, and cumulonimbus clouds are possible.  Rain 
showers and haze are possible due to the rapid development of clouds.  A high dew point and falling 
barometric pressure are indicative of imminent cold front passage. 
 
25. Conditions in a Passing Cold Front.  As the cold front passes, towering cumulus or 
cumulonimbus clouds are present.  Depending on the intensity of the cold front, heavy rain showers form 
and might be accompanied by lightning, thunder, and/or hail.  During cold front passage, the visibility is 
poor, with winds variable and gusty, and the temperature and dew point drop rapidly. A quickly falling 
barometric pressure steadies during frontal passage and then begins a gradual increase.  An aircraft 
flying through a front which is moving in the opposite direction will experience the wind veering.  
Conversely, if the aircraft is moving in the same direction as the front, the wind will back. 
 
26. Conditions When the Cold Front has Passed. After the frontal passage, the towering 
cumulus and cumulonimbus clouds begin to dissipate to cumulus clouds with a corresponding 
decrease in precipitation.  Good visibility eventually prevails, temperatures remain cooler and the 
barometric pressure continues to rise. 
 
27. Fast-Moving Cold Front. Fast-moving cold fronts are pushed by intense pressure systems far 
behind the actual front.  Where the front moves over land, the friction between the ground and the cold 
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front retards its movement and creates a steeper frontal surface.  This results in a very narrow band of 
weather, concentrated along the leading edge of the front.  If the warm air being overtaken by the cold 
front is relatively stable, overcast skies and rain may occur for some distance ahead of the front. If the 
warm air is unstable, scattered thunderstorms and rain showers may form. A continuous line of 
thunderstorms, or squall line, may form along or ahead of the front. Squall lines present a serious hazard 
to pilots as squall type thunderstorms are intense and move quickly. Behind a fast-moving cold front, the 
skies usually clear rapidly and the front leaves behind gusty, turbulent winds and colder temperatures. 
 

10CD-7 Fig 9 - Structure of a Cold Front 
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Flight Towards an Approaching Cold Front 
 
28. Fig 9 depicts a cold front moving north east through the UK.  Imagine an aircraft flying from 
Aberdeen to Plymouth. 
 
29. Departing from Aberdeen, the weather is good with reasonable visibility and scattered low level 
clouds. As the flight progresses towards Newcastle the clouds show signs of vertical development 
with a broken layer at low level.  The visibility has improved and the barometric pressure is falling.  
Approaching Birmingham, the weather has deteriorated to overcast clouds with a low ceiling, and 
poorer visibility in thunderstorms and heavy rain showers.  At Plymouth, the weather improves with 
scattered low level clouds and a much improved visibility. 
 
Wind Shifts 
 
30. Wind around a high pressure system rotates in a clockwise fashion, while low pressure winds 
rotate in an anticlockwise direction.  When two pressure systems are adjacent, the winds are almost in 
direct opposition to each other at the point of contact.  Fronts are the boundaries between two areas 
of pressure, and therefore, wind shifts are continually occurring within a front.  Shifting wind direction 
is most pronounced in conjunction with cold fronts. 
 
Comparison of Cold and Warm Fronts 
 
31. Warm and cold fronts are very different in nature as are the hazards associated with each.  They 
vary in speed, composition, weather phenomenon, and prediction. 
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Table 1 - A Comparison Between Cold and Warm Fronts 
 

Cold Front Warm Front 

Move at 20 to 35 mph, but can be much faster. Slower than a cold front at 10 to 25 mph 

Provide little warning and can move through an 
area and change the weather in a few hours. 

Provides advance warning and can take days 
to pass through an area. 

Steeper frontal slope. Shallower frontal slope. 

Violent weather activity, usually in the frontal 
zone close to the frontal boundary. In 
summer, squall lines can advance up to 200 
miles ahead of a severe front. 

Weather activity much less violent. 

Sudden storms, gusty winds, turbulence, hail. Low ceilings, poor visibility and rain.  

Weather clears rapidly after passage with 
drier air and very good visibility. 

Weather improves more slowly. 

Aircraft moving in the same direction as the 
front, wind backs at the frontal boundary. 

Aircraft moving in the same direction as the 
front, wind backs at the frontal boundary. 

Aircraft moving in the opposite direction to the 
front, wind veers at the frontal boundary. 

Aircraft moving in the opposite direction to the 
front, wind veers at the frontal boundary. 

 
Stationary Front 
 
32. A stationary front occurs when the forces of two air masses are relatively equal.  The front that 
separates them remains stationary and influences the local weather for days.  The weather associated 
with a stationary front is typically a mixture that can be found in both warm and cold fronts. 
 
Occluded Front 
 
33. An occluded front occurs when a faster moving cold front catches up with a slower moving warm 
front. As the occluded front approaches, warm front weather prevails, but is immediately followed by 
cold front weather.  
 

10CD-7 Fig 10 - The Development of an Occlusion 
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34. Two types of occluded fronts can occur and the temperatures of the colliding frontal systems play a 
large part in defining the type of front and the resulting weather.  A cold front occlusion occurs when a fast 
moving cold front is colder than the air ahead of the slow moving warm front.  When this occurs, the cold air 
replaces the cool air and forces the warm front aloft into the atmosphere.  Typically, the cold front occlusion 
creates a mixture of weather found in both warm and cold fronts, providing the air is relatively stable. 
 

10CD-7 Fig 11 - Cold Occlusion 
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35. A warm front occlusion occurs when the air ahead of the warm front is colder than the air of the 
cold front.  Here the cold front rides up and over the warm front.  If the air forced aloft by the warm front 
occlusion is unstable, the weather is more severe than the weather found in a cold front occlusion and 
embedded thunderstorms, rain, and fog are likely to occur. 
 

10CD-7 Fig 12 - Warm Occlusion 
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36. Prior to the passage of the typical occluded front, cirriform and stratiform clouds prevail, light to 
heavy precipitation falls with poor visibility.  The dew point is steady, and the barometric pressure falls.  
During the passage of the front, nimbostratus and cumulonimbus clouds predominate, and towering 
cumulus may also be possible.  Light to heavy precipitation falls and visibility is poor, winds are 
variable, and the barometric pressure levels.  After the passage of the front, nimbostratus and 
altostratus clouds are visible, precipitation reduces and visibility improves. 
 



AP3456 – Pressure Systems, Fronts and Air Masses 

Revised May 17  Page 12 of 15 

Air Masses 
 
37. Air masses are bodies of air, covering a very large area where the temperature, lapse rate and 
humidity characteristics are almost uniform.  They are classified according to the regions where they 
originate and the track that they follow over the Earth’s surface.   
 
Air Mass Source Regions 
 
38. A source region is typically an area in which the air remains relatively stagnant for a period of 
days or longer and typically will be either the sub-tropical belts of high pressure, polar anticyclones or 
areas of high pressure over continental land masses (Fig 11).  During this time of stagnation, the air 
mass takes on the temperature and moisture characteristics of the source region.  Air masses are 
generally identified as polar (cold air) or tropical (warm air) and maritime (moist air) or continental (dry 
air).  A combination of these terms is used to describe the source and track of the air mass and will 
define the weather characteristics resulting from it.  As the air mass moves, the terrain/sea that it 
moves over will slowly modify the weather within it due to surface heating or cooling and evaporation 
or condensation. 
 

10CD-7 Fig 13 – Air Mass Source Regions 
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39. An air mass will slowly take on the characteristics of its source region but will need to be virtually 
stagnant for a time to do this, for example it may take up to a week for an air mass to warm by 10° C 
right through to the troposphere.  The initial properties of an air mass can be logically deduced from its 
origin, for example: 
 

Tropical or sub-tropical land mass – Warm, dry and unstable - e.g. Sahara Desert 
Tropical or sub-tropical oceans - Warm, moist and unstable 
Arctic and Southern oceans – Cold, moist and stable 
High latitude land mass - Cold, dry and stable - e.g. Siberia, Northern Canada, Antarctica 

 
Tropical air is unstable because it is heated from below and polar air is stable because it is cooled 
from below. 
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40. As an air mass moves from its source region it will be modified by the surface over which it 
travels.  An air mass with a maritime track will increase its moisture content, especially in its lower 
layers, through evaporation from the sea.  An air mass with a long land track will remain dry.  A cold 
air mass moving over a warmer surface will be warmed from below and become more unstable in its 
lower layers.  Conversely, a warm air mass moving over a colder surface will be cooled from below 
and become more stable in its lower layers. 
 
 

Air Masses Affecting the UK 
 
41. Fig 12 shows the general air masses affecting the UK and Table 2 gives some general conditions 
that may be applied to them.  The general properties of an air mass may be deduced from its source 
region and track but it must be stressed that in practice no two air masses are exactly alike.  The 
character of an air mass undergoes a process of continuous transition due to a combination of many 
variables which can be surmised from knowledge of the processes that affect the weather. 
 

10CD-7 Fig 14 – Air Masses Affecting the UK 
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Table 2 - Air Mass Effects on the UK 
 

Air Mass Source Start conditions Track 

Tropical 
Maritime 

Sub-tropical anticyclones 
High temperature 
High relative humidity 
High Dew Point 

Sea 

Modified 
conditions 

Cooled from below.  With light winds becomes more stable and possible inversion.  
Stronger winds, inversion is lifted.  High relative humidity is maintained or increased to 
give low stratus, fog, drizzle and orographic cloud. Visibility usually moderate to poor. 

    Tropical 
Continental 

North Africa Southern Europe Warm Air with low humidity Land 

Modified 
conditions 

Lower layers cool, humidity remains low (except where there is some sea track).  With 
a long sea track, process is changed to Maritime.  Dryness and cooling of the air 
prevents cloud formation giving high temperatures.  Visibility reduced due to haze. 

    Polar 
Maritime 

Arctic 
Low temperature, low Dew 
Point, high relative humidity 

Sea 

Modified 
conditions 

Heated from below but temperature remains lower than sea surface. Thermal 
instability gives conditions for convective cloud development and can lead to large Cu 
and Cb. Showers, thunderstorms, strong gusts or squalls.  Can stabilize to give fair-
weather Cu or Sc.  Visibility good except in showers.  On reaching land, air dries and 
cloud formation more difficult.  In winter, air relatively mild but affected by surface 
cooling, becoming stabilized in lower layers but can be cold enough to produce hail 
showers and snow.  Shower intensity decreases, clouds tend to be layer types and 
fog readily forms under a clear sky. 
A Returning Polar Maritime air mass, which moves south and then turns northwards 
back towards the UK will give similar conditions. 
An Arctic Maritime air mass has similar characteristics to a Polar maritime air mass 
but with a shorter sea track, the air is colder and less moist. 

    Polar 
Continental 

Northern continental land mass Cold air, low Dew Point Land 

Modified 
conditions 

Air absorbs heat and possibly moisture after travelling over warmer surface.   
In winter, over land, low humidity gives clear skies.  If sea track develops, evaporation 
and heating produce cumuliform cloud and wintry showers and the air mass may 
transform to Polar Maritime.  In the UK, with track over the North Sea, showers 
develop on east coast but die out further west. 
In summer, air starts dry and cloudless but moves over warmer land.  Air becomes 
warm and if a track develops over a cooler sea, fog and low stratiform cloud may form. 
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10CD-7 Fig 15 – Synoptic Chart Symbols 
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Introduction 
 
1. In meteorology, a cloud is an aerosol comprising a visible mass of minute liquid droplets or frozen 
crystals, both of which are made of water or various chemicals. The droplets or particles are 
suspended in the atmosphere and clouds are formed by the saturation of air.  The air may be cooled 
to its dew point 1 by a variety of atmospheric processes or it may gain moisture (usually in the form of 
water vapour) from an adjacent source. 
 
Cloud Formation 
 
2. For clouds to form there must be adequate water vapour and condensation nuclei, which are 
miniscule particles of matter such as dust, salt, and smoke.   There must also be a method by which 
the air can be cooled below its dew point.  When air cools and reaches its saturation point invisible 
water vapour changes into a visible state.  Through the processes of sublimation and condensation, 
moisture condenses or sublimates onto condensation nuclei.  The nuclei are important because they 
provide a means for the moisture to change from one state to another. 
 
Trigger Actions 
 
3. The cooling of air is usually achieved by lifting and there are four trigger actions that facilitate this 
lifting process. 

 
Turbulence 
 
a. Turbulence formation is caused by mechanical lifting which forms layers of St and Sc clouds. 
 
Convection 
 
b. Convection formation is caused by heating from below which forms Cu and Cb clouds. 
 
Orographic 
 
c. Orographic formation is caused where air rises over hills and forms St, Cu, Cb and lenticular 
Ac clouds. 
 
Mass Ascent 
 
d.  Mass ascent formation is associated with depressions and fronts forming Cs, Ci, As, Ns and 
Cb clouds. 

 
Cloud Types 
 
4. Cloud type is determined by its height, shape, and behaviour.  

 
High Clouds 
 
a. High clouds form above 16,500 feet AGL and usually form only in stable air.  Typical high 
level clouds are cirrus, cirrostratus, and cirrocumulus.  They are made up of ice crystals and pose 
no real threat of turbulence or aircraft icing. 

 

                                                      
1  The dew point is the temperature to which the air must be cooled at constant pressure in order for it 
become saturated, i.e., the relative humidity becomes 100%. 
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Middle Clouds 
 
b. Middle clouds form around 6,500 feet above ground level (AGL) and extend up to around 
23,000 feet AGL.  They are composed of water, ice crystals, and super cooled water droplets.  
Typical middle-level clouds include altostratus and altocumulus.  These types of clouds may also 
be encountered at higher altitudes.  Altostratus clouds can produce turbulence and may contain 
moderate icing.  Altocumulus clouds, which usually form when altostratus clouds are breaking 
apart, also may produce light turbulence and icing. 
 
Low Clouds 
 
c. Low clouds are those that form near the Earth’s surface and extend up to 6,500 feet AGL.  
They are made primarily of water droplets, but can include super cooled water droplets that 
cause aircraft icing.  Typical low clouds are stratus, stratocumulus, and nimbostratus.  Fog may 
also classified as a type of low cloud formation.  Clouds in this family create low ceilings, hamper 
visibility, and can change rapidly. 
 
Heap Cloud 
 
d. Although the high clouds discussed above do not significantly affect aircraft operations, 
cumulus clouds with extensive vertical development build into towering cumulus or 
cumulonimbus clouds.  The bases of these clouds form in the low to middle cloud base region and 
their tops can extend into the high altitude cloud levels.  Towering cumulus clouds indicate areas of 
instability in the atmosphere, and the air around and inside them is turbulent.  These types of 
clouds often develop into cumulonimbus clouds or thunderstorms.  Cumulonimbus clouds 
contain large amounts of moisture and unstable air, and generally produce hazardous weather 
phenomena, such as lightning, hail, strong gusty winds, and wind shear.  These extensive 
vertical clouds can be obscured by other cloud formations and are not always visible from the 
ground or while in flight.  In this situation these clouds are said to be embedded, hence the term, 
embedded thunderstorms. 

 
 

Table 1 – Cloud Types 
 

Cloud Nature Height Band Moisture Content 

Cirrus (Ci) 
Cirrostratus (Cs) 
Cirrocumulus (Cc) 

High Layer 
Cloud 

45,000 ft to 16,500 ft 
Relatively low 
(Ice crystals) 

Altostratus (As) 
Altocumulus (Ac) 

Medium 
Layer 
Cloud 

23,000 ft to 6,500 ft 
Moderate 

(ice and/or water) 

Stratus (St) 
Stratocumulus (Sc) 
Nimbostratus (Ns) 

Low Layer 
Cloud 

6,500 ft to Surface 
(possibly to the Tropopause) 

Relatively large 
concentration 

(Water and/or Ice) 

Cumulus (Cu) 
Cumulonimbus (Cb) 

Heap Cloud Tropopause to Low-level 
Often large concentration 

(Water drops, Ice 
crystals, hail in Cb) 
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Cloud Appearance 
 
5. Clouds can be described by type according to the outward appearance and composition.  
 

Cloud Type Appearance 

Cirrus Ringlets, fibrous clouds, also high level clouds 

Alto Meaning high, also middle level clouds 

Stratus Formed in layers 

Cumulus Heaped or piled clouds 

Nimbus Rain-bearing clouds 

Castellanus Common base with separate vertical development, castle-like 

Lenticularus Lens shaped, formed over mountains in strong winds 

Fracto Ragged or broken 
 
Cloud Amount and Ceiling 
 
6. Cloud amounts are reported as a fraction in eights, termed Oktas where; 
 

FEW (few) 1 to 2 oktas 
SCT (scattered) 3 to 4 oktas 
BKN (broken) 5 to 7 oktas 
OVC (overcast) 8 oktas 

 
7. For aviation purposes, the ceiling is the lowest layer of clouds reported as being broken or 
overcast, or the vertical visibility into an obscuration such as fog or haze. 
 
Thunderstorms (Cumulonimbus Cloud) 
 
8. There are three conditions necessary for a thunderstorm to develop. 

 
a. Instability. Instability must be present so that once the air begins to rise it will continue to 
rise (e.g. a steep lapse rate with warm air in lower layers of the atmosphere and cold air in the 
upper layers). 

 
b. High Humidity. There must be abundant humidity over a considerable depth in the 
atmosphere such that unsaturated air cools through lifting sufficiently to cause condensation.  
Latent heat is released which increases instability. 
 
c. Trigger Action. There must be a trigger action or lifting mechanism to start the air rising.  
The trigger may be a cold front forcing air aloft, orographic ascent and convective heating from 
the surface,  

 
9. A cumulonimbus cloud is perhaps the most dangerous cloud type with respect to aircraft.  It can 
appear individually or in groups and is known as either an air mass or orographic thunderstorm.  
Heating of the air near the Earth’s surface creates an air mass thunderstorm; the upslope motion of air 
in mountainous regions causes orographic thunderstorms. Cumulonimbus clouds that form in a 
continuous line are non-frontal bands of thunderstorms or squall lines. 
 
10. Since rising air currents cause cumulonimbus clouds, they are extremely turbulent and pose a 
significant hazard to flight safety.  An aircraft entering a thunderstorm can experience updraughts and 
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downdraughts exceeding 3,000 fpm.  Thunderstorms can also produce large hailstones, lightning, and 
significant precipitation, all of which are potentially hazardous to aircraft. 
 
The Stages of Thunderstorm Development 
 
11. A thunderstorm develops through three distinct stages.  
 

Cumulus or Building Stage 
 

a. A cumulonimbus cloud develops from one or more cumulus clouds which starts to grow 
larger with a base up to 5 nm (10 km) across and a lifting action of the air begins.  Where there is 
sufficient moisture and instability, the cloud continues to increase in vertical height and continuous, 
strong updrafts prohibit moisture from falling.  Updrafts are generally 16 to 32 ft/sec but can be as 
high as 100 ft/sec.  This stage lasts for 15 to 20 min. 

 
10CD-8 Fig 1 – Thunderstorm Building Stage 
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Mature Stage 
 

b. Within approximately 15 minutes, the thunderstorm reaches the mature stage, which is the 
most violent period of the thunderstorm’s life cycle.  At this point drops of rain and/or ice are too 
heavy for the cloud to support and begin falling creating a downward motion of the air.  Warm, 
rising air; cool precipitation-induced descending air; and violent turbulence all exist within and near 
the cloud.  Below the cloud, evaporation of the rain results in further cooling and an acceleration 
of the downdraught.  The down-rushing air forms a gust front spreading out from the storm 
increasing surface winds and reducing the temperature.  

 
10CD-8 Fig 2 – Thunderstorm Mature Stage 
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Dissipating Stage 
 

c. This stage begins when the storm has used the local supply of moisture.  Once the vertical 
motion near the top of the cloud slows down, the top of the cloud spreads out and takes on a 
characteristic anvil-like shape.  At this point, the storm enters the dissipating stage where the 
downdrafts spread out and replace the updrafts needed to sustain the storm.  

 
10CD-8 Fig 3 – Thunderstorm Dissipating Stage 
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12. Severe thunderstorms can penetrate the tropopause and extend into the stratosphere reaching 
heights of 50,000 to 60,000 ft depending on latitude.  
 
Air Mass Thunderstorms 
 
13. Air mass thunderstorms are generally the result of surface heating.  Some occur at random in 
unstable air, are short in duration and produce only moderate wind gusts and rainfall. 
 
Steady-state Thunderstorms 
 
14. Steady-state thunderstorms are associated with weather systems.  Fronts, converging winds and 
troughs aloft force air upwards producing storms which often form into squall lines.  In the mature 
stage, updrafts become stronger and last much longer than in air mass storms, hence the name steady 
state. 
 
Hazards Associated With Thunderstorms 
 
15. Thunderstorms present several different weather hazards with respect to aviation which occur 
individually or in combination.  Many of the hazards associated with thunderstorms can be 
encountered outside of the cloud itself, therefore, light aircraft in particular should avoid the storm by 
at least 10 nm horizontally and 5,000 ft vertically. 

 
Squall Line 
 
16. A squall line is a narrow band of active thunderstorms which often develop on or ahead of a cold 
front in moist, unstable air, but may develop in unstable air far removed from any front.  The line 
may be extensive making a detour around it difficult and the severe weather may make it too 
hazardous to penetrate.  The squall often contains steady-state thunderstorms and presents the single 
most intense weather hazard to aircraft.  The Squall Line usually forms rapidly, generally reaching 
maximum intensity during the late afternoon and the first few hours of darkness. 
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Turbulence 
 
17. Potentially hazardous turbulence is present in all thunderstorms and a severe thunderstorm can 
severely damage an aircraft, even to destruction.  The strongest turbulence within the cloud is 
associated with the shear forces between updraft and downdraft boundaries.  Outside the cloud, 
shear turbulence may be encountered several thousand feet above and 20 miles laterally from a severe 
storm.  A low-level turbulent area is the shear zone associated with the gust front.  Often, a “roll cloud” on 
the leading edge of a storm marks the top of the eddies in this shear and it signifies an extremely 
turbulent zone.  Gust fronts often move far ahead (up to 15 miles) of associated precipitation. The gust 
front causes a rapid and sometimes drastic change in surface wind ahead of an approaching storm.  
See also Volume 8, Chapter 17, Flying in Turbulence. 
 
Microbursts 
 
18. A significant hazard associated with thunderstorms is the microburst.  These are created when 
strong cold downdraughts under the cloud spread out as they reach the surface.  Microbursts can be 
extremely dangerous to aviation because the sink rate of the air can exceed the climb performance of 
an aircraft, thus forcing the aircraft into the ground.  The presence of virga 2 is a good visual indication 
of microburst activity. 
 
Icing 
 
18. Strong updrafts in a thunderstorm are capable of supporting abundant liquid water with relatively 
large droplet sizes.  When carried above the freezing level, the water becomes super cooled and 
when the temperature in the upward current cools to about –15 °C, much of the remaining water 
vapour sublimates as ice crystals.  Above this level, at lower temperatures, the amount of super 
cooled water decreases.  Super cooled water freezes on impact with an aircraft.  Clear icing can occur 
at any altitude above the freezing level, but at high levels, icing from smaller droplets may be rime or 
mixed rime and clear ice.  The abundance of large, super cooled water droplets within thunderstorms 
causes the rapid accretion of clear ice between 0 °C and –15 °C. 
 
Hail 
 
19. Hail perhaps presents as great a hazard to aircraft as the turbulence associated with a 
thunderstorm.  Super cooled raindrops above the freezing level begin to freeze.  Once a raindrop has 
frozen, forming a hailstone, other drops can freeze to it, significantly increasing its size.  Large 
hailstones can be present within severe thunderstorms which have a large vertical extent coupled with 
strong updrafts.  Eventually, the hailstones fall, possibly some distance from the storm core and may 
be encountered in clear air several miles from thunderstorm clouds.  As hailstones fall through air 
whose temperature is above 0 °C, they begin to melt and precipitation may reach the ground as 
either hail or rain.  Rain at the surface does not mean the absence of hail aloft.  Hail should be 
anticipated with any thunderstorm, especially beneath the anvil of a large cumulonimbus.  
 
Ceiling and Visibility 
 
20. Generally, visibility is close to zero within a thunderstorm cloud and may be reduced in 
precipitation and dust between the cloud base and the ground.  The hazards to aviation presented by low 
visibility are multiplied when associated with the other thunderstorm hazards of turbulence, hail, and 
lightning. 
 

                                                      
2 Virga is precipitation that is falling but not reaching the ground.  It looks like tendrils hanging beneath 
the cloud. 
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Lightning 
 
21. Lightning can damage the structure of an aircraft along with communication, electronic and 
navigation equipment.  Composite material is especially vulnerable unless it is protected.  Magnetic 
compasses in particular are vulnerable to lightning discharges which can also disrupt radio 
communications on low and medium frequencies.  Although lightning intensity and frequency have no 
simple relationship to other storm parameters, severe storms, as a rule, have a high frequency of 
lightning.  Lightning is most likely to be present within 5,000 ft of the freezing level within cloud that 
has a temperature of between -10° C and +20° C. 
 
Effect on Altimeters 
 
22. Pressure usually falls rapidly with the approach of a thunderstorm, rises sharply with the onset 
of the first gust and arrival of the cold downdraft and heavy rain showers, and then falls back to normal 
as the storm moves on. This cycle of pressure change may occur over 15 minutes and can lead to 
significant errors in indicated altitude; possibly up to 1,000 ft.  If a pilot ‘chases’ the altimeter to 
maintain level flight, there is a danger of overstressing the airframe.  It is more important to maintain 
the aircraft attitude rather than altitude within a storm. 
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Table 2 – Summary of Cloud Types 

 
Type Definition Trigger Composition 

Cirrus 
(Ci) 

Detached clouds-white, delicate filaments 
or white (or mostly white) patches or 
narrow bands.  Fibrous (hair-like) 
appearance or silky sheen or both. 

Mass Ascent Ice crystals 

Cirrostratus 
(Cs) 

Transparent, whitish of fibrous or smooth 
appearance. Totally or partially covering 
sky generally with a halo phenomenon. 

Mass Ascent Ice crystals 

 
Cirrocumulus 

(Cc) 

Thin white layer, sheet or patch of cloud 
without shading. Small grains or ripples. 

Turbulence Ice crystals 

Altostratus 
(As) 

Greyish or bluish cloud sheet or layer. 
Striated fibrous or uniform appearance. 
Total or partial sky cover with Sun visible 
as though looking through clouded glass. 
No halo phenomena. 

Mass Ascent 
Supercooled 
Water droplets 

Altocumulus 
(Ac) 

White or grey - patch, sheet or layer 
cloud. Composed of laminae, rounded 
masses or rolls-sometimes partially 
fibrous or diffuse. 

Turbulence 
Convection 
Orographic 

Supercooled 
Water droplets 

Nimbostratus 
(Ns) 

Grey layer, often dark and rendered 
diffuse by continually falling rain/snow, 
most of which reaches the ground.  Thick 
enough to obscure the Sun. 

Mass Ascent 

Water drops/droplets 
Supercooled Water 
droplets above 
freezing level 

Stratocumulus 
(Sc) 

Grey or whitish or both. Patch, sheet or 
layer cloud which almost always has dark 
parts. 

Turbulence 
Orographic 

Water droplets 

Stratus 
(St) 

Generally grey layer with uniform base.  
May give drizzle, ice prisms or snow 
grains. Outline of Sun clear when visible. 
Sometimes appears as ragged patches. 

Convection with 
Turbulence 
Orographic 

Water drops/droplets 
Supercooled Water 
droplets above 
freezing level 

Cumulus 
(Cu) 

Detached clouds, generally dense with 
sharp outlines. Vertically developed with 
rising mounds, domes or towers.  Sunlit 
parts brilliant white.  Base relatively dark 
and horizontal. Sometimes ragged. 

Convection 

Water drops/droplets 
Supercooled Water 
drops and droplets 
above freezing level 

Cumulonimbus 
(Cb) 

Heavy dense cloud with considerable 
vertical extent. Part of upper portion 
usually smooth, fibrous or striated and 
nearly always flattened.  May form classic 
anvil shape. 

Moderate to 
Strong 
Convection 

Water drops and 
droplets below 
freezing level. 
Supercooled Water 
drops and droplets 
above freezing level. 
Ice crystals and pellets 
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Cloud Photographs     Cirrus (Ci) – (Return to text) 
 

 
 

Cirrostratus (Cs) – (Return to text) 
 

 
 

Cirrocumulus (Cc) – (Return to text) 
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Altostratus (As) – (Return to text) 
 

 
 

Altocumulus (Ac) – (Return to text) 
 

 
 

Nimbostratus (Ns) – (Return to text) 
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Stratocumulus (Sc) – (Return to text) 

 

 
 

Stratus (St) – (Return to text) 
 

 
 

Cumulus (Cu) – (Return to text) 
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Cumulonimbus (Cb) – (Return to text) 
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METAR, SPECI, TREND, TAF Codes 
 
1. Although aerodrome weather codes may seem confusing, with practice they can be read quickly 
and easily.  METARs should be consulted for departure and arrival airfields along with others on the 
planned route.  Forecasts for aerodromes upwind of a destination can give a picture of the weather that 
is approaching the destination. 
 
2. More detailed information concerning METAR, SPECI, TREND, TAF codes can be found in the 
Flight Information Handbook (FIH). 
 
Meteorological Aerodrome Report (METAR) 
 
3. A METAR contains coded information relating to a particular airfield at a stated time.  Military 
stations issue METARs hourly on the hour.  Civil airfields issue them hourly and half-hourly.  Both are 
prepared ten minutes before issue.  An AUTO METAR is a fully automated report, generated without 
human intervention and as a result is inherently less accurate than a METAR. 
 
Special Aerodrome Report (SPECI) 
 
4. A SPECI is issued following a significant change from the previous report.  Civil stations do not 
issue SPECIs due to their half-hourly cycle. 
 
TREND 
 
5. A TREND is a forecast showing significant changes expected in the 2 hours following a METAR or 
SPECI. 
 
Terminal Aerodrome Forecast (TAF) 
 
6. A TAF is a forecast of conditions and significant changes expected during a specified period, 
normally 9 hours but may be for up to 30 hours.  A 9 hour TAF is issued every 3 hours until the airfield 
closes. 
 
The Format of METAR, SPECI and TREND, Codes 
 
7. The coded elements of these messages are normally given in the order shown below.  Some 
elements may be omitted when they are not needed or do not apply. 
 

a b c d e f g h i j k l m 

Code 

Nam

e 

Locatio

n 

Date/tim

e of 

report 

AUT

O 

Surfac

e Wind 

Visibilit

y 

RVR Weathe

r 

Cloud  Tem

p 

QNH Aerodrom

e Colour 

State 
 

a. METAR, SPECI or TREND. 
 
b. ICAO indicator of the reporting station. 
 
c. Day of the month and time in UTC. 
 
d. AUTO.  An automated report.  If any element cannot be reported it will be replaced by a 
number of slashes, e.g. four //// for a missing visibility group and nine ///////// for a missing cloud 
group. 

 



AP3456 –Weather Reports and Documentation 

Revised Aug 14  Page 3 of 10 

e. The mean wind direction in degrees true to the nearest 10°, from which the wind is blowing 
and the mean wind speed in kt over the 10 minute period immediately preceding the observation.  
E.g. 35015KT = 350° T/15 kt; VRB05KT = variable at 5 kt; 00000 = Calm.  If gusts exceed the 
mean wind speed by 10 kt or more in the 10 minutes preceding the report a letter G and two more 
figures are added to indicate the maximum wind speed, e.g. 23018G30KT = 230° T/18 kt with a 
maximum of 30 kt. Reports from non-UK stations may express the wind speed in meters per 
second (MPS) or kilometres per hour (KMH). 

 
f.  Visibility is expressed as a four figure group, e.g. 0400 = 400 metres; 8000 = 8 km up to but 
not exceeding 10 km; 9999 = 10 km or more; 0000 = less than 50 metres.  Greater detail on the 
visibility group is given in the FIH. 

 
g. The Runway Visual Range (RVR) is included when the horizontal visibility or the RVR itself is 
less than 1500 metres. The group starts with an R then the runway in use followed by the threshold 
visibility in metres.  E.g. R30/1100 = the RVR on runway 30 is 1100 metres.  If the airfield has 
parallel runways, further letters can be included to differentiate them.  E.g. R30L/1100 = the RVR on 
runway 30 Left is 1100 metres   R30R/1200 = the RVR on runway 30 Right is 1200 metres. 

 
h. The weather group indicates the weather present at, or near to, the airfield at the time of 
observation.  A decode of the weather codes is given at Table 1. 

 
i.  Cloud is reported as FEW (1 to 2 oktas), scattered SCT (3 to 4 oktas), broken BKN (5 to 7 
oktas), overcast OVC (8 oktas).  The cloud amount is measured in oktas, meaning ‘eighths of the 
sky’, thus if half the sky is covered in cloud, the amount will be reported as 4 oktas (see Fig 1). 

 
j.  CAVOK. The visibility, cloud and weather groups are replaced with the term CAVOK (cloud 
and visibility OK) when the following conditions exist simultaneously: 

a. Prevailing visibility is 10 km or more. 
b. No cloud below 5000 ft or below the Minimum Sector Altitude (whichever is greater). 
c. No CB or TCU at any height. 
d. No significant weather in the vicinity of the airfield. 

 
k. The air temperature and dew point are reported in whole degrees Celsius, e.g. 10/07 means 
air temperature 10° C and dew point 7° C. Temperatures below 0° C are indicated by M, e.g. 
M01/M07 means air temperature minus 1° C and dew point minus 7° C. 

 
l.      QNH is stated to the nearest whole hectopascal, rounded down and preceded by the letter Q. 

 
m. UK military airfields will include an aerodrome colour state at the end of the message and a 
forecast colour state after a TREND.  See Table 1. 

 
n. Significant recent weather observed since the last routine observation will be reported using 
the weather codes preceded by RE. 

 
o. Civil aerodromes may include wind shear (WS) along the take-off and landing paths in the 
lowest 1600 ft with reference to the runway.  E.g. WS TKOF RWY20; or WS LDG RWY20; or WS 
ALL RWY. 
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10CD-9 Fig 1 – Example of Cloud Report 
 

Example of 4 Oktas cloud cover = SCT - i.e. 4 eighths of the sky is covered by cloud

 
 

Table 2 – Aerodrome Colour Codes 
 

Surface Visibility Base of Lowest Cloud  
Layer 3/8 (SCT) or More 

Colour Code 

RN/RAF USAFE   
km 
8.0 
5.0 
3.7 
2.5 
1.6 
0.8 

Less 
0.8 

nm 
4.3 
2.7 
2.0 
1.4 
0.9 
0.4 

than 
0.4 

st 
5.0 
3.0 
2.3 
1.6 
1.0 
0.5 

 
0.5 

 
2500 ft agl 
1500 ft agl 
700 ft agl 
500 ft agl 
300 ft agl 
200 ft agl 

Below 200 ft agl 
or sky obscured 

 
Blue (BLU) 
White (WHT) 
Green (GRN) 
Yellow 1 (YLO1) 
Yellow 2 (YLO2) 
Amber (AMB) 
Red (RED) 

Aerodrome not usable for reasons other than cloud or visibility minima will use the term 
Black (BLACK). This will precede the actual colour code. 

 
8. TREND.   Trend forecasts are indicated by BECMG (becoming) or TEMPO (temporary) which 
may be followed by a time group (hours and minutes UTC) preceded by one of the letter indicators FM 
(from), TL (until), AT (at). E.g. BECMG FM1030 TL1130.  NOSIG replaces the TREND group when no 
significant changes are forecast to occur during the 2 hour forecast period.  To indicate the end of 
significant weather the abbreviation NSW (No Significant Weather) is used.  Only those elements for 
which a significant change is expected should be included in a TREND.  In TRENDs for civil airfields, 
significant changes in prevailing visibility shall be forecast but at military airfields only significant 
changes in lowest visibility shall be forecast.  In respect of cloud, all cloud groups below 2500 FT, 
including layers or masses not expected to change, are included.  
 
9. METAR, SPECI, TREND, TAF codes in some NATO countries may have differences to the 
information specified above.  Users should refer to the FIH for details.  
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Table 1 – Significant Weather Codes 
 

Significant Present and Forecast Weather Codes 
Qualifier Weather Phenomena 

Intensity or 
Proximity 

Descriptor Precipitation Obscuration Other 

-  Light 
 
Moderate (no 
qualifier) 
 
+  Heavy (Well 
developed in 
the case of FC 
and PO) 
 
VC - in the 
vicinity 

 

MI – Shallow 
BC – Patches 
BL – Blowing 
SH – Shower(s) 
TS – Thunderstorms 
FZ – Freezing 
(Super cooled) 
PR – Partial 
(covering part of the 
airfield) 

DZ – Drizzle 
RA – Rain 
SN – Snow 
IC – Ice Crystals 
PL – Ice Pellets 
GR – Hail 
GS – Small Hail (< 
5mm in diameter 
and/or snow 
pellets) 
UP – Unknown 
Precipitation 
PY - Spray 

BR – Mist 
FG – Fog 
FU – Smoke 
VA – Volcanic Ash 
DU – Widespread 
Dust 
SA – Sand 
HZ - Haze  

PO – Dust/Sand 
whirls 
SQ – Squall 
FC – Funnel 
Cloud(s) 
(Tornado or Water 
Spout) 
SS – Sandstorm / 
Duststorm 

 
Format of TAFs in the UK 
 
10. The format of a TAF in the UK differs from a METAR in the following respects: 
 

a. Date/time of report. The date/hour of beginning and end of the period of validity of the 
forecast, e.g. 1906/1915 means 19th day of month from 0600 to1500 UTC. The validity start 
time of a TAF will be determined by the time the aerodrome opens (at remote airfields the start 
time will be determined by the availability of the first observation). A TAF cancellation message 
will be issued when the airfield closes e.g. TAF EGZZ 022330Z 0218/0303 CNL indicates the 
1803 TAF was cancelled at 2330Z.  

 
b. Surface Wind. Refers to the mean wind direction and speed throughout the relevant period in 

the TAF.  
 

c. Visibility. The conditions shown in the first groups of a TAF are those which are expected to 
predominate at the beginning of the TAF period. The visibility shown following a BECMG or 
TEMPO where the phenomenon causing the change is of a transitory nature, notably showers, 
thunderstorms or fog patches, will be the forecasters best estimate of the horizontal visibility 
within the phenomenon. The visibilities subsequently observed will depend on the extent of the 
phenomenon, the proportion of the observer’s view it takes up and the distance of the 
phenomenon from the observer. As these variations are very difficult for a forecaster to predict, 
the visibility within the phenomenon will be forecast to err on the side of safety.  

 
d. Weather. If no weather is expected the weather group is omitted. If the weather ceases to be 

significant after a change group, the abbreviation ‘NSW’ (No Significant Weather) is used.  
 

e. Cloud. Cloud forecasts in a TAF will be limited to clouds of operational significance i.e. cloud 
below 5000ft or the highest minimum sector altitude (whichever is greater) and CB and TCU at 
any height. If the abbreviation CAVOK is not appropriate and there are no clouds of operational 
significance and no CB or TCU expected, NSC (No Significant Cloud) will be used; e.g. a 
forecast of 4 oktas at 5000ft and 8 oktas at 12000ft will appear as NSC; 1 okta of TCU at 
5000ft and 3 oktas at 25000ft will appear as FEW050TCU.  
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f. Temperature. Not forecast.  

 
g. QNH, Recent Weather, Wind Shear, Aerodrome Colour State, Runway State Group. Not 

forecast.  
 

h. Turbulence. A TAF may include a 6-figure turbulence group e.g. 520002 
5 - Turbulence group indicator.  
2 - Degree of turbulence on the scale 0-9 as follows:  

0 = Nil.    1 = Light.  2 = Moderate, clear air, occasional.  
3 = Moderate, clear air, frequent. 4 = Moderate, in cloud, occasional.  
5 = Moderate, in cloud, frequent. 6 = Severe, clear air, occasional.   
7 = Severe, clear air, frequent.  8 = Severe, in cloud, occasional. 
9 = Severe, in cloud, frequent.  

000 -Base of the turbulence in hundreds of feet.  
2 - Thickness of the turbulent layer in thousands of feet.  

 
The example means: Moderate occasional clear air turbulence from the surface to 2000 feet. 

 
i. Change groups: 

 
i. BECMG is used to indicate that a change is expected to take place at either a 
regular or irregular rate during a specified part of the TAF.  BECMG marks a permanent 
change in the forecast but which will establish itself gradually. 

 
ii. TEMPO is used to indicate a period of temporary fluctuations to the forecast 
conditions during a specified part of the TAF. The fluctuations are expected to last less 
than one hour in each instance and in aggregate less than half the specified period.  

 
iii. PROB followed by 30 or 40 to indicate the percentage probability of the conditions 
becoming as given in subsequent groups.  

 
iv. BECMG and TEMPO (also PROB when used without TEMPO) are followed by a 9-
figure group to indicate the specified period. The format of the group is ddhh/ddhh 
indicating the start and end of the period in hours UTC e.g.: ‘BECMG 0222/0301’ means 
becoming during the period 022200 UTC to 030100 UTC.  

 
v. FM followed by the date/time UTC is used to indicate the beginning of a self-
contained part in the TAF. All conditions given before this group are superseded by 
those indicated after the group.  FM introduces what is effectively a new forecast. 

 
j. Change Group Criteria.   Significant changes in military and civil TAFs requiring the use 

of change groups are listed in the FIH. 
 
11. Format of TAFs in NATO Countries. The format of TAFs in other countries may differ from those 
in the UK and are detailed in the FIH.  
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Low Level Forecast Charts 
 
12. Low level significant weather charts indicate the meteorological phenomena, below 10,000 ft, 
which are anticipated during a specified time period. 
 

10CD-9 Fig 3 - Example of a Low Level Significant Weather Chart 
 

Forecast Weather below 10000 FT
Valid (DTG)  to  (DTG)   (Date)  Fronts/zones valid at (DTG)

A

B

C

D

AREA SURFACE VIS AND WX CLOUD 0 C

030-040...
...FAR NE
070 SUB-...
...ZERO...
...030-050 E

20 KM NIL
AREAS 7 KM HZ
ISOL 6 KM SHRA MAINLY NEAR...
...TROUGHS
ISOL (OCNL S) 3000 M BR LAN
ISOL 1000 M SN MON
ISOL (OCNL FAR S TL 11Z) 200M..
...FG/FZFG LAN
ISOL (OCNL S TL 11Z) HILL FG

25 KM
OCNL 7 KM RA W FM 13Z
OCNL        (OCNL      W FM 11Z)
ISOL HILL FG

AREAS (WDSPR NEAR TROUGHS)...
...BKN CU SC              015-030/050-070
ISOL (OCNL LAN S TL 11 Z)...
...SCT/BKN ST...
...004-010/015 (BASE 000 FG/FZFG)

AREAS BKN AC AS              080/XXX...
...MAINLY W
SCT/BKN CU SC              ...
...015-030 / 040-(080 W FM 13Z)
ISOL SCT/BKN ST 010/015 W FM 14Z

020-035 ...
...LCA...
...010-015...
LAN

15 KM NIL
OCNL (WDSPR NE) 7 KM HZ
ISOL (OCNL NE) 3000M BR ...
... MAINLY LAN
ISOL (OCNL  TL 11 Z) 200 M ...C1
... FG/FZFG LAN
ISOL (OCNL ) HILL FGC1

ISOL SCT/BKN SC                   ...
... 030-040 / 050
ISOL (OCNL ) SCT/BKN ST ...C1
... 002-008/010-015  AND LAN ...C1
... (BASE 000 FG/FZFG)

020-040 ...
... LCA 000 ...
CONTINENT

20 KM NIL
OCNL 6 KM SHRA
OCNL 1000 M SN MON
OCNL HILL FG

BKN CU SC                015-030/070-090
ISOL SCT/BKN ST 006-012/015

015/030

All heights in 100s of feet above airfield level
MOD/SEV ICE
MOD/SEV TURB
TS/CB Implies GR
FZ precipitation implies

FEW: 1-2   SCT: 3-4
BKN: 5-7   OVC: 8

Cloud amount (Oktas)XXX means above chart upper limit
Speed of movement in KT
HILL FG implies VIS<200 m

B

A

C
C1

D

SL
O

W

SLOW

SLO
W

20 KT

15 KT
5 KT

15 KT

TROUGH
10 KT

TROUGH

10 KT

 
 
13. The chart will show the time period for which it is valid and the time at which the depicted frontal 
systems are predicted to be. 
 
14. The left hand side will feature a schematic map showing fronts and weather phenomena divided 
into areas delineated by scalloped lines and identified by letters of the alphabet.  The map will use 
standard symbols and terminology.  Arrows and associated numbers will depict the direction and 
speed of movement of a feature.  Where a feature is moving at less than 5 kt, the word SLOW will be 
used. 
 
15. The right hand text boxes contain information regarding the conditions in the lettered areas of the 
chart.  The codes used are as for Terminal Area Forecasts (TAFs) with information appearing in the 
same order, i.e. surface visibility, weather, cloud.  When Cb cloud is indicated, it is implicit that there 
will be associated severe icing, severe turbulence and hail.  The extreme right hand column contains 
details of the forecast freezing levels. 
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Upper Wind and Temperature Charts 
 
16. Upper wind charts are produced for various pressure levels.  The wind arrows indicate the 
direction and strength of the wind and spot temperatures are shown.  Depending upon the organization 
that produces the chart, temperatures may be depicted with a + or – sign or a letter, M or PS, to 
indicate negative or positive values.  In the example at Fig 2, there are no indicators and it is assumed 
that the temperatures are negative unless otherwise stated.  Each wind chart should indicate the 
system in use in its key. 
 

10CD-9 Fig 4 – Example of an Upper Wind Chart 
 

Example of an Upper Wind Chart for FL 300
 

 
10CD-9 Fig 5 – Wind Arrow Decode 

 

Calm

1 to 2 kt

3 to 7 kt

8 to 12 kt

13 to 17 kt

18 to 22 kt

23 to 27 kt

28 to 32 kt

33 to 37 kt

38 to 42 kt

43 to 47 kt

48 to 52 kt

53 to 57 kt

58 to 62 kt

63 to 67 kt

68 to 72 kt

73 to 77 kt

78 to 82 kt

83 to 85 kt

87 to 92 kt

93 to 97 kt

98 to 102 kt

Wind Variable

Wind direction given,
wind speed missing
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Significant Meteorological Information (SIGMET) 
 
17. A SIGMET is an abbreviated plain language message concerning the occurrence or expected 
occurrence of significant weather (generally thunderstorms, severe turbulence and icing) which may 
affect the safety of aircraft.  It is valid for a period of 4 hours.  Convective SIGMETs are concerned with 
the occurrence of thunderstorms and non-convective SIGMETs are concerned with the occurrence of 
severe turbulence and/or icing. 
 
18. Many of the abbreviations used in SIGMETs are also used on low level forecast charts.  A list is 
given in Table 3. 
 

Table 2 – SIGMET Abbreviations 
 

At subsonic cruising levels   
   
Thunderstorm   
 Obscured  OBSC TS 
 Embedded  EMBD TS 
 Frequent  FRQ TS 
 Squall line  SQL TS 
 Obscured with heavy hail  OBSC TS HVYGR 
 Embedded with heavy hail  EMBD TS HVYGR 
 Frequent with heavy hail  FRQ TS HVYGR 
 Squall line with heavy hail  SQL TS HVYGR 
Tropical Cyclone with a 10 minute mean surface wind 
speed of 34 kt or more 

 TC (+ cyclone name) 

Severe Turbulence  SEV TURB 
Severe Icing  SEV ICE 
Severe Icing due to freezing rain  SEV ICE (FZRA) 
Severe Mountain Waves  SEV MTW 
Heavy Duststorm  HVY DS 
Heavy Sandstorm  HVY SS 
Volcanic Ash  VA (+volcano name if known) 
   
At transonic levels and supersonic cruising levels   
   
Moderate Turbulence  MOD TURB 
Severe Turbulence  SEV TURB 
Cumulonimbus   
 Isolated cumulonimbus  ISOL CB 
 Occasional cumulonimbus  OCNL CB 
 Frequent cumulonimbus  FRQ CB 
Hail  GR 
Volcanic ash  VA (+volcano name if known) 
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19. The following is an example of a SIGMET with its decode. 
 

a b c d e 
EGTT SIGMET 03 VALID 071200/071600 EGRR- 
 

f g h i  
EGTT LONDON FIR SEV TURB FCST BLW FL070 
 

j k l 
S OF A LINE N5030 W00600 TO N5400 E00100 STNR WKN= 
 

 
a. The location indicator of the Air Traffic Services Unit (ATSU) serving the Flight Information 

Region (FIR) or Control Area to which the SIGMET refers. (EGTT – London FIR) 
 

b. The message identifier, i.e. SIGMET. 
 

c. The sequence number of the SIGMET; i.e. the third SIGMET for the London FIR since 0001Z 
on the day of issue. 

 
d. The period of validity of the SIGMET in UTC. 

 
e. The location of the Met Office issuing the SIGMET. (EGRR – UK Met Office)  This is followed 

by a hyphen to separate the SIGMET preamble from the next line of text. 
 

f. The FIR or Control Area for which the SIGMET is issued. 
 

g. The weather phenomena associated with the SIGMET using the abbreviations from Table 3.  
 

h. This field tells whether the weather phenomena is forecast, FCST, or observed, OBS. 
 

i. The altitude of the phenomena. 
 

j. The location of the phenomena. 
 

k. Indicates the movement of the phenomena, using one of eight compass points and a speed in 
km/h or kt.  Where STNR is used, the movement is stationary.  

 
l. This last group indicates whether the phenomena is weakening (WKN), intensifying (INTSF) or 

is not changing (NC).  The group ends with an equals sign to denote the end of the message. 
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Introduction 
 

1. It is important that all aircrew are aware of the hazards of aircraft icing.  The possibility of ice 
accretion on the airframe of an aircraft should always be considered: 
 
a. Whenever ground temperatures are at or below 0 °C. 
 
b. Whenever flights take place through cloud or rain at temperatures below 0 °C.  The most 

severe icing is usually present in the temperature range 0 °C to about -10 °C. 
 
c. At heights where the temperature is between 0 °C and -20 °C, the rate of icing may be 

severe over a substantial depth of cloud for a wide range of cloud-base temperatures. 
 
d. At heights where temperatures are between about -20 °C and -40 °C, the chance of 

moderate or severe icing reduces, except in newly developed convective cloud, but light icing 
is possible. 

 
e. At temperature below -40 °C the chance of icing is small. 

 
Table 1 (at the end of this chapter) summarizes the various types of aircraft icing.  Engine icing may 
occur even in clear air at temperatures above 0 °C. 
 
2. Frost, ice or snow on aircraft will adversely affect performance and even small amounts can have 
disastrous consequences.  Accidents and incidents have been caused by: 

 
a. Ice build-up on engine inlet pressure probes causing erroneous indications of engine power. 
 
b. A thin layer of ice on control surfaces inducing flutter with subsequent structural damage. 
 
c. Severe tailplane icing leading to loss of control when the flaps were selected down. 
 
d. Very small deposits on wing leading edges dangerously eroding performance. 
 
e.  Attempting to take-off with wet snow on the wings and tailplane which had accumulated after    

earlier de-icing with diluted fluid. 
 

The problems of aircraft icing are not limited to in-flight conditions as many icing problems occur on the 
ground.  Two physical processes may cause a deposit of ice on objects exposed to the atmosphere.  
Ice may form directly from water vapour by sublimation, or by the freezing of liquid water drops.  At 
ground level, these processes produce two familiar forms of ice deposit known as Hoar Frost and 
Rime.  Glazed ice may also form when raindrops freeze on striking sub-zero surfaces. 

 
Pre-flight Preparation 

 
3. Pre-flight, the whole aircraft should be free from deposits of frost, ice and snow.  If a de-icing fluid 
has been used to remove any frost or ice, it should be remembered that the efficiency of the fluid under 
varying atmospheric conditions is dependent upon the correct mixture strength.  For example, using 
fluid diluted with water will effectively remove ice; however, its ability to prevent further formation will be 
significantly reduced.  The Flight Information Handbook contains advice on aircraft de-icing and anti-
icing fluids.  Under certain circumstances the fact that the aircraft surfaces have been wetted may 
actually enhance the accumulation of wet snow, particularly if there is any significant delay between de-
icing and take-off.  The temptation to become airborne because of any time control should be resisted 
if there is any doubt about the icing condition of the aircraft. 
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4. Particular attention should be paid to leading edges, control surfaces, flaps, slats and their 
associated mechanisms, hinges and gaps.  All orifices and guards (e.g. generator cooling inlets, fuel 
vents, APU inlet, pressurization inlet and outlet valves, static plates) and exposed operating 
mechanisms, such as nosewheel steering and oleos, should be cleared of snow or slush, and de-iced 
when so recommended.  Snow and ice should be cleared from boots before entering an aircraft. 
 
Start-up, Taxiing and Take-off Precautions 

 
5. Start Up. On some types of engine, the icing of probes can cause over-reading of power gauges.  
To prevent this, and also to prevent damage to, or flame-out of the engine, engine anti-icing should be 
switched on, in accordance with any recommendations within the aircrew manual.  If the OAT is less 
than 10 ºC, and there is either precipitation, standing water, or the RVR is less than 1,000 metres then 
a possibility of engine icing must be considered.  Use of carburettor heat and propeller de-icing may be 
recommended. 

 
6. Taxiing.  During taxiing in icing conditions, the use of reverse thrust on podded engines should be 
avoided, as this can result in ice contamination on the wing leading edges, slats and flaps.  For the same 
reason, a reasonable distance should be maintained from aircraft taxiing ahead.  In no circumstances 
should an attempt be made to de-ice an aircraft by placing it in the wake of the engine exhaust of another 
aircraft.  It should always be remembered that stopping distances on snow and ice are increased.  
Painted areas are particularly slippery, especially when covered with de-icing fluid or snow. 

 
7. Take-off.  Just before take-off a final check should be made to ensure that the wings are not 
contaminated by ice and snow, and that fuel, propeller, airframe and engine icing controls are 
appropriately set as recommended in the Aircrew Manual.  Take-off power should be monitored 
closely, if possible by cross-reference to all the engine instruments.  Take-off direction should be 
selected by using the driest part of the runway and pilots should be aware of their abort speed.  Water 
and snow will seriously affect stopping distances and if heavy rain has saturated the runway pilots 
should be aware of the aircraft’s aquaplaning speed and the associated hazards. 
 
In-flight Precautions 

 
8. The build-up of ice in flight, particularly in cloud and freezing rain, may be very rapid and aircrew 
should avoid icing conditions for which their aircraft has not been cleared.  The various parts of the 
airframe are affected in different ways by ice formation, both with regard to the types of ice likely to 
form and to the effect of ice accretion on their performance. 

 
9. Aerodynamic Effects.  When ice formation occurs on the leading edges of the aircraft wings and 
tailplane, the pattern of the airflow becomes modified round the affected part.  This leads to an 
increase in drag, a decrease in lift, an increase in stalling speed (by as much as 30% in some cases), 
and perhaps to buffeting.  Ice accretion on the leading edges of the fin and rudder and other moveable 
parts may interfere with the airflow to such an extent that control is seriously affected.  To appreciate 
how this accretion forms, consider an object moving through air which contains many water droplets.  
As it moves, it catches only a fraction of the water which is present in its path; this fraction varies with the 
shape of the object and is found to be greater for a thin wing than for a thick wing, other things being 
equal.  It does not follow that a greater total weight of ice is collected by the thin wing, since the path 
swept out has a smaller cross-section.  On the other hand, a small deposit on a thin wing may cause 
greater aerodynamic disturbance than a similar deposit on a thick wing.  This dependence on shape 
explains why thin objects such as aerials, struts, the leading edges of propellers etc., are more likely to ice 
up than the more bluff parts of the airframe such as the blunt nose of the fuselage.  The extremities of 
propeller blades have a much higher speed than other parts of aircraft and for this reason one might 
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expect this component to be susceptible to icing, but there is some protection through kinetic heating.  
The aerodynamic effects of ice accretion are of course not confined to disturbances at the leading edges; 
ice forming on other parts of the wing or fuselage may lead to a considerable increase of drag.  Ice 
formation under the wing may be particularly dangerous in that it is normally out of sight and its existence 
may be inferred only from a change in the performance of the aircraft. 

 
10. Weight and Vibration.  The effect of an accumulated weight of ice will obviously reduce aircraft 
performance.  An unequal distribution of ice may have serious effects, particularly when it occurs on a 
propeller, for with this component the lack of balance when parts of the ice break away may lead to serious 
vibration.  This type of hazard may also occur in connection with aerial masts, exposed balance weights and 
control surface links, and may in extreme circumstances lead to fracture.  An uneven increase of weight 
through ice accumulation might also alter the centre of gravity. 

 
11. Effect on Instruments.  Any small extension or orifice is liable to gather ice and, if these include 
the pitot tube or static vents, it could seriously affect the indications of flight or engine instruments. 

 
12. Effect on Control Surfaces.  Normally there is a gap between the forward edge of a control 
surface and the fixed surface ahead of it.  In some positions of the controls, sufficient ice may form in 
the gap to jam the control.  The risk is greater on small aircraft than on larger ones, since on the former 
the gap is smaller and the movable part thinner, leading to a greater rate of accumulation.  However, it 
is dependent chiefly on the design of an aircraft rather than on its size. 

 
13. Miscellaneous Effects.  A well-known effect is the formation of an ice coating on windscreens 
and canopies so that vision is restricted.  This is often due to hoar frost formation in clear air when 
there is a rapid change of temperature. 

 
14. Communication.  Ice and frost covering aerials can reduce their effectiveness, and vibration and 
an increase in weight could damage them. 

 
15. Undercarriage.  Undercarriage lowering/retraction may be hindered by ice accumulation. 

 
16. Engines.  Engine air intakes may be blocked or restricted by ice, hindering fuel vapour and air 
flow. 
 
17. Descending. If an aircraft has been operating for a long period at high altitude in cold conditions, 
a rapid descent into warmer air temperatures, and the higher humidity at lower levels, will cause 
frosting or misting up of the cockpit windows, and even the faces of instruments.  Full use should be 
made of the defrosting and demisting devices fitted.  It may also be necessary to allow time for the 
aircraft to warm up at lower altitude to disperse this misting before attempting to land.  In addition, clear 
ice may occur on the airframe when a rapid descent is made as the aircraft temperature lags behind 
the ambient air temperature.  If rain is encountered whilst the temperature of the aircraft is below 0 °C, 
the relatively large water drops form clear ice over a large part of the aircraft, with considerable 
spreading over the wings.  When the runway is covered with snow and ice or is slippery, a positive 
landing should be made, without drift, on the centre-line.  The aircraft should not be turned off the 
runway until the speed of the aircraft is suitably low.  The friction of a wet runway will be greatly 
reduced from its dry value depending on the degree of wetness and the type of surface.  When the 
runway is wet, braking distances can be significantly increased.  Aquaplaning may occur when there is 
a layer of water on the landing surface and the tyre is no longer in contact with the surface.  Advice on 
Equivalent Braking Action is given in the Flight Information Handbook. 
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Airframe Icing Factors 
 

18. Freezing of Supercooled Water Droplets.  The most important factor for the build-up of ice on 
aircraft is the freezing of supercooled drops - either cloud particles or raindrops - following impact with 
a cold aircraft.  A certain amount of heat is required to melt a given mass of ice without a change in 
temperature and the same amount of heat is liberated when freezing takes place.  This is known as the 
latent heat of fusion and its value is approximately 80 calories per gram of water or ice.  Only 1/80th of 
a drop can freeze for every degree Celsius by which the temperature is below 0 ºC.  Once the 
temperature of the partly frozen drop is raised, it begins to lose heat by evaporation and conduction to 
the object in contact with it, so that the remainder of the drop freezes more gradually while assuming 
the temperature of its surroundings.  The higher the temperature of the supercooled drop, the smaller 
the fraction which will freeze instantly, and the greater the amount of liquid which will freeze 
progressively. 

 
19. Temperature of the Free Air.  Spontaneous freezing of supercooled drops in the free 
atmosphere is determined partly by the temperature and size of the drop and partly by other factors.  
As the temperature falls, the larger drops are likely to freeze first, while at lower temperatures only the 
smallest drops will remain liquid until a temperature of minus 40 ºC.  The higher the temperature of a 
supercooled drop, the greater the fraction of the drop which remains liquid.  The liquid portion then 
starts to flow over the aircraft thus favouring the formation of clear ice.  At lower temperatures, there is 
a tendency towards the formation of rime ice concentrated near the leading edges. 

 
20. Size of Supercooled Drops.  The smallest supercooled drops tend to freeze immediately on 
striking a cold aircraft; the latent heat of fusion is quickly removed by the airflow and there is little or no 
spreading of the drop before freezing is complete.  At the same time, air is enclosed between the 
particles, so that accretion takes the form of rime concentrated near the leading edge.  On the other 
hand, large drops are accompanied by spreading of water over the airframe while the latent heat is 
being dissipated, so that freezing takes place more slowly and tends to be in the form of clear ice.  
Drops of moderate size can produce results intermediate between these two. 

 
21. Severity of Ice Accretion.  The severity of icing is defined as the rate of accumulation of ice by 
weight per unit area per unit time.  Among the meteorological factors determining this rate are the 
amount of liquid water present and the size of the droplets. These characteristics are not the same 
throughout a particular cloud, even at one level.  A cloud containing both liquid water and ice crystals 
may have large patches where one or the other predominate and icing will tend to be severe when the 
temperature is not far below 0 °C.  An analysis of reports on ice accretion shows a preponderance of 
occasions at temperatures above about minus 10 °C and indicates that the frequency diminishes 
rapidly when the temperature falls below minus 20 °C, although occasional icing has been reported at 
temperatures below minus 40 °C.  The severity of ice accretion is also dependent on: 

 
a. Aircraft speed. An aircraft will pick up more icing when travelling faster (see Fig 1). 
 

10CD-Fig 1 - The Effect of Speed on Airframe Icing 
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b. Wing shape. A thin, fast-jet type wing will pick up icing quicker than a thick, high-lift wing shape 
(see Fig 2). 
 

10CD-Fig 2 - The Effect of Wing Shape on Aircraft Icing 
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c. Supercooled Rain.  Supercooled rain occurs beneath warm fronts and occlusions and 
occasionally beneath cold fronts (see Fig 3).  When present, there is necessarily a warmer layer 
above, in which the temperature exceeds 0 °C.  When flying beneath this type of meteorological 
condition the best procedure is to climb into the warmer layer of air.  The belt of frontal cloud and 
rain should if possible be crossed at right angles so as to give the shortest traverse through the 
icing region.  A particularly dangerous procedure is to fly parallel to the front in the freezing rain, 
since a heavy accumulation of clear ice could form rapidly. 
 

10CD-Fig 3 - A Cross-section of a Warm Front where Supercooled Rain may Occur 
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Clear Ice 
  
22.  Clear ice is the most hazardous form of airframe icing.  It is most likely to be encountered in 
freezing rain where the raindrops spread and freeze on contact with a cold airframe.  Liquid water 
drops, known as supercooled drops, can exist in the atmosphere below 0 °C.  One situation where 
supercooled drops can form is when rain falls from air whose temperature is above 0 °C into a below 
freezing layer of air beneath.  Supercooled drops are unstable and will freeze on contact with a below 0 
°C surface, such as an airframe.  When the supercooled drop hits the airframe, it freezes relatively 
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slowly due to the latent heat released in the freezing process.  This allows part of the drop to spread 
backwards before it too freezes.  The spread back is greatest when the temperature is just at 0 °C.  
Clear ice forms a sheet of solid, clear, glazed ice with very little air trapped in it which can dramatically 
alter the aerodynamic properties of an aerofoil.  There may also be a significant increased weight 
penalty associated with clear ice.  Click here for an image of clear ice. 
 

10CD-Fig 4 - The Formation of Clear Ice 
 

 
 
Rime Ice 
 
23.  Rime ice occurs when small, supercooled liquid water droplets freeze on contact with a surface 
that is below freezing.  Due to the small size of the water drops, there is little latent heat released to 
slow the freezing of the water and the airflow also removes some of the latent heat.  The small size of 
the drops also means that there is little water remaining after the initial freezing to coalesce into a 
sheet of ice, as in the case of clear ice.  The result is a mixture of tiny ice particles and trapped air, 
giving a rough, opaque deposit that is crystalline and fairly brittle.  Rime ice usually forms on leading 
edges and can affect engine intake airflow.  Usually there is little weight penalty and the ice is slow to 
accumulate.  Although rime ice can form in the temperature range 0 °C to -40 °C, it is most commonly 
found in the range -10 °C to -40 °C.  Click here for an rime of clear ice. 
 

10CD-Fig 5 - The Formation of Rime Ice 
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Mixed Ice 
 
24.  Rain within or falling from clouds can consist of many different sized drops which may result in the 
formation of a mixture of clear and rime ice, know as Mixed Ice.  Most icing encounters are likely to be 
mixed ice, especially when flying in cloud.  Only rarely will just pure rime ice or clear ice form.   
Click here for an mixed of clear ice. 
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Hoar Frost 
 
25.  When moist humid air comes into contact with a surface below 0 °C frost forms on the surface.  
The water vapour changes directly into ice and deposits as frost without going through the liquid water 
stage.  Favourable conditions for frost to form are a clear night (making it cool), a calm wind and high 
humidity.  While frost does not alter the basic aerodynamic shape of a wing it can disrupt the smooth 
airflow over it, causing early separation.  As such, frost should be removed from an aircraft before 
flight.  Frost can also form in flight when a cold airframe descends from height into warm moist air.  It 
can also form when climbing through an inversion where warm air overlays cold air. 
Click here for an image of hoar frost. 
 
Airframe Icing and Cloud Type 
 

10CD-Fig 6 - Airframe Icing and Associated Cloud Type 
 

Cloud Type Composition 

Cumulus 

Predominantly liquid water droplets down to about -23 ºC. 
Below -23 ºC either liquid drops or ice crystals may predominate. 
The temperature profile of the cloud will determine the severity and type of icing 
present in it. (Fig 19). 
Convective clouds possess considerable vertical motion therefore the risk of 
icing may be present though out a wide altitude band. 

 
10CD-Fig 7 - Potential Icing Temperature Bands in Cumulus Clouds 
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Stratiform 
Predominately liquid water drops down to about -15 ºC with a risk of icing.  
Stratiform clouds associated with an active front or orographic uplift present a 
greater risk of icing at lower temperatures than normal. 

Precipitation 
Rain and drizzle will freeze on an airframe below -0 ºC, with the risk of clear ice 
increasing with the size of the drops.  This may occur when flying in cool air 
under the warmer air of a warm front from which rain is falling. 

Orographic Lifting 
The uplift of air enables it to support more moisture.  This increases the risk of 
icing, particularly clear ice, and lowers the freezing layer. 

Cloud Base 
Temperature 

Warm air can hold more moisture than cold air.  Icing potential in a convective 
cloud, at a given level, is likely to be greater in tropical latitudes than temperate 
ones, and greater in summer than winter. 

High-level Clouds 
High clouds with bases above 20,000 ft are usually composed of ice crystals and 
so the risk of airframe icing is minimal. 
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Piston Engine Icing 
 
26. Piston engine induction system icing is commonly referred to as carburettor icing but this is only 
one form of engine icing.  Such icing can occur at any time, even on warm humid days.  It can be so 
severe that unless the correct action is taken the engine may stop, especially at low power settings 
during descent, approach or during helicopter autorotation. 
 
27. Considerable cooling of the air in the carburettor of piston engines can occur when the OAT is 
above 0 ºC.  This cooling is the result of two factors: 
 

a. The latent heat of evaporation of the petrol. 
 

b. The pressure drop passing the throttle butterfly valve. 
 
The combined effect can reduce the temperature of air by as much as 25 ºC.  To counter carburettor 
icing, an alternative hot air supply needs to be selected to maintain the internal temperature above 
0 ºC.  The direct injection type of carburettor is rarely subject to internal icing, however, the air intakes 
and filters can be seriously affected by external icing. 
 
28. The aircraft document set such as aircraft manuals and the release to service are the primary 
source of information for individual aircraft and the advice given in them should be followed. 
 
Types of Icing 
 
29. There are three main types of induction system icing: 
 

a. Carburettor Icing. The most common form of icing, the earliest to show and the most 
serious, is carburettor icing.  It is caused by a combination of a sudden temperature drop due to 
fuel vaporisation and pressure reduction as the mixture passes through the carburettor venturi 
and past the throttle valve.  If the temperature drop brings the air below its dew point condensation 
forms and if the mixture temperature reduces to below freezing, the condensed water will form ice 
on the surfaces of the carburettor.  The ice gradually blocks the venturi, which upsets the fuel/air 
ratio causing a progressively smooth and slow loss of power. Conventional float type carburettors 
are more prone to icing than pressure jet types. 

 
b. Fuel Icing. Less common than carburettor icing is fuel icing which is the result of water, 
held in suspension in the fuel, precipitating and freezing in the induction piping, especially in the 
elbows formed by bends. 

 
c. Impact Ice. Impact ice builds up on air intakes, filters, alternate air valves etc.  It forms on 
the aircraft in snow, sleet, sub-zero cloud and rain if either the rain or the aircraft is below 0 °C.  
This type of icing can affect fuel injection systems as well as carburettors.  In general, impact ice 
is the main hazard for turbocharged engines. 

 
Engine Factors 
 
30. Use of MOGAS (MOtor GASolene). MOGAS has a greater and seasonally variable volatility and 
higher water content than aviation fuels and as a result carburettor icing is more likely when MOGAS is 
used.  MOGAS  may be used in some aircraft that have been specifically cleared to use it.  The CAA 
Safety Sense Leaflet 4 – ‘Use of MOGAS’ gives advice and guidance on the use of MOGAS. 
(see http://www.caa.co.uk/docs/33/20120117SSL04.pdf (www)). 
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31. Reduced Power Settings.   Engines at reduced power settings are more prone to icing because 
engine induction temperatures are lower.  Also, the partially closed butterfly can more easily be 
restricted by the ice build-up.  This is a particular problem if the engine is de-rated as in many piston-
engined helicopters and some aeroplanes.   
 
32. Carburettor Surfaces. A rough carburettor venturi surface is likely to increase carburettor icing 
severity. 
 
33. The Effect of Engine Cooling. Water-cooled engine bodies tend to cool less quickly when 
power is reduced, reducing the carburettor icing severity.  Coolant directed around the carburettor body 
may maintain the venturi temperature above freezing. 
 
Atmospheric Conditions  
 
34. Carburettor icing is not restricted to cold weather and will occur on warm days if the humidity is 
high, especially at low power settings. 
 
35. Serious icing can occur at descent power with the ambient  temperature above 25 °C, even with 
relative humidity as low as 30%.  It can also occur at cruise power with an ambient temperature of 
20 °C and relative humidity at 60% or more.  Cold, clear winter days are less of a hazard than humid 
summer days because cold air holds less moisture than warm air. 
 
36. Carburettor icing can occur in clear air with the absence of any visual warning. 
 
37. Pilots should be alert to the possibility of carburettor icing when: 
 

a. In cloud and fog where the relative humidity should be assumed to be 100%. 
 

b. In clear air where cloud or fog may have just dispersed, or just below the top of a haze 
layer. 

 
c. Just below a cloud base or between cloud layers. 

 
d. In precipitation, especially if persistent. 

 
e. The surface and low level visibility is poor, especially in early morning and late evening, 

and particularly near a large body of water. 
 

f.  The ground is wet (even with dew) and the wind is light. 
 
Recognition of Engine Icing 
 
38. Fixed Pitch Propeller. With a fixed pitch propeller, a slight drop in rpm and performance 
(airspeed and/or altitude) are the most likely indications of the onset of carburettor icing.  The loss of 
rpm can be smooth and gradual and the usual reaction is to open the throttle slightly to compensate.  
However, whilst restoring power, this hides the loss.  As icing builds up, rough running, vibration, 
further loss of performance and ultimately engine stoppage may follow. 
 

For a fixed pitch propeller, the primary instrument for detecting engine icing is the rpm 
gauge in conjunction with ASI and altimeter. 
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39. Constant Speed Propeller. With a constant speed propeller, and in a piston-engine helicopter, 
the loss of power would have to be large before a reduction in rpm occurs.  The onset of icing is more 
insidious but there will be a drop in manifold pressure and a performance reduction. 
 

For a constant speed propeller, the primary instrument for detecting engine icing is the 
manifold pressure gauge. 

 
40. In steady level flight, an exhaust gas temperature gauge, if fitted, may show a decrease in 
temperature before any significant decrease in engine and aircraft performance. 
 
Piston Engine Icing Summary. 
 
41. The main considerations with regard to piston engine icing can be summarised as:: 
 

a. Engine icing forms stealthily but can be anticipated. 
 

b. Icing may occur in warm humid conditions at any time of the year in the UK. 
 

c. The use of MOGAS makes carburettor icing more likely. 
 

d. Low power settings, such as in a descent or in the circuit, are more likely to produce 
carburettor icing. 

 
e. Warming up the engine before take-off improves the effectiveness of any carburettor 

body heat. 
 

f.  Use full carburettor hot air often when flying in conditions where carburettor icing is 
likely. 

 
g. The RPM gauge is the primary indication of carburettor icing for a fixed pitch propeller.  

 
h. Manifold pressure is the primary indication of carburettor icing for a variable pitch 

propeller. 
 

i.  Treat the carburettor hot air as an ON/OFF control; either full hot or full cold. 
 

j.  It takes time for the heat to work and the engine may run roughly while ice is clearing. 
 

k. Timely use of appropriate procedures can prevent carburettor icing. 
 
42. In the event of carburettor heat system failure in flight: 
 

a. Avoid likely carburettor icing conditions. 
 

b. Maintain high throttle settings; full throttle if possible. 
 

c. Weaken the mixture slightly. 
 

d. Land as soon as is reasonably possible. 
 
Turboprop and Jet Engine Icing 
 
43. Turboprop and Jet Engines.  The intakes of turboprop and jet engines are subject to icing in the 
same way as the airframe when flight is taking place in supercooled water droplets.  The susceptible 
parts are the rim of the intake where the radius of curvature may be small, any struts across the intake, 
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and the vanes in the early stages of the compressor.  Thereafter, air temperatures are usually too high 
for icing to be a problem, although ice breaking away from the inlet may cause damage to the engine.  
Generally speaking, engine icing will be directly proportional to the rate of airflow through the engine 
and thus to the engine rpm - it is frequently found that the rate of icing may be reduced by decreasing 
the rpm.  When a jet engine is operating at high rpm during flight at low speeds, as when taking off and 
landing, or whilst stationary, as in running up, the pressure within the intake is much less than the 
pressure outside.  The consequent adiabatic expansion in the intake causes a drop in temperature as 
much as 5 ºC.  If the clear indrawn air is moist and the temperature is near 0 ºC, prolonged operation 
may result in condensation and ice formation when this would not occur on the airframe.  This effect 
may accentuate the icing which would normally be expected when the flight is in icing cloud, or when 
the aircraft is taking off or landing in freezing fog.  Usually jet engines ice up in flight only under 
conditions which might be expected to produce airframe icing.  The intensities of icing on the airframe 
and in the engine may be different since the airframe icing rate depends on the airspeed, whilst engine 
icing depends on the rpm.  At high speeds, the engine tends to be supplied with more air than it needs 
and there is a ram effect, whereas at lower speeds, below about 250 kt, air is sucked in.  Because of 
the ram effect at higher speeds some of the air is deflected round the intake, but the inertia of the 
water droplets results in a higher water concentration within the intake, and the icing rate increases 
markedly with increases of airspeed above 250 kt.  At speeds where the air is sucked in (below 250 kt) 
the water concentration of the air entering the intake remains virtually the same as free air so that 
engine icing rates tend to be constant with decreasing speed, whereas the airframe is likely to show a 
marked decrease of icing rate with decreasing speed. 
 
Summary 
 
44. Aircraft encounter a greater variety of icing conditions in flight than on the ground, resulting in a 
wider variety of ice deposits.  Snow, ice and frost, in all their forms, produce a flight safety risk.  Being 
aware of the physical process and conditions which produce airframe and engine icing will help to 
avoid the dangers associated with this phenomenon. 
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Table 1 Types of Icing and their Properties 
Reference: The Handbook of Aviation Meteorology – HMSO - 1994 

 
Type Occurs Appearance Effect Action 

Hoar-
frost 

Occurs in clear air on a surface whose 
temperature is reduced below the frost-
point (1) of the air in contact with it. 
Occurs on clear nights when there is a 
fall in temperature to a value below 0 °C. 
 
May occur in flight when moving rapidly 
from air well below 0 °C to warmer and 
more humid air.  Should soon disappear 
as the aircraft warms up.  May affect 
radio reception, and may cause frost on 
the windscreen and instruments. 

White crystalline 
coating, normally 
of a feathery 
nature. 

Weight of the deposit is 
unlikely to be serious.  It can 
interfere with the airflow over 
the wing and thus the 
attainment of flying speed 
during take-off. 
 
Can also affect vision 
through the windscreen, the 
free working of control 
surfaces and radio reception. 

Should be 
removed before 
take-off. 

Rime Ice 

Occurs when small supercooled water 
drops freeze on contact with a surface at 
a temperature below 0 °C.  At ground 
level it forms in freezing fog. 
 
In flight it may form in clouds of low 
water content composed of small 
droplets, comparable with those of 
freezing fog. 
Most liable to occur at low temperatures 
where small, unfrozen cloud droplets 
freeze almost instantaneously. 

Tiny ice particles 
between which air 
is entrapped to 
give a rough 
crystalline 
deposit. 
 
Forms and 
accumulates on 
leading edges 
with no spreading 
back. 
 
Trapped air gives 
a white opaque 
appearance. 

Usually breaks away quite 
easily. 
 
Usually little weight. 
 
Alters the aerodynamic 
characteristics of the wings 
and may block air intakes. 

If present, it 
should be 
removed before 
take-off. 

Clear Ice 
(Glaze 
Ice) 

Occurs in dense cloud of convective or 
orographic type. 
Forms when large water drops, not far 
below 0 °C, are encountered in flight. 
Results from water flowing over a cold 
airframe before freezing. 
Drop unite while liquid and little air is 
trapped. 
May also occur when an airframe, below 
0 °C, descends rapidly through large 
raindrops. 
May also occur where there is an 
inversion where rain falls from a level 
above 0 °C to a layer where it is below 0 
°C.  Typically associated with warm 
fronts where the icing layer occupies a 
narrow range of altitude below the frontal 
surface (see Fig 3). 

Transparent or 
Translucent 
coating with a 
glassy surface. 
 
Ice surface is 
smooth but may 
have bumps and 
undulations. 

Tough and sticks closely to 
the surface of the aircraft 
and cannot be broken away 
easily. 
If it breaks away, it sheds in 
large pieces which may be 
dangerous. 
 
Will affect the aerodynamics 
and increase weight. May 
cause unequal loading of the 
wings, struts and 
propeller/rotor blades. 

Avoid if 
possible. 
Use aircraft 
anti-icing/de-
icing systems. 
Try to avoid the 
danger area 
associated with 
warm fronts 
(Fig 3). 
Cross the front 
at right angles if 
possible. 

Cloudy 
(Mixed 
Ice) 

Rime and Clear ice are the extreme 
forms of ice accretion experienced by 
aircraft in flight through cloud and rain. 
As a large range of drop sizes may be 
encountered at any temperature between 
0 °C and -40 °C, a wide range of icing 
exists between the two extremes.  These 
varieties are usually described as Cloudy 
or Mixed ice. 

The smaller the 
drops and the 
lower the 
temperature, the 
rougher and more 
cloudy will be the 
build up on the 
leading edges. 
 
A smoother and 
more glassy ice 
formation, 
spreading back 
over the airframe 
will occur with 
large drops and a 
temperature 
closer to 0° C. 

Effects as above depending 
on droplet size and 
temperature. 
 
Where ice crystals are 
present in a cloud, these 
may stick to a wet airframe 
and freeze, along with the 
cloud drops, to give a 
formation of rough cloudy 
ice. 
 
If snowflakes are present 
they are trapped in the ice as 
it forms, producing an 
opaque deposit with the 
appearance of tightly packed 
snow. 

Avoid if 
possible. 
Use aircraft 
anti-icing/de-
icing systems. 

 
(1) Frost-point is the temperature to which moist air must be cooled in order to just reach the condition of saturation with 

respect to a plane ice surface.  Further cooling induces deposition of ice in the form of hoar-frost on solid surfaces, 
including other ice surfaces. 
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10CD-Fig 8 - Icing Images 
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CHAPTER 1 - INTRODUCTION TO RADAR 
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Introduction 
 

1. The word radar (from the acronym Radio Detection and Ranging) was originally used to describe the 

process of locating targets by means of reflected radio waves (primary radar) or automatically 

retransmitted radio waves (secondary radar).  The word has now been fully integrated into the English 

language and, despite being derived from an acronym, is no longer written in capital letters.  Today the 

meaning of radar has been extended to include a much wider variety of techniques in which 

electromagnetic waves are employed for the purpose of obtaining information relating to distant objects.  It 

includes not only active systems, in which the energy originates from the system itself, but also semi-active 

systems, in which the energy originates from some other source; and passive systems which receive 

energy originating at the target. 

 

An Elementary System 
 

2. An elementary form of radar consists of a transmitting aerial emitting electromagnetic radiation 

generated by a high frequency oscillator, a receiving aerial, and an energy detecting device or receiver.  A 

portion of the transmitted signal is intercepted by a reflecting object (target) and is re-radiated in all 

directions.  The receiving aerial collects the returned energy and delivers it to a receiver, where it is 

processed to detect the presence of the target and to extract its location and relative velocity. 

 

3. The distance to a target is determined by measuring the time taken for the signal to travel to the 

target and back.  The direction, or angular position, of the target may be determined from the direction of 

arrival of the reflected wavefront.  The usual method of measuring the direction of arrival is with narrow 

aerial beams.  If relative motion exists between target and radar, the shift in the carrier frequency of the 

reflected wave (doppler effect) is a measure of the target’s relative (radial) velocity and may be used to 

distinguish moving targets from stationary objects.  In radars which continuously track the movement of a 

target, a continuous indication of the rate of change of the target position is also available. 
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4. To summarize, the information that can be communicated by radar consists mainly of: 
 

a. Range - by echo timing. 
 

b. Relative radial velocity - by measuring Doppler shift. 
 

c. Angular position - by observing the direction of echo arrival. 
 

d. Target identity - by using secondary radar. 
 

Classification of Radar Systems 
 

5. The profusion of radar systems in use today necessitates a logical means of classification.  One 

method, which appears to have achieved general acceptance, is to classify a radar system according 

to four main characteristics, namely: 
 

a. Installation environment (ground, airborne, etc). 
 

b. Functional characteristics (search, track, etc). 
 

c. Transmission characteristics (pulse, CW, etc). 
 

d. Operating frequency band. 
 

6. By this method, an early warning radar might be classified as a ground search, pulse radar operating 

in D-band, and an airborne interception radar as an airborne, search and track, pulse-Doppler radar 

operating in I-band.  Such statements provide a useful qualitative description of a radar system. 

 

7. Installation Environment.  The main types of radar installation are ground systems (static, 

ground-transportable and air-transportable), airborne systems (aircraft, missile and satellite), and ship-

borne systems. 

 

8. Functional Characteristics.  Radar systems may perform either a single function or, as is common 

in airborne applications, one of a number of functions.  Multi-mode radars can offer operational flexibility 

but some compromise is usually entailed.  Some important radar functions include the following: 
 

a. Search and Detection.  The interrogation of a given volume of space for the presence or 
absence of targets is one of the most important functions of radar.  This is normally achieved by a 
primary search radar which scans the volume to be searched by moving a concentrated beam of 
energy in a repeated pattern.  The beam may either be fan-shaped and scan in a single 
dimension, or it may be pencil-shaped and scan in two-dimensions.  The time required to 
complete each scan cycle is dependent on the ratio of the solid angle searched to that of the 
radar beam, and to minimize this time it is sometimes necessary to sacrifice either coverage or 
the angular precision of the beam. 

 

b. Identification.  If the volume interrogated is likely to contain both friendly and hostile targets, 
an important function of radar is the identification of friend or foe (IFF).  This is normally achieved 
by secondary radar, in which transponding equipment carried in the friendly aircraft transmits 
replies in response to coded transmissions received from the interrogating radar.  The 
interrogation may be performed either by the search radar or by a separate system.  Other 
criteria may sometimes be used to establish the identity of a target, eg by comparing the 
parameters of a computed ballistic trajectory with predetermined values. 

 

c. Tracking.  Numerous tactical situations require continuous target information for display 

purposes, e.g. airborne interception, or for calculation of relative target motion or future position.  

Tracking radars which perform these functions must be capable of producing continuous outputs 

of the range and angular co-ordinates of the selected target and, in some cases, the rates of 

change of these parameters. 
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d. Target Illumination.  Target illumination is the function performed by the active element in 

semi-active radar.  The illuminating radar must be capable of tracking the selected target whilst 

the passive receiver carried in the homing missile intercepts the radiated energy after reflection 

from the target.  The information communicated to the missile consists of target direction only, but 

if the missile is roughly on the line between the illuminating radar and target, and can receive the 

energy directly as well as by reflection, its range to the target is approximately proportional to the 

difference in the times of arrival of the direct and reflected signals. 

 

e. Mapping.  Mapping by airborne radar has numerous military applications of which 

navigation, bombing and reconnaissance are perhaps the most noteworthy.  Other functions 

employing specialized mapping techniques are submarine detection, cloud warning and terrain 

avoidance.  Mapping radars may employ either circular or sector scan.  Alternatively, the aerial 

beams may be fixed in direction and scanned by the motion of the aircraft.  Mapping is normally 

performed by active pulse radar but passive systems which intercept naturally radiated infra-red 

energy are also possible. 

 

f. Navigation.  Numerous navigational functions may be performed by radar: 
 

(1) Mapping radars can provide fixing facilities and both cloud and terrain warning. 
 

(2) Height can be measured by a radar altimeter. 
 

(3) Secondary radar techniques are used in various forms of navigational beacon, e.g. 

DME and TACAN. 
 

(4) Ground speed and drift can be measured by means of Doppler radar. 

 

g. Other Radar Functions.  This is by no means an exhaustive list of radar functions.  Among 

the less familiar secondary functions which may sometimes be incorporated in a radar system are: 
 

(1) Passive operation for the detection and location of enemy radiation. 
 

(2) Radiation of jamming signals. 
 

(3) Use of the radar transmission as a carrier for communicating intelligence. 

 

9. Transmission Characteristics.  The most fundamental basis for classifying a radar system is 

provided by its transmission characteristics because on this depends the nature of the target information 

which the system is inherently capable of conveying.  The ability to convey target information is provided 

by modulating the transmission in various ways, and by observing in the receiver the manner in which the 

echo signal has been affected by the target.  Directional information is achieved by the radar aerial which 

modulates the transmission into a narrow beam (space modulation).  Range information necessitates the 

provision of timing marks in the transmitted carrier in order to facilitate the measurement of the propagation 

time to and from the target.  This may be achieved by modulating amplitude (pulse radar) or frequency 

(FMCW radar).  The measurement of relative velocity between target and radar is achieved by observing 

the change of frequency in the echo signal brought about by the Doppler effect.  For this to be possible, 

both the frequency and phase of the transmission must be present in a reference signal at the time the 

echoes are received.  This condition is inherent in a continuous wave (CW) radar and in coherent, pulse 

and Doppler radar; but in the majority of pulse radars the Doppler shift, although present, cannot be 

measured.  The fundamental division in radar types lies between pulse systems (which resolve targets in 

range) and continuous wave systems (which resolve targets in velocity).  Other types, such as pulse 

Doppler, can perform both functions if required to do so. 
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10. The main features of the fundamental radar classifications are as follows: 
 

a. Pulse Radar.  In pulse radar, the transmission is concentrated into very short pulses which 

are separated by sufficiently long intervals to permit all echoes from targets within the operating 

range to be received from one pulse before transmission of the next.  Targets are resolved in 

range by virtue of the different times of arrival of their echoes and the degree of resolution being 

determined by the length of the pulses.  Range measurement (R) is made by observing the 

elapsed time (t (in microseconds)) between the leading edge of the transmitted pulse leaving the 

aerial and the leading edge of the return echo arriving back at the aerial.  Because the pulse has 

travelled to the target and back, t therefore equals 2 × R.  If c is the velocity of propagation 

(3 × 108 metres per second), then: 
 

2

ct
Rand

c

R2
t





 
 

b. Moving Target Indication (MTI) Radar.  MTI radar employs a pulsed transmission but, in 

addition to performing range resolution and measurement, it also discriminates between fixed and 

moving targets by its ability to recognize the existence or absence of Doppler shift in the echo 

signals.  The fixed targets are suppressed and only moving targets displayed. 
 

c. Continuous Wave Radar.  In CW radar, the transmitted and received signals are 

continuous and targets are resolved in relative velocity by virtue of the differing frequencies in 

their echoes.  The measurement of relative radial velocity is made by observing the magnitude of 

the Doppler shift (fd) in the echo signals, ie the difference in frequency between the transmitted 

and received signals.  If the relative velocity is V, and λ is the transmitted wavelength, then: 
 

λ

V2
fd 

 
 

d. Frequency Modulated CW (FMCW) Radar.  FMCW radar employs a continuous 
transmission in which the frequency is modulated.  In addition to performing velocity resolution 
and measurement, the system has the ability to measure the range of a discrete target, but it 
cannot resolve a number of targets at differing ranges other than by virtue of their differing 
velocities or directions.  The measurement of range is less precise than that of a pulse radar at 
medium and long ranges, but can be more accurate at short range.  In addition, FMCW can 
measure down to zero range, which is not possible with a pulse system. 

 

e. Pulse Doppler Radar.  Pulse Doppler radar employs a transmission in which, unlike 
conventional pulse radar, there is continuity in the phase of the carrier from pulse to pulse.  This 
property, called coherence, permits the Doppler shift in echoes to be measured and the system is 
thus able to resolve and measure both range and relative velocity.  The avoidance of ambiguity in 
velocity measurement requires the pulse repetition frequency to be higher than in conventional 
pulse radar and, as a result, potential ambiguity is introduced into the measurement of range and 
range eclipsing may occur.  Nevertheless, sophisticated processing techniques have meant that 
pulse Doppler radar is the most important and widely used type in airborne applications. 

 

11. Operating Frequency Band.  Modern radar systems operate over a wide range of frequencies, 
usually between about 200 and 35,000 MHz, ie wavelengths between 1.5 metres and rather less than 
one centimetre.  Within this range, radar systems tend to be grouped in a number of fairly distinct 
regions, partly because of frequency allocation and partly because of constructional convenience.  
Fig 1 gives the system of frequency classification used by the NATO Forces and summarizes the 
effect of operating frequency on the following characteristics of radar systems: 
 

a. Resolution.  The ability of radar to resolve detail in angle, range, or velocity is directly related 
to transmission frequency.  With increasing frequency the beamwidth for a given physical aerial size 
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can be made narrower, pulselengths may be shorter and the Doppler frequency shift for a given 
target velocity becomes greater.  For these reasons, the inherent resolving power of radar improves 
in all dimensions with increasing frequency. 

 

b. Size and Weight.  The physical dimensions of radar components, eg power oscillators, 
waveguides, aerials, etc, are fundamentally related to the transmission wavelength.  Size and 
weight of equipment, therefore, reduce with increasing frequency and it is mainly for this reason 
that airborne systems usually operate at I band frequencies and above. 

 

c. Power Handling Capacity.  The power handling capacity, and hence performance, of a radar 
system is mainly limited by the physical dimensions of its power oscillator and waveguides, the 
capacity being reduced with increased frequency. 

 

d. Propagational Aspects.  A number of propagational aspects are affected by the transmission 

frequency.  Above 10,000 MHz, 3 cm wavelength, attenuation due to both atmospheric gases and 

rain begins to be significant and above 35,000 MHz it becomes prohibitively high for most purposes, 

although there are some windows giving opportunity for use around 32-35 GHz and 94 GHz.  

Susceptibility to unwanted clutter is another aspect which tends to get worse as frequency rises.  

Finally, the uniformity with which power is distributed in the vertical plane by a ground radar is strongly 

dependent on frequency because the number of wavelengths in the height of the aerial determines 

the number of interference lobes generated by ground reflection.  At metric wavelengths, large gaps 

in vertical cover may be unavoidable owing to the small number of lobes. 
 

11-1 Fig 1 Radar Band Characteristics 
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Aerial Parameters 
 

12. The function of a radar aerial during transmission is to concentrate the radiated energy into a 

shaped beam which points in the desired direction in space.  On reception, the aerial collects the 

energy contained in the echo signal and delivers it to the receiver.  Thus, in general, the radar aerial is 

called upon to fulfil reciprocal but related roles. 

 

13. In the radar equation derived in Volume 11, Chapter 2, Para 20 et al, these two roles are 

expressed as: 
 

a. Transmitting Gain (G).  In a transmitting antenna, gain is the ratio of the field strength 

produced at a point along the line of maximum radiation by a given power radiated from the 

antenna, to that produced at the same point by the same power from an omnidirectional antenna. 
 

b. Effective Receiving Aperture (A).  The large apertures required for long-range detection 

result in narrow beamwidths, one of the prime characteristics of radar.  Narrow beamwidths are 

important if accurate angular measurements are to be made or if targets close to one another are 
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to be resolved.  The advantage of microwave frequencies for radar application is that with 

apertures of relatively small physical size, but large in terms of wavelength, narrow beamwidths 

can be obtained conveniently. 
 

The two parameters are proportional to one another.  An aerial with a large effective receiving 

aperture implies a large transmitting gain. 

 

14. The subject of microwave aerials is no longer discussed in AP 3456 and readers should research via 

other sources. 
 

Displays 
 

15. Once the radar echo signal has been processed by the receiver the resulting information is 

presented on a visual display, in a suitable form, for operator interpretation and action.  When the 

display is connected directly to the video output of the receiver, the information displayed is called 

RAW VIDEO.  This is the 'traditional' type of radar presentation.  When the receiver video is first 

processed by an automatic detector or automatic detection and tracking processor (ADT), the output 

displayed is sometimes called SYNTHETIC VIDEO. 
 

16. The cathode-ray tube (CRT) has been almost universally used as the radar display.  There are 

two basic methods of indicating targets on a CRT: 

 

a. Deflection modulation, in which the target is indicated by the deflection of the electron beam.  

An example of this is the Type A scope (Fig 2), which plots the amplitude of a received signal 

against range on a horizontal line. 

 

11-1 Fig 2 Type A Scope Display (Deflection Modulated) 
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b. Intensity modulation, in which the target is indicated by intensifying the electron beam and 

presenting a luminous spot on the face of the CRT.  The target thus appears brighter than the 

background on the screen.  An example of this is the Plan Position Indicator (PPI) (Fig 3) which 

displays targets in a polar plot, providing 360º of azimuth cover, centred on the radar’s position.  

The PPI can be directly correlated with the corresponding geographical map or chart. 
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11-1 Fig 3 PPI Display (Intensity Modulated) 
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Both methods are capable of indicating multiple targets. 

 

17. Two Dimensional Displays.  These displays are, of necessity, intensity modulated and may be 

used to display any two of the target’s co-ordinates.  For special purposes, the target co-ordinates can 

be displayed in Cartesian form, directly related to the aerial location, rather than geographical 

situation.  Some common examples are: 
 

a. Sector PPI.  A sector of a PPI can be displayed instead of the whole 360º (Fig 4).  This gives a 

relatively undistorted picture of the region which is being scanned in azimuth.  The zero azimuth 

indicator is normally aligned with the aircraft’s heading or track.  The sector PPI display is commonly 

used for weather mapping, and in tactical aircraft for ground mapping, where the weight of the radar 

system and aerial size result in fewer penalties than a full PPI display. 

 

11-1 Fig 4 Sector PPI Display 
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b. Type B Scope.  The Type B scope (Fig 5) shows range and bearing in Cartesian form.  In 

this display, the zero range point is expanded into a line along the bearing axis.  The B scope 

display is commonly used in fighter aircraft, where the increase in angular resolution at short 

range has advantages over the PPI display. 
 

c. Type C Scope.  The Type C scope shows target position by plotting elevation angle on the 

vertical scale against azimuth indication horizontally.  This is useful in fighter aircraft, where the 

display corresponds to the pilot’s view through the canopy.  The display can be projected onto a 

head-up display.  Fig 6 shows a target high and to the left of the aerial’s fore-aft axis. 

 

11-1 Fig 5 Type B Scope Display 
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11-1 Fig 6 Type C Scope Display 
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18. Technological Advances in Displays.  In many radars, solid-state technology has replaced the 

vacuum-tube CRT for displaying target information.  Liquid crystal displays which can operate in high 

ambient lighting conditions are suitable for some radar requirements.  The plasma panel has 

applications as a bright radar display capable of incorporating alphanumeric labels.  Flat displays are 

described in Volume 7, Chapter 29. 
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Functional Description 
 

1. Pulse radar will determine the location of a target by measuring its range and bearing in the 

following manner: 
 

a. Range is measured by pulse/time technique (see Volume 11, Chapter 1 Para 10a).  
 

b. Bearing is measured by indication of the aerial’s azimuth during its scanning movement. 

 

2. Fig 1 shows a block schematic diagram of a typical pulse radar system.  The functions of the 

various component stages are as follows: 

 

a. Master Timer.  The master timer (sometimes referred to as the 'synchronizer') produces timing 

pulses to control the pulse repetition frequency (PRF) of the radar.  These timing pulses are supplied 

synchronously to: 
 

(1) The modulator to trigger the transmitter operation at precise and regular instants of time. 
 

(2) The timebase generator of the indicator to synchronize the start of the CRT run-down 

trace with the operation of the transmitter. 
 

b. Modulator.  Upon receipt of each timing pulse, the modulator produces a square-formed 

pulse of direct current energy to switch the transmitter on and off and so control the pulse 

width () of the transmitter output. 
 

c. Transmitter.  The transmitter is a high-power oscillator, usually a magnetron.  For the 

duration of the input pulse from the modulator, the magnetron generates a high-power radio-

frequency wave.  The wave is radiated into a waveguide, which carries it to the aerial. 
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d. Transmit-Receive Switch.  The Transmit-Receive (TR) Switch controls the flow of radio 

waves between transmitter, aerial and receiver.  The TR switch is normally a duplexer within the 

waveguides.  A duplexer is a passive device, sensitive to direction of flow of the radio waves.  It 

will allow the waves from the transmitter to pass to the aerial, while blocking their flow to the 

receiver.  Similarly, the duplexer allows the waves received at the aerial to pass to the receiver, 

whilst blocking their way to the transmitter. 
 

11-2 Fig 1 Block Schematic of a Typical Pulse Radar 
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e. Aerial.  The aerial focuses the radiated energy into a beam of the required shape and 
picks up the echoes reflected from the targets.  Scanning can be achieved by moving the 
complete aerial structure in azimuth and/or elevation.  In phased arrays, scanning is done by 
electronic means from a fixed aerial.  In both systems, the aerial scan movement is conveyed 
to and replicated in the indicator. 

 

f. Receiver.  The receiver, which is usually a superhet, amplifies the very weak echoes and 

presents them to the indicator in a suitable form for display. 
 

g. Indicator.  The indicator is often a CRT.  The actual display used will vary according to the 

requirements of the system.  One, two or all three target parameters (range, azimuth and 

elevation) may be displayed. 
 

Pulse Radar Parameters 
 

3. Pulse Width.  Fig 2 shows the inter-relationship between the basic parameters of pulse radar.  

The pulse of energy is transmitted when triggered by the Master Timer.  The time duration of a single 

pulse, termed the pulse width, is represented by the period ''. 
 

11-2 Fig 2 Pulse Radar Parameters 
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4. Pulse Length.  Pulse width may also be expressed in terms of physical length.  The pulse length 

is therefore the distance between the leading and trailing edges of a pulse as it travels through space.  

Pulse length (PL) can be calculated by the following formula: 

 

cPL   

 

where  is pulse width in microseconds (μs) and c is the velocity of propagation (3 × 108 metres per 

second).  Thus, a pulse width of 1 μs equates to a pulse length of 300 metres. 

 

5. The Interpulse Period.  The time period between the start of one pulse and the start of the next 

pulse is the interpulse period (T), also called pulse interval or pulse repetition period. 
 

6. The Pulse Repetition Frequency.  The pulse repetition frequency (PRF) is defined as the 

number of pulses occurring in one second.  The interpulse period is the reciprocal of the PRF.  Thus 

for a PRF of 500 pulses per second (pps), the interpulse pulse period is: 

 

)s(ondssecmicro000,2ondsec
500

1
T   

 

In pulse radars, the PRF normally lies between about 200 and 6,000 pps. 
 

7. The Radar Duty Cycle.  The ratio of the pulse width to the interpulse pulse period (/T) is known 

as the duty cycle.  This represents the fraction of time during which the transmitter operates.  The duty 

cycle controls the relationship between the mean power of the transmitter (upon which depends the 

operating range of the radar) and the peak pulse power.  As there is a limit to  the  peak power which 

can be handled in a waveguide it is desirable that the duty cycle should be high.  In some cases the duty 

cycle is limited by the rating of the power source, but even when this is not the case the duty cycle cannot 

be raised beyond limits without introducing either range ambiguity, due to excessive shortening of the 

interpulse period T, or loss of range resolution due to excessive lengthening of the pulse width, . 
 

PRF and Range Ambiguity 
 

8. Range ambiguity occurs if the pulse transit time to the target and back exceeds the interpulse 

period T.  If the PRF is made too high, the likelihood of receiving target echoes from the wrong 

pulse transmission is increased. 
 

9. Multiple-time-around Echoes.  Echo signals received after an interval exceeding the interpulse 

period (T) are called MULTIPLE-TIME-AROUND echoes.  They can result in erroneous or confusing 

measurements.  Consider the three targets labelled A, B and C in Fig 3a.  Target A is located within 

the interpulse period (T).  Target B is at a distance greater than T but less than twice T, while target C 

is greater than twice T but less than three times T.  The appearance of the three signals on a radar 

display would appear as shown in Fig 3b.  The multiple-time-around echoes (B and C) on the display 

cannot be distinguished from the proper target echo of A, actually within the maximum unambiguous 

range.  Only the range measured for target A is correct; those for B and C are not. 
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11-2 Fig 3 Multiple-time-around Displays 
 

Fig 3a Multiple-time-around Echoes 
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Fig 3b Radar Display 
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Fig 3c Use of Varying PRF 

 

 

10. One method of distinguishing multiple-time-around echoes from unambiguous echoes is to operate 

with a varying PRF.  The echo from an unambiguous target will appear at the same place on the 

display for each sweep of the time-base no matter whether the PRF is modulated or not.  However, 

echoes from multiple-time-around targets will be spread over a finite range as shown in Fig 3c.  

Instead of modulating the PRF, other methods of 'marking' successive pulses so as to identify 

multiple-time-around echoes could include changing the pulse amplitude, pulse width, phase, 

frequency or polarization of the transmission from pulse to pulse, but these methods are rarely used. 

 

11. Maximum Unambiguous Range.  To avoid range ambiguity, it is necessary to choose a value of 

T sufficiently high to permit all possible echoes from one pulse to be received before transmission of 

the next.  The PRF used will therefore determine the maximum range at which targets can be 

measured without ambiguity.  The maximum unambiguous range (Runamb) can be calculated: 

 

PRF2

c
Runamb 

  

 

For example, a typical long range search radar may operate at a PRF of 250 pps. 
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A more restrictive short range target radar might operate at 1,000 pps, giving an Runamb of 81 nm. 
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Range Resolution 
 

12. If two targets are close together in range, they may merge into one target on the display.  Pulse 

length is the fundamental factor determining the ability of a radar to resolve targets in range.  It also 

imposes a theoretical limit to the minimum range, down to which the radar can operate. 

 

13. If two targets are separated in range by less than half the radial distance occupied by the pulse, they 

are seen by the radar as a single echo.  Thus a radar using a pulse width of 4 microseconds 

(i.e. pulse length = 1200 metres) would be able to discriminate between two targets provided they were 

separated in range by more than 600 metres.  Similarly, provided the receiver could begin to function at the 

instant the pulse transmission ceased, the smallest range the radar could measure would be 600 metres.  In 

radar systems required to give high resolution, e.g. ground mapping, SAM and AI radars, pulse lengths may 

be in the region of a microsecond or less, but this is only feasible if the PRF can be high. 

 

Receiver Bandwidth 
 

14. The radio frequency (RF) in a pulse radar transmitter is generated at a spot frequency but the effect 

of pulse modulation is to cause the transmitted signal to consist of separate frequency components 

spread across a wide spectrum.  Most of the pulse energy is contained in the components which are 

close to the basic RF, and 90% of the energy lies within a frequency band 2/τ MHz wide (where τ is the 

pulse width in microseconds).  It follows that the shorter the pulse the more widely spread is the pulse 

energy and the greater must be the bandwidth of the receiver in order to accept the echo pulse without 

distortion.  The bandwidth of a pulse radar receiver is normally several MHz and in this major respect it 

differs from a communications receiver which has a bandwidth measured in kHz. 

 

Pulse Compression 
 

15. Pulse compression allows a radar to utilize a long pulse to achieve ample radiated energy, but 

simultaneously to obtain the range resolution of a short pulse.  Pulse compression is a method of 

achieving most of the short pulse benefits outlined in para 19 while keeping within the practical 

constraints of peak-power limitations. 

 

16. The degree to which the pulse is compressed is called pulse compression ratio.  It is defined as 

the ratio of uncompressed pulse width to the compressed pulse width.  The pulse compression ratio 

might be as small as 10 or as large as 105.  Values from 100 to 300 might be considered as more 

typical.  There are many types of modulation used for pulse compression, but two that have wide 

applications are: 
 

a. Linear frequency modulation. 
 

b. Phase-code pulse. 

 

17. Linear Frequency Modulation.  In this version of a pulse compression radar the transmission is 

frequency modulated and the receiver contains a pulse compression filter.  The transmitted waveform 

consists of a rectangular pulse of constant amplitude.  The frequency increases linearly from f1 to f2 

over the duration of the pulse.  On reception, the frequency-modulated echo is passed through the 

pulse compression filter, which is designed so that the velocity of propagation through the filter is 

proportional to frequency.  The effect is to produce a narrow pulse output from a wide pulse input. 
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18. Phase-code Pulse.  In this form of pulse compression, a long pulse is divided into a number of 
sub-pulses.  The phase of each sub-pulse is chosen to be either 0 or π radians.  The choice of phase 
for each sub-pulse may be set out as code. 

 

Application of Short Pulses 
 

19. The radar may require short pulse widths for the following purposes: 

 

a. Range Resolution.  It is usually easier to separate targets in the range co-ordinate than in angle. 

 
b. Range Accuracy.  If a radar is capable of good range resolution it is also capable of good 
range accuracy. 

 

c. Clutter Reduction.  A short pulse increases the target to clutter ratio by reducing the clutter 

contained in the resolution cell with which the target competes. 

 
d. Glint Reduction.  In a tracking radar, the angle and tracking errors introduced by a finite 
size target are reduced by increased range resolution since it permits individual scattering 
centres to be resolved. 

 

e. Multipath Resolution.  Sufficient range resolution permits the separation of the desired 

target echo from echoes that arrive via scattering from longer paths, or multipath. 

 

f. Minimum Range.  A short pulse width allows a radar to operate with a short minimum range. 

 

g. Target Classification.  The characteristic echo signal from a target when observed by a 

short pulse can be used to distinguish one class of target from another. 

 

h. Electronic Protective Measures.  A short pulse radar can negate the operation of certain 

electronic counter measures (ECM) such as range gate stealers and repeater jammers, if the 

response time of the ECM is greater than the radar pulse duration.  The wide bandwidth of a 

short pulse radar also has some advantage against noise jammers. 

 

The Radar Equation 
 

20. The radar equation provides the basis for analysing radar system performance, and in its 

fundamental form it expresses the echo signal power (S) as a function of the system and target 

parameters: 

 

wattsA
2R42R4

GP
S 







  

 

21. Fig 4 illustrates the composition of the first group of terms: 

 

2R4

GP


 

 

which represents the power density in the transmitted wavefront as it passes over the target. 
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11-2 Fig 4 Power Density of Transmitted Wavefront 
 

T

R

P watts

Ae

Transmitted
Wavefront

TargetR

Power Density = 
P G 

4 R   
 

Within the term, the radar pulse peak power P (in watts) is multiplied by the transmitting gain of 

the aerial G, and then divided by the surface area of a sphere of radius R (metres). 
 

22. When the first term is multiplied by the second term, the result is the power density in the echo 

wavefront as it returns to the radar aerial (Fig 5).  This assumes that the target re-radiates isotropically 

the whole of the power intercepted over its cross-sectional area of σ.  The power returning to the 

aerial is therefore: 
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11-2 Fig 5 Power Density of Returned Echo 
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Finally, multiplication by the effective receiving aperture of the aerial, in square metres (A) gives the 

amount of echo power intercepted by the radar.  The received power (S) is therefore: 
 

wattsA
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  or, watts
R)(4π
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23. The maximum detection range of a radar system will correspond to the smallest signal which can 

be satisfactorily recognized.  Expressing this as Smin it follows that: 

 

 

4

minS2π4

PGA
maxR


  

 

In a pulse radar the factors G and A are applicable to the same aerial and are related by the 

expression: 

 

     G = 4πA/λ2 

 

It is therefore possible to put the radar equation into two other forms: 

 

 

4
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24. The following observations need to be made on the parameters used in the radar equation: 
 

a. Power.  Detection range depends on the fourth root of transmitted peak power.  Doubling 

the power therefore increases range by 4 2  (that is, by only 19%), while to double range it is 

necessary to raise the power by 24, ie 16 times. 
 

b. Aerial.  For long range operation the radiated energy must be concentrated into a narrow beam 

for high aerial gain and the received echo must be collected with a large aerial aperture (synonymous 

with high gain).  However, for airborne systems, the increase in aerial size may be unacceptable. 
 

c. Wavelength.  Wavelength does not directly influence detection range except in the sense that it 
determines the aerial gain for a given area, or conversely, the area required for a given gain.  Indirectly, 
however, wavelength has a considerable bearing on the matter because it sets an upper limit to the 
peak power which can be handled.  The smaller the wavelength, the smaller the peak power. 

 

d. Minimum Detectable Signal.  The size of the minimum detectable signal depends on a 

number of factors, of which the following are the most important: 
 

(1) Receiver Noise.  The greater the noise in the receiver, the greater must be the signal 

for a given probability of detection. 
 

(2) Scanning Parameters.  The smaller the angular volume through which the radar is 

required to scan, the greater is the proportion of the radiated power which falls on the target 

and the greater is the extent to which enhancement of the signal can take place due to 

integration of successive pulses. 
 

(3) Display Parameters.  The skill of the operator and the persistence of the CRT screen 

both affect the minimum signal that can be detected visually. 

 

e. Target Echoing Area.  In the derivation of the radar equation it was assumed that the target re-

radiated isotropically the whole of the energy intercepted over its cross-sectional area.  This is only 

true for a large spherical target; normal targets are complex in shape and do not re-radiate 

isotropically.  For example, a flat-sided target at right angles to the incident wave would reflect nearly 
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all of the intercepted energy back towards the radar, but if slightly inclined from the right angle most of 

the energy would be reflected away from the radar.  Thus for practically no change in the true cross-

sectional area the echo signal would change drastically.  In order to describe the reflective properties 

of targets it is necessary to adopt a fictitious quantity called echoing area (σ).  For a particular aspect 

of a target it is the cross-sectional area it would need to have in order to account for its echo signal, 

assuming it to re-radiate isotropically.  The echoing area of aircraft targets may vary with aspect over 

very wide limits and give differences in echo power of as much as 40 to 1 for as little as 0.3º change 

of aspect.  Since the aspect of a target is continually changing with respect to the radar, partly due to 

changing position and partly to flight oscillations and vibrations, the echo signal may fluctuate at some 

characteristic period or combination of periods. 

 

25. Modifications of the Radar Equation.  The simple radar equation discussed above does not 

predict the full range performance of actual radar equipments to a satisfactory degree of accuracy.  It 

assumes free space propagation and takes no account of the effects of ground reflection, atmospheric 

refraction, absorption or diffraction around the Earth’s surface.  It also fails to take into account the 

various losses that can occur throughout the system.  It is possible to develop a more complex form of 

the radar equation to include these and other factors which influence radar range performance.  The 

simple equation, which is applicable to pulse systems, may also be modified to cover the operation of 

any radar system (CW, FMCW, Pulse Doppler, Secondary, Semi-active etc).  A more detailed study of 

the radar equation is, however, outside the scope of this chapter. 
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CHAPTER 3 - ANTI-CLUTTER/NOISE TECHNIQUES 
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Introduction 
 
1. In theory the maximum range at which a target can be detected by radar could be extended 
almost indefinitely by adding more and more amplifier stages to the receiver.  The existence of 
background noise, both man-made and natural, prevents this in practice, since a stage is reached at 
which the level of signal falls below the background noise level and becomes obscured by it.  If the 
receiver gain is increased, both signal and noise are amplified equally. 
 
2. Another limiting factor on the performance of a radar receiver is the presence of clutter.  Clutter 
may be defined as any unwanted radar echo.  Its name is descriptive of the fact that such echoes can 
'clutter' the radar output and make it difficult to detect wanted targets.  Examples of unwanted echoes 
include the reflections from land, sea, rain, birds, insects and chaff. 
 
3. This chapter deals with some of the devices and techniques used in radar to limit the effect of noise 
and clutter on receiver performance.  These devices range from such simple circuit refinements as swept 
gain to more complex systems such as Moving Target Indication, Pulse Integration and Constant False 
Alarm Rate receivers. 
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CLUTTER 
 
Circuit Refinements 
 
4. Modifications and additions that can be made to the circuits of a normal radar receiver in an 
attempt to reduce clutter include the following: 
 

a. Swept Gain.  Clutter is worst at short ranges and diminishes along the time base.  The 
swept gain control makes use of this fact and causes the receiver gain to be lowered at the 
commencement of the time base as each pulse is fired, and thereafter increases the gain 
exponentially with time.  In this way, saturation of the receiver is avoided without the elimination 
of weaker signals from more distant ranges.  In American terminology this facility is called 
Sensitivity Time Control.  (Not to be confused with Fast or Short Time Constant-see para 4b.) 
 
b. Fast (or Short) Time Constant (FTC), (STC).  A differentiating circuit which only has an 
output when there are increases in the level of incoming signals.  As a result, only the leading 
edges of long pulses are displayed. 

 

c. Instantaneous Automatic Gain Control (IAGC).  A fast-acting AGC circuit which lowers 
the receiver gain two or three pulselengths after receipt of an incoming signal.  Short pulses are 
therefore unaffected and only the leading edges of long pulses are displayed. 

 

d. Pulselength Discrimination.  Echo signals from wanted targets are rarely of greater duration 
than a pulselength or so and this provides a basis for rejecting a large proportion of clutter signals, 
the majority of which are of considerable duration.  Certain types of jamming may also be 
attenuated in this way.  A number of anti-clutter devices discriminate on the basis of pulselength, 
although they may differ considerably in detail, complexity and effectiveness.  The main difficulty is 
that wanted signals of short duration occurring within the period of a rejected pulse must still be 
displayed.  By the use of storage techniques all incoming signals are delayed sufficiently before 
display to permit their lengths to be measured.  Those exceeding a few pulselengths are totally 
suppressed. 

 

e. Pulse Interference Suppression.  This device operates on the incoming signals in such a 
way that only those occurring at the transmitter repetition frequency are passed to the display.  It 
is, therefore, effective against interference from other radars operating at different PRFs and to 
non-synchronous pulse jamming. 

 

f. Dicke Fix.  This is a technique that is designed to protect the receiver from fast sweep noise 
jamming.  It consists of a broad-band limiting IF amplifier followed by an IF amplifier of optimum 
signal bandwidth for the known transmitted frequency.  The wide band amplifier amplifies both the 
noise and the signal.  The limiter which follows cuts the peak noise amplitude associated with the 
signal, with the following narrow band amplifier limiting the bandwidth to that of the signal, thus 
further excluding the unwanted noise (Fig 1).  The reduction in noise/jamming that can be 
achieved is in the order of 20 to 40 dB ( 1

100
1

10 000
th to th

,
). 
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11-3 Fig 1 Dicke Fix Receiver 
 

Signal + Noise
Wide
Band
Amp

Noise
Limiter

Narrow
Band
Amp

Maximum
Signal/Noise
Ratio

Noise

Signal

ff f f

 
 
Logarithmic Amplifiers 
 
5. The normal radar receiver has a linear response, its output being proportional to the received 
signal level.  Once the limit of the output is achieved, further increases in the input can have no effect 
and the receiver is said to be saturated.  Saturation can be brought about by strong responses from 
PEs, cloud and many types of jamming.  Under these conditions wanted signals may either be 
swamped, or, if the receiver gain is lowered in an attempt to accommodate the large signals, the 
wanted signals may fall below the visibility threshold.  An alternative receiver which may be used in 
these circumstances is one having an amplifier giving a logarithmic response, the output being 
proportional to the log of the input amplitude.  This makes it possible to receive even the strongest 
signals without saturation and it is an effective way of countering clutter and certain types of jamming.  
Because the logarithmic receiver amplifies small signals more than large ones it has the effect of 
reducing the signal to noise ratio and so reduces the detection range of the radar.  (But this is a small 
price to pay for the ability to see through clutter.) 
 
Circular Polarization 
 
6. An interesting method of attenuating returns from rain and heavy cloud is to make use of the fact 
that rain-drops, unlike other targets, are nearly perfect spheres and so return incident waves without 
change of polarization whereas complex targets always depolarize signals to some degree.  To exploit 
this fact it is necessary to radiate circularly-polarized waves.  If the rotational sense of the waves as 
seen from the aerial is right-handed, then waves reflected from rain and cloud will be wholly left-
handed when seen from the point of reflection.  Returns from complex targets on the other hand, will 
be partly right-handed and partly left-handed.  Now, the characteristics of the aerial are such that it will 
totally reject circularly-polarized waves of the opposite rotational sense to that which it radiates, thus 
none of the energy returned from rain and cloud should ever enter the receiver.  In practice, some 
energy does enter because rain-drops are not perfect spheres and, in addition to this, returns from 
other targets are weaker than would have been the case with plane polarization.  The net result, 
however, is a significant improvement in the ratio of the amplitudes of wanted to unwanted signals.  
Circular polarization is normally brought into action, when required, by interposing a grid (known as a 
quarter-wave plate) between the aerial feed and the reflector.  Its action is to split the electric field 
vector into two equal components at right angles to one another, and to advance (or retard) one of 

Revised Jul 10  Page 3 of 7 



AP3456 – 11-3 - Anti-Clutter Noise Techniques 

these by a quarter of a wavelength.  The addition of the two components is then a vector of constant 
amplitude rotating at the wave frequency.  In some cases the transition from plane polarization may be 
progressively through elliptical to circular. 
 
Moving Target Indication (MTI) 
 
7. Any target which moves in relation to a ground radar is likely to be of interest, whereas those 
which do not are normally unwanted.  As the frequency of echoes from moving targets is shifted by the 
Doppler effect, this provides a powerful basis for distinguishing between wanted and unwanted 
targets.  To recognize echoes containing a frequency shift, a coherent frequency reference must be 
established in the radar.  When incoming signals are mixed with this reference, the components from 
moving targets vary in amplitude from pulse to pulse at the Doppler frequency corresponding to the 
relative velocity of the target.  The components of the incoming signals returned from fixed targets do 
not vary in frequency.  By feeding signals which are the algebraic difference of the outputs from 
successive pulses to the display, the fixed echo components cancel, whereas the moving echo 
components always leave a residual signal.  This is achieved by dividing the receiver output into two 
channels.  In one channel the signals are delayed for an interval equal to the pulse period.  The lines 
re-unite at a subtraction unit, the output being the difference between two successive trains of pulses. 
 
8. Application of MTI.  The effectiveness of MTI increases with the number of pulses-per-scan and it 
is therefore more worthwhile to apply MTI to a broad beamed radar than to a narrow one.  The 
effectiveness may also be increased by employing double or triple cancellation, the cancellation circuits 
being connected in series.  Yet another method is to eliminate the possibility of mis-match between the 
pulse period and delay line interval by using the latter to control the PRF.  A refinement which may 
sometimes be added is the means of applying Doppler compensation to selected areas of a PPI display 
so as to attenuate returns from moving clouds or rain storms.  (When this is done, fixed echoes within 
the compensated area will re-appear.) The same device is effective against moving 'Chaff' clouds. 
 
9. Blind Speeds.  A disadvantage of MTI radars is the existence of blind speeds.  When the 
component of a target’s velocity towards or away from the radar is equal to either zero, half 
(wavelength  PRF) or any multiple of that speed, the signals returned from it will not vary from pulse 
to pulse with the result that they will cancel when subtracted.  The lowest blind speed in an MTI radar 
is given by: 
 

(kt)
103

sec)per  (pulses PRF(cm) Wavelength   

 
It is desirable that the first blind speed should be as high as possible but the presence of the PRF in the 
numerator means that this condition is incompatible with a large unambiguous range.  Fig 2 shows the 
relationship between blind speed and unambiguous range for representative wavelengths.  The 
superiority of the longer wavelengths is apparent.  Blind speeds can be avoided by using multiple PRFs 
as discussed in Volume 11, Chapter 5. 
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11-3 Fig 2 First MTI Blind Speed as a Function of Unambiguous Range 
 

10,000

1,000

100

10

Fi
rs

t B
lin

d 
Sp

ee
d 

(k
t)

1 10 100 1,000
Maximum Unambiguous Range (Nautical Miles)

 = 100 cm
 = 30 cm = 10 cm = 3 cm

 
 
10. Airborne MTI.  MTI has possible applications in airborne early warning, ASW radars, 
reconnaissance radars and AI.  The broad principles of airborne MTI do not differ from those 
described but the methods of implementation may vary considerably.  In order to be able to see 
targets which move with respect to the Earth it is first necessary to compensate for the velocity of 
the radar carrier.  This requires a false Doppler shift in the reference signal proportional to the 
component of aircraft velocity along the radar beam.  If it is a scanning beam the compensation 
must be continually changing. 
 

NOISE 
 
False Alarm Rates 
 
11. Whenever the noise level envelope of a receiver exceeds the receiver threshold, a target 
detection is considered to have taken place, by definition (see Fig 3). 
 

11-3 Fig 3 False Alarms Due to Noise 
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12. The average time between false alarms, and therefore the rate, is a function of: 
 

a. The threshold level voltage. 
 

b. The receiver bandwidth. 
 

c. The root-mean-square (rms) noise voltage. 
 

That is to say, increases in threshold voltage reduce the rate and increases in bandwidth and noise 
voltage increase the rate.  These relationships are depicted in the graphs shown in Fig 4. 
 

11-3 Fig 4 Average Time Between False Alarms 
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Constant False Alarm Rate (Receivers) 
 
13. The false alarm rate is quite sensitive to receiver threshold voltage level.  For example, a 1dB 
change in threshold can result in three orders of magnitude change in false alarm probability.  It does 
not take much of a drift in receiver gain, a change in receiver noise, or the presence of external noise 
or clutter echoes to inundate the radar display with extraneous responses. 
 
14. If the changes in false alarm rate are gradual, an operator viewing a display can compensate with 
manual gain adjustment.  It is said that the maximum increase in noise level that can be tolerated with 
a manual system using displays is between 5 dBs and 10 dBs.  But with an automatic detection and 
tracking system, the tolerable increase is less than l dB.  Excessive false alarms in an ADT system 
cause the computer to overload as it attempts to associate false alarms with established tracks or to 
generate new, but false, tracks.  Manual control is too slow and imprecise for automatic systems.  
Some automatic, instantaneous means is required to maintain a constant false alarm rate.  Devices 
that accomplish this purpose are called CFAR. 
 
Pulse Integration 
 
15. The number of pulses returned from a point target as a radar aerial scans through its beamwidth 
is a function of the aerial beamwidth, the scanning rate and PRF.  Typical parameters for a ground 
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based search radar might be a PRF of 300 Hz, 1.5º beamwidth, and a scan rate of 5 rpm.  These 
parameters result in 15 hits from a point target per scan.  By summing these returns through a process 
of integration the signal/noise ratio, and therefore the detection, can be improved.  All practical 
integration techniques use some sort of storage device. 
 
16. Integration may be accomplished in a radar receiver either before the second detector (in the IF) 
or after the second detector (in the video).  Integration before the detector is called predetection, or 
coherent integration, while integration after the detector is called postdetection, or noncoherent 
integration.  If n pulses, all of the same amplitude were integrated by an ideal predetection integrator, 
the resultant signal/noise ratio would be exactly n times that of a single pulse.  If the same n pulses 
were integrated by an ideal postdetection device, the resultant signal/noise ratio would be less than n 
times that of a single pulse.  This loss in integration efficiency is caused by the nonlinear action of the 
second detector, which converts some of the signal energy into noise energy in the rectification 
process.  Although predetection integration is more efficient than postdetection, the latter is easier to 
implement in most applications. 
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Introduction 
 

1. A pulse transmission gives the inherent ability to measure range, permits the use of a single aerial 

and eliminates the possibility that transmitter noise will interfere with the detection of weak echo signals.  

The disadvantages are the breadth of the transmitted spectrum, which necessitates a large receiver 

bandwidth, the finite minimum range, and the need to handle high peak powers in order to achieve the 

required mean power. 

 

2. In continuous wave radar, the transmitted spectrum is a single frequency and the receiver 

bandwidth may therefore be very narrow.  Moreover, as the duty cycle is unity, the mean power can 

be as high as the available transmitter will permit.  The absence of timing marks in the transmission of 

a pure CW radar means that the ability to measure range is lost but in place of this the coherence of 

the transmission makes it possible to exploit the Doppler shift in the echo signal to resolve target 

velocity.  Unlike pulse radar, the transmitter is never silent, and except at very low power levels where 

single aerial CW working is possible, it is necessary to employ separate aerials for transmission and 

reception in order to isolate the receiver from the transmitter. 

 

Pure CW Radar 
 

3. In a pure CW radar, both the transmitted and received signals consist (for practical reasons) of a 

single frequency component, but if there is relative velocity between the target and radar, the echo signal 

will differ in frequency from the transmitted signal due to the Doppler effect.  The magnitude of the 

Doppler shift, which is positive for closing velocities and negative for opening velocities, is given by: 
 

λ

2V
fd   

 

where: fd = Two-way Doppler shift. 

  V = Radial velocity component between target and radar. 

  λ = Transmitted wavelength. 
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4. A plot of doppler shift as a function of radar frequency and target relative velocity is shown in Fig 1. 
 

11-4 Fig 1 Doppler Shift 
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5. The existence of an echo is detected by mixing the incoming signal with an attenuated portion of the 

transmitted signal to produce the difference frequency fd.  The frequency of the output from the mixer is 

therefore proportional to the radial velocity of the target, and is zero for non-moving targets.  This fact 

gives the CW radar the outstanding characteristic of being able to discriminate between fixed and moving 

targets.  A simplified block diagram of the system is shown at Fig 2. 
 

11-4 Fig 2 Simple CW Radar 
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6. Velocity Resolution.  In order to resolve target velocity it is necessary to determine the sense of 

the Doppler shift fd and to measure its magnitude.  One way of measuring fd is shown in Fig 3.  The 

output of the mixer is passed to a bank of Doppler filters, each of which is tuned to accept a discrete 

band of frequencies within the Doppler range.  The filter bank is arranged to cover the whole range of 

possible Doppler frequencies and an output from a particular filter indicates the existence of a target at 

the corresponding velocity.  The precision with which velocity can be resolved is determined by the 

bandwidths of each particular filter in the filter bank, and hence depends on the complexity which can 

be tolerated in the system.  For example, in order to resolve velocity to within 4 kt over a range 0 to 

20,000 kt it would be necessary to employ 500 filters.  The outputs of the filters are interrogated 

sequentially by a fast-acting electronic switch which looks across the entire filter bank several times 

during the time required for the radar beam to scan through its beamwidth.  The means of determining 

the sense of the Doppler shift is not shown in Fig 3. 
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11-4 Fig 3 Velocity Resolution by Doppler Filters 
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7. Bandwidth.  The overall bandwidth of a CW radar must be wide enough to encompass the range 
of Doppler frequencies it is required to measure and this will amount to several kilohertz at the most.  
If, however, a Doppler filter bank is used to provide the velocity resolution, the effective bandwidth is 
that of the individual filters.  In an I-band radar capable of resolving velocity to 4 kt, the filters would 
have a bandwidth of about 125 Hz, which is at least four orders of magnitude less than is the case for 
a pulse radar.  An example is shown in Fig 4. 

 

11-4 Fig 4 IF/Filter Bandwidths 
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8. Characteristics and Applications.  The outstanding characteristic of CW radar is its ability to 

see moving targets in the presence of large echoes from fixed targets, to which it is blind.  It is a 

powerful device for the detection of low flying targets and for discriminating against chaff jamming.  It 

will not, however, see moving targets which cross its beam at right angles.  Because of its inability to 

measure range, its use is confined to applications in which this can be provided by separate means, or 

where range measurement is non-essential, as in ground-to-air and air-to-air guidance by active and 

semi-active means.  Other advantages of the CW radar are its basic simplicity, its ability to utilize high 

Revised Jul 10  Page 3 of 5 



AP3456 – 11-4 - Continuous Wave Radar 

mean power and the fact that it is not subject to a minimum range of operation.  In airborne 

applications, CW is used for doppler navigation and rate-of-climb in VTOL aircraft. 
 

Frequency Modulated CW Radar 
 

9. If timing marks are introduced into the transmission of a CW radar by modulating the frequency it 

becomes possible to measure range, but accuracy comparable to pulse radar ranging is only possible 

over very short distances.  Radio altimeters employing FMCW transmissions are a familiar example of 

this technique applied over distances of up to 5,000 feet or so.  In many radar applications it is 

sufficient to be able to obtain an approximate target range, eg in order to establish when a target 

comes within the launch range of a missile.  For such applications, an FMCW radar may be used. 

 

10. A common form of transmission for an FMCW radar is shown in Fig 5.  The frequency of the 

transmitted signal (represented by the full line in the upper diagram) is swept linearly with time back and 

forth over the band B.  An echo signal (represented by the broken line) received from a stationary target 

at range R will be of exactly similar form but displaced in time by the interval 2R/C.  The difference 

frequency fR between the transmitted and received signals can be measured and is proportional to the 

time interval 2R/C and hence to the target range.  This is the basis of the FMCW ranging technique. 

 

11-4 Fig 5 Range Measurement of a Stationary Target 
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11. In the more general case of a moving target the echo signal still has the same form as the 

transmitted signal but, in addition to being displaced in time, it is also displaced in frequency by the 

Doppler shift fd.  Fig 6 shows the relationship between the transmitted and received signals in the case 

of a target with a closing velocity.  During the first half of the modulation period the frequency 

difference fR due to range is reduced by the Doppler shift fd, while during the second half of the cycle it 

is increased by the same amount.  If the transmitted and received signals are mixed, as in the pure 

CW radar, the difference frequency will alternate between fR + fd and fR # fd as shown in the lower half 

of Fig 6.  In order to extract both the range and velocity of the target this signal must be processed in 

such a way as to produce the sum and difference of the two components since: 

 

    (fR + fd) + (fR - fd) = 2fR is proportional to target range, 
 

and (fR + fd) - (fR - fd) = 2fd is proportional to target velocity. 

 

12. Ranging Accuracy.  Ranging accuracy in an FMCW radar is a function of the rate of change of 

frequency in the transmitted signal which, as can be seen from Fig 5, must be high in order to produce 

a large change in the difference frequency f R  for a corresponding increment in range.  This in turn 

calls for the swept frequency B to be large or the modulation period T to be short.  The former is 
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undesirable beyond limits because of the spread in the transmitted spectrum which is reflected in the 

receiver bandwidth, and the latter is controlled by range ambiguity considerations.  Only if the ranging 

is to be carried out over short distances can the modulation period be sufficiently short to permit the 

accuracy to be comparable to that of a pulse radar. 

 

11-4 Fig 6 Range Measurement of a Moving Target 
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The FMCW Altimeter 
 

13. The FMCW radar principle is used in the aircraft low-level radio altimeter to measure height 

above the surface of the earth.  The relatively short ranges required permit low transmitter power and 

low aerial gain.  Since the relative motion between the aircraft and ground is small, the effect of the 

Doppler frequency shift may usually be neglected. 

 

14. The absolute accuracy of radar altimeters is usually of more importance at very low altitudes than at 

high altitudes.  Errors of a few feet might not be significant when operating at 4,000 feet, but are important 

if the altimeter is part of a blind landing system.  Errors can be introduced into the system if there are 

uncontrolled variations in the transmitter frequency and modulation frequency.  Multipath signals also 

produce errors.  Fig 7 shows some of the unwanted signals that might occur in an FMCW altimeter.  The 

wanted signal is shown by the solid line, while the unwanted signals are shown by broken arrows. 

 

11-4 Fig 7 Unwanted Signals in an FMCW Altimeter 
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Introduction 
 
1. Pulse Doppler radar is an attempt to combine, in a single system, the attributes of both pulse and 
CW radars.  It employs a coherent, pulsed transmission of high duty cycle, sometimes described as 
interrupted CW, which gives it the ability to resolve both range and velocity.  Unfortunately, however, 
there is an inherent incompatibility between the two processes which makes it impossible to avoid 
ambiguity in both range and velocity at the same time, and the successful implementation of the 
principle hinges on how effectively this incompatibility can be resolved. 
 
2. A Moving Target Indicator (MTI) radar, which in the broadest sense is a form of pulse Doppler 
radar, normally operates at a sufficiently low PRF to avoid range ambiguity, and, as a result, suffers 
from blind speeds within the velocity range of interest.  If the Doppler shift could be measured, it would 
be found to correspond to any one of a number of possible target speeds, separated from one another 
by half the interval between the blind speeds.  In other words, the velocity resolution would be 
ambiguous.  In the true pulse Doppler radar, the reverse situation applies.  In this case, the PRF is 
normally high enough to avoid blind and ambiguous velocities, but, as a consequence, it suffers from 
both blind and ambiguous ranges.  A blind range occurs whenever the pulse transit time is such that 
the echo arrives back during the transmission of a pulse, and, under these conditions, the radar 
cannot be aware of the existence of the target.  There are a number of possible ways in which the 
blind ranges may be alleviated and the ambiguity resolved. 
 
3. The pulse Doppler radar employs a single aerial and the coherent transmission is obtained from a 
power- amplified master oscillator output.  The pulses may be of comparable length to those used in an 
equivalent pulse radar, but the PRF is many times greater and permits a high duty cycle which may well 
approach ½, ie pulse length equal to separation time.  This fact means that it possesses the attribute of  
the CW radar and that it can utilize high mean power without the problem of handling high peak power 
which occurs in pulse radar.  The Doppler information is obtained by beating the echo signal with a 
sample of the transmitter oscillator signal, and velocity resolution is performed by means of filters.  The 
resolution of range, which is fundamentally a timing process, may be performed in one of several ways 
and depends mainly on the method used to sort out the ambiguities.  To appreciate the extent of the 
latter problem it is necessary to examine the overall question of ambiguity in greater detail. 
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Range and Velocity Ambiguity 
 
4. The maximum range which can be measured without ambiguity in a pulse radar is discussed in 
Volume 11, Chapter 2.  The equation to calculate it is: 

PRF2

c
Runamb 

  

Examination of this equation shows that, for a given time interval measured between a returning radar 
echo and the preceding transmitted pulse, the corresponding target range could be any one of a 
number of possible target ranges separated from one another by the distance c/(2  PRF). 
 
5. There is no equivalent to this situation in a pure CW radar which can, theoretically, measure 
unlimited velocity.  However, in a pulse Doppler radar, velocity ambiguity occurs because the 
transmitted spectrum, unlike that of a pure CW transmission, consists of a number of discrete 
frequency components centred on the carrier frequency and separated from one another by the PRF.  
As a Doppler shift affects all components alike, the echo pulse consists of an exactly similar spectrum 
in which all components have been translated to a higher or lower frequency by the extent of the 
Doppler shift.  If the Doppler frequency is detected by beating the echo spectrum with a pure CW 
signal from the master oscillator, the result is the same whether the shift is positive or negative, and 
the highest fundamental beat frequency which can be produced is that which occurs whenever the 
reference frequency lies mid-way between two of the components of the echo spectrum.  In other 
words, velocity measurement will become ambiguous if the Doppler frequency shift (2V/) is more 
than half the PRF.  The avoidance of this situation requires that the operating PRF should be at least 
twice the highest Doppler frequency which the system must be capable of measuring. 
 
6. Since the maximum unambiguous velocity occurs when the Doppler shift (2V/) = PRF/2, it 
follows that: 
 

  4

PRF
Vunamb




  

which is half the interval between blind speeds.  To illustrate the mutual incompatibility of high 
unambiguous velocity and range, consider the case of a three centimetre radar ( = 0.03 m) required 
to resolve velocity unambiguously up to a speed of 1,000 kt (514.8 m/s).  Substituting these values in 
the above equation gives: 
 

(pps) secondper  pulses 68,640

0.03

4514.8
PRF

4

0.03PRF
514.8









 

 

Putting this value of PRF into the equation in para 4: 
 

nm1.18

nm)105.399(2185.3m2185.3

137,280

0300,000,00

68,6402

103
R

4

8

unamb











  

 

This result shows that the range information in such a radar would be ambiguous in steps of just over 
one nautical mile.  Moreover, this would also be the interval between the blind ranges. 
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Resolution of Velocity Ambiguity 
 
7. The blind speeds of two independent radars operating at the same frequency will be different if 
their pulse repetition frequencies are different.  Therefore, if one radar was 'blind' to moving targets, it 
would be unlikely that the other radar would be blind also.  Instead of using two separate radars, the 
same result can be obtained with one radar which 'time-shares' its pulse repetition frequency between 
two or more different values (multiple PRFs).  The pulse repetition frequency might be switched every 
other scan or every time the aerial has scanned a half beamwidth, or the period might be alternated 
on every other pulse.  When the switching is pulse to pulse, it is known as 'Staggered PRF'. 
 
8. An example of the composite response of a radar operating with two separate pulse repetition 
frequencies on a time-shared basis is shown in Fig 1. (Tl = 1/PRF1 and T2 = 1/PRF2.)  The pulse 
repetition frequencies are in the ratio 5:4.  Note that the first blind speed of the composite response is 
increased several times over that what it would be for a radar operating on only a single PRF. 
 

11-5 Fig 1 Frequency Response for Time-shared PRFs 
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9. The closer the ratio Tl:T2 approaches unity, the greater will be the value of the first blind speed.  
However, the first null becomes deeper.  Thus the choice of Tl/T2 is a compromise between the value 
of the first blind speed and the depth of the nulls.  The depth of the nulls can be reduced and the first 
blind speed increased by operating with more than two interpulse periods. 
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Resolution of Range Ambiguity 
 
10. The recovery of target information in the range gaps is the first step which has to be taken to make a 
practical pulse Doppler system.  This may be done by varying the PRF continuously or between discrete 
values, or by transmitting simultaneously at more than one PRF.  The recovery of signal by these means is 
at the expense of the signal outside the gaps.  The same devices may also be used as the basis for 
resolving range ambiguity. 
 
11. Another method of resolving the ambiguity is by coding the transmission at a much lower 
repetition frequency, possibly by modulating the frequency as in the FMCW radar.  Over long 
distances, such a system would provide only crude ranging and the fine ranging would be performed 
by the pulse modulation.  Yet another method, is to give the radar an alternative mode of operation 
which can be brought into action periodically, or whenever it is required, to obtain the range of a 
target.  In essence, this would consist of reverting to a conventional pulse radar transmission. 
 
Applications of Pulse Doppler Radar 
 
12. The principle attraction of pulse Doppler radar is its ability to combine most of the advantages of 
pulse and CW radars.  These include the ability to resolve both range and velocity, the ability to utilize 
high mean power and the fact that it requires only one aerial.  The advantage that echo detection is 
carried out while the transmitter is silent, is largely nullified by the loss of signals in the range gaps.  
On the other hand, the use of a coherent transmission permits the adoption of techniques for the 
pulse-to-pulse enhancement of weak echoes, which results in greater detection ranges. 
 
13. The possible applications for pulse Doppler radar cover a wide field; including the long range 
detection of ballistic missiles, the detection of low flying targets and all MTI applications. One of the 
most promising spheres is in airborne MTI systems.  Despite the complexity of pulse Doppler it is 
probable that it has a greater operational potential than any other radar system yet devised. 
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Introduction 
 
1. Tracking radars are used in applications demanding a continuous flow of target data concerning 
discrete targets.  Such a requirement exists in such functions as ballistic missile and satellite tracking, 
and in active and semi-active guidance from ground-to-air, air-to-air, and air-to-ground.  Even when an 
operator is involved, as in AI radar, it may be advantageous to employ a radar which is able to follow a 
selected target automatically. 
 
2. The data flow from a tracking radar consists of angle and range information in the case of a pulse 
radar, and angle and velocity in the case of a CW radar.  Angle tracking is performed by slaving the 
aerial to follow the selected target, the echo signals from which are processed so as to provide the 
controlling signals for the steering servo-motors, and the angle information is derived from the aerial 
direction.  Range tracking is achieved by causing an electronic switching circuit, called a range gate, to 
operate in synchronism with the arrival of echo pulses from the selected target.  The range information is 
taken from the signal controlling the time of opening of the gate in the pulse cycle.  Velocity tracking is 
carried out by means of a tuneable oscillator which is constrained to oscillate at a frequency bearing a 
fixed relationship to that of the selected Doppler echo signal.  The velocity information is obtained from 
the signal controlling the oscillator frequency. 
 
3. Before it can track, the tracking radar must first acquire its target.  The initial search may be 
performed by a separate radar which determines the target’s coordinates with sufficient accuracy to 
put the tracking radar on to it, or the tracking radar may perform its own search by operating in a 
scanning mode.  Neither arrangement is ideal, the former because of its inconvenience and 
complication (particularly in an airborne system) and the latter because the narrow pencil beam 
required to track in two coordinates is unsuitable for searching a large angular volume. 
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Angle Tracking 
 
4. In order to track a target in two angular coordinates, as defined by the aerial steering axes, error 
signals must be generated proportional to the two components of its angular displacement from the 
tracking axis.  These signals may then be used to activate the corresponding steering servos so as to 
drive the tracking axis into coincidence with the line to the target.  The required signals may either be 
generated sequentially by conical scanning or sequential lobing techniques, or they may be obtained 
simultaneously by the monopulsing technique. 
 
5. Conical Scanning.  In conical scanning, the beam axis is displaced through a small angle from 
the tracking axis and is rotated in such a fashion that it describes a cone, as depicted in Fig 1.  The 
effect may be produced by rotating an offset feed in a concentric reflector, in which case the plane of 
polarization rotates with the beam; or by wobbling the reflector behind a stationary feed, in which case 
the polarization is unaffected.  In the direction of the rotation axis (A in the figure) the gain of the beam 
is constant irrespective of its position, but in any other direction the gain of the beam varies as the 
beam rotates.  Thus a target which does not lie in the direction of the tracking axis, for example in the 
directions B or C, will give rise to echo signals which vary in amplitude within the corresponding 
envelopes shown in the lower part of the figure.  The amplitude of the echo modulation is proportional 
to the displacement of the target from the tracking axis, and the sense of the displacement, and is 
determined by relating the phase of the modulation to a reference signal, shown in the centre of the 
figure, generated by the beam rotating mechanism.  The two signals are processed in such a way as 
to produce error signals proportional to the two components of angular displacement and these cause 
the appropriate steering servo-motors to drive the aerial so as to reduce the error to zero.  Once the 
aerial is tracking the target, its direction is a mechanical analogue of the required angular information 
and may be converted into electrical signals for subsequent processing. 
 

11-6 Fig 1 Conical Scanning 
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6. Sequential Lobing.  Sequential lobing is a less common technique in which the beam is 
generated sequentially in each of four directions symmetrically disposed about the tracking axis, as 
shown in Fig 2.  The effect may be produced by means of a single reflector and four offset feeds to 
which the receiver is connected in sequence.  The transmission may also take place sequentially or it 
may be made in all four beams simultaneously.  Fig 3 illustrates the principle applied in a single 
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coordinate.  As in conical scanning, the echo from a target not lying on the tracking axis varies from 
beam to beam and may be processed in a similar fashion to obtain the error signal needed to drive the 
aerial into coincidence with the target.  The reference signal in this case is taken from the beam-
switching device and each opposite pair of beams is placed in the plane of an aerial steering axis. 
 

11-6 Fig 2 Beam Configuration for Sequential Lobing and Monopulsing 
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11-6 Fig 3 Sequential Lobing 
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7. Both conical scanning and sequential lobing systems suffer from the limitation that any 
modulation in the echo signal occurring during the scanning cycle will cause false signals to be 
passed to the steering servos.  This can arise because of signal amplitude changes due to changes of 
target aspect, and if this modulation coincides with a harmonic of the scanning frequency, may cause 
the tracking system to unlock.  The same effect can be produced by a form of repeater jammer which 
senses the scanning rate and sends back false echoes, amplitude modulated at the scanning rate, 
which may cause the aerial to be steered away from the target.  The susceptibility of conical scanning 
and sequential lobing systems to this defect may be reduced by employing variable PRF in a pulse 
radar, or variable scanning rate in either pulse or CW radars. 
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8. Monopulse Tracking.  Monopulse tracking, also called simultaneous lobing, is achieved by a 
similar beam configuration to that used in sequential lobing, but with the important difference that both 
transmission and reception take place in all four beams simultaneously.  The error signals, 
proportional to the differences in the outputs of opposite beams, are derived directly by suitable 
waveguide connections at the aerial.  As these signals are generated with each successive pulse (or 
continuously in a CW radar) the monopulse system is not susceptible to the effects of amplitude 
fluctuation due to target aspect changes or deceptive repeater jamming.  Further, since all the tracking 
information is gained from one pulse as compared with four pulses for a typical sequential lobe 
system, the data rate for a monopulse system is higher. 
 
Range Tracking 
 
9. Range tracking might be required to provide data for trajectory computation, a guidance system, 
weapon release information or merely for the purpose of confining the angle tracking circuits to 
echoes coming from the range of the selected target in a multiple target situation. 
 
10. The range gates which perform the tracking are electronic switching circuits which sample the 
time base once during each pulse cycle.  There are usually two such gates, each about a pulselength 
in duration, which operate in sequence; the late gate opening as the early gate closes.  Fig 4 will serve 
to illustrate the principle of operation.  When the gates are placed in the vicinity of the selected target 
echo, which may be achieved manually or by automatic search, the energy contents of the echo 
components in the gates are compared in the tracking circuits.  The difference is used to generate an 
error signal which causes the gates to be driven in the appropriate direction to straddle the target 
echo.  Thereafter the gates will follow the movement of the echo on the time base and the signal 
controlling the time of opening of the gates in the pulse cycle provides an electrical analogue of range.  
Memory circuits are normally provided to keep the gates moving at the last target velocity in the event 
that the echo should temporarily fade.  Provision may also be made to prevent the tracking circuits 
from responding to excessive changes in target velocity simulated by false signals returned from a 
form of deceptive repeater jammer called a 'gate stealer'. 
 

11-6 Fig 4 Range Tracking by Split Range Gate 
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Velocity Tracking 
 
11. Velocity tracking in a CW radar is performed by means of a frequency comparator.  This may 
consist of a voltage-tuned oscillator and a frequency discriminating device which generates an error 
signal whenever the frequency of the oscillator differs from that of the selected Doppler signal, or from 
some fixed relationship with it.  The error signal causes the oscillator frequency to change in the sense 
needed to reduce the error signal to zero, and the voltage controlling the oscillator frequency then 
provides the required analogue of target velocity.  The tracking oscillator must be manually adjusted to 
establish the initial lock onto the selected signal, or it must be capable of searching across the Doppler 
spectrum automatically.  Memory circuits are required to prevent the oscillator unlocking during 
temporary fading of the target signal, and the system must be made insensitive to excessive changes 
in frequency falsely simulated by deceptive jamming. 
 
Track-While-Scan 
 
12. An alternative method of target tracking is to employ a radar which scans continuously within a 
defined angular volume, and a computer which memorizes the coordinates of targets and anticipates 
their positions on successive scans.  This technique, called track-while-scan, is capable of providing 
multiple target tracking and is therefore suitable for command guidance. 
 
13. With track-while-scan techniques the tracking function is performed by the computer, and the 
special characteristic of the radar which distinguishes it from a conventional search radar is its high 
data rate which, in some applications, may be of the order of hundreds of scans per minute.  Such 
scanning rates can only be achieved by electronic or electro-mechanical means and, depending on 
the angular coverage, it may also be necessary to employ a multiplicity of beams. 
 
14. High Speed Scanning.  High speed scanning is achieved by controlling the relative phase of the 
radiated signal across the aerial aperture in such a way that the wave front is inclined from the parallel.  
The total angle through which the beam can be steered is less than 180º.  True electronic scanning can 
be achieved by use of a multiple element phased array, or planar array, in which the control of the 
relative phases of the radiated signals is achieved by purely electronic means.  Such techniques permit 
more than one beam to be generated at any time and there is no limit to the scanning rate possible.  
Electronic beam steering techniques are not confined to track-while-scan radars. 
 
15. Electro-mechanical Track-while-scan.  The term track-while-scan is sometimes used to 
describe those first generation radars, predominantly electro-mechanical devices, which use twin 
radar beams set mutually at 90º to search in azimuth and elevation simultaneously.  When a target is 
found, the aerials can be rotated mechanically to centre the target in the middle of each beam, and 
thus track its movement (Fig 5).  However, the term 'track-while-scan' is a misnomer for these systems 
because, during target tracking, search capability is either inhibited totally or restricted to a small area 
centred on the single discrete target already being tracked.  A refinement to this elementary system 
was to add extra aerials to deal with tracking only.  Although limited in their effectiveness, large 
numbers of this early radar type remain in service. 
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11-6 Fig 5 Electro-mechanical Track-while-scan Radar 
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16. A tracking radar must first find and acquire its target before it can operate as a tracker.  Therefore, it is 
usually necessary for the radar to scan an angular sector in which the presence of a target is suspected.  
Most tracking radars employ a narrow pencil beam aerial.  Searching a volume in space for an aircraft 
target with a narrow pencil beam would be somewhat analogous to searching for a fly in a darkened 
auditorium with a hand torch.  It must be done with some care if the entire volume is to be covered 
uniformly and efficiently.  Examples of the common types of scanning patterns are illustrated in Figs 6 to 8.  
A Palmer scan is a conical scan superimposed onto another pattern.  Fig 9 illustrates a Palmer-Raster 
scan pattern.  Similarly, it is possible to have Palmer-Helical and Palmer-Spiral scan patterns. 
 

11-6 Fig 6 Helical Scan Pattern 
 

 
 
 

11-6 Fig 7 Spiral Scan Pattern 
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11-6 Fig 8 Raster Scan Pattern 

 

 
 
 

11-6 Fig 9 Palmer-Raster Scan Pattern 
 

 
 
Tracking Errors 
 
17. The accuracy of a tracking radar is influenced by such factors as the mechanical properties of the 
radar aerial and mounting, the method by which the angular position of the aerial is measured, the 
quality of the servo system, the stability of the electronic circuits, the noise level of the receiver, the 
aerial beamwidth, atmospheric fluctuations, and the reflection characteristics of the target.  These 
factors can degrade the tracking accuracy by causing the aerial beam to fluctuate in a random manner 
about the true target path.  These noise like fluctuations are sometimes called tracking noise, or jitter. 
 
18. A simple radar target such as smooth sphere will not cause degradation of the angular tracking 
accuracy.  The radar cross section of a sphere is independent of the aspect at which the sphere is viewed; 
consequently, its echo will not fluctuate with time.  However, most targets are of a more complex nature 
than a sphere.  The amplitude of an echo signal from a complex target may vary over wide limits as the 
aspect changes with respect to the radar.  In addition, the effective centre of the radar reflection may also 
change.  Both these effects - the amplitude fluctuations and the wandering of the radar centre of reflection 
(glint) - as well as the limitation imposed by the receiver noise, can limit the tracking accuracy. 
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Introduction 
 

1. Doppler navigation radar is an airborne radar which relies on the Doppler effect to determine the 

aircraft’s ground speed and drift.  The values may be continuously displayed, or transmitted to other 

equipment such as a navigation computer. 

 

The Doppler Effect 
 

2. The Doppler effect describes the apparent change in pitch that occurs when a sound source is 

moving relative to an observer.  The same effect occurs with electromagnetic waves.  

 

3. Fig 1 shows a stationary transmitter transmitting a signal of f Hz towards a stationary receiver, the 

circles representing successive wavefronts.  Providing that the medium of transmission is 

homogeneous, the wavefronts will be equally spaced and the receiver will detect a frequency identical 

to that transmitted. 

 

11-7 Fig 1 Stationary Transmitter and Receiver 
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4. Fig 2 shows the situation where the transmitter is moving towards the receiver at a velocity of V m/s.  

The first wavefront is centred on position 1, the second on position 2 and so on.  The overall effect is to 

decrease the wavefront spacing in front of the transmitter, which will appear to the receiver as an 

increase in the received frequency.  Behind the transmitter the wavefront spacing is increased and so a 

receiver placed there would experience a reduced frequency. 

 

11-7 Fig 2 Transmitter Moving Successive Wave-Fronts 
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5. The change in frequency, known as the Doppler shift (fd), is proportional to the transmitter’s 

velocity such that: 
 

c

Vf
fd   

 

where c is the speed of propagation of the electromagnetic waves (approx 3 × 108 m/s for radio waves 

in air).  Since the transmitted frequency, f, and wavelength, , are related by: 
 

 = c/f 
 

fd may be written as V/. 
 

6. The same Doppler shift is apparent with a stationary source and a moving receiver.  In the 

case of an airborne radar, the transmitter and receiver are collocated and the radar energy is 

reflected by the ground.  When the energy reaches the ground from the moving transmitter it 

undergoes a Doppler shift to produce a frequency of (f + Vf/c) and it is this frequency which is 

reflected back to the aircraft.  The situation is now that of a stationary transmitter (the ground) and a 

moving receiver which therefore detects a further Doppler shift of Vf/c.  Thus compared to the 

transmitted frequency, f, the receiver detects a total frequency change of 2Vf/c.  Since both f and c 

are known, if the change in frequency can be measured a value for V can be determined and it is 

this principle which is used in Doppler navigation radars to determine groundspeed.  

 

Doppler Measurement of Groundspeed 
 

7. Fig 3 illustrates the general principle of groundspeed measurement in which a narrow radar beam 

is transmitted forwards and downwards from the aircraft at an angle, θ, called the depression angle.  

In this situation, the difference in frequency between the transmitted signal and the echo received from 

the ground will be θcos
c

Vf2
, where V is the aircraft groundspeed. 

 

11-7 Fig 3 Principle of Doppler Groundspeed Measurement 
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8. The choice of depression angle for the beam is a matter of compromise.  If θ is small, the 

beam strikes the terrain at a shallow angle and less energy will be reflected back to the aircraft than 

would be the case with a steeper beam.  Conversely, if θ is made large its cosine becomes small 

and the value of θcos
c

Vf2
 may become too small for accurate measurement.  In practice the value 

of θ is usually between 60º and 70º. 
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9. Operating Frequency.  The Doppler frequency to be measured, fd, equates to about 34 Hz per 

100 MHz of transmitter frequency per 100 knots, multiplied by the cosine of the depression angle.  

Since this represents a very small proportion of the transmitted frequency, it is necessary for this to 

be high in order to obtain a value for fd which can be measured with sufficient accuracy.  In practice, 

two frequency bands have been allocated to Doppler systems, one centred on 8.8 GHz generating a fd 

of about 1.5 KHz per 100 kt, and the other on 13.3 GHz giving a fd of about 2.3 KHz per 100 kt 

(assuming a depression angle of 60º). 

 

Single Beam Systems 
 

10. So far the system described has used a single fixed beam radiating forwards and downwards 

from the aircraft as shown in Fig 3.  The Doppler shift would be the same if the beam were directed 

rearwards and downwards, although the received frequency would in that case be less than the 

transmitted frequency i.e. –fd.  However, such a single beam system would have a number of 

disadvantages: 

 

a. Transmitter Instability.  High-powered I/J-band transmitters tend to suffer from some 

instability of frequency and if the frequency should drift between the time of transmission and the 

time of reception of the reflected signal an incorrect fd would be measured leading to an error in 

measured groundspeed. 

 

b. Pitch Error.  Unless the aerial was stabilized in the pitching plane, the depression angle 

would be dependent on the attitude of the aircraft.  Thus deviations from level flight would result 

in changes to fd even if the horizontal velocity of the aircraft remained constant.  The consequent 

errors in computed groundspeed would be significant, typical values being 3% for 1º of pitch and 

15% for 5º of pitch. 

 

c. Vertical Motion.  Any vertical motion of the aerial would generate a Doppler shift not 

associated with a change in groundspeed.  

 

d. Drift Error.  In a fixed single aerial system the Doppler shift would be measured horizontally 

along the direction of the beam, thus velocity would be calculated along heading, whereas 

groundspeed is measured along track.  This error could be eradicated by rotating the aerial until 

a maximum Doppler shift was obtained, at the same time determining the drift angle by the 

amount of aerial rotation.  However, this technique is imprecise in practice and is not used any 

longer even in multiple beam systems. 

 

Two Beam Systems 
 

11. Some of the errors inherent in a single beam system can be significantly reduced by employing 

two beams, one directed forward and the other rearward; the multiple beam arrangement is shown 

in Fig 4, in which both beams are depressed with respect to the horizontal.  
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11-7 Fig 4 Two Beam System 
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12. The frequency of the signal received from the forward beam, fr, is higher than the transmitted 

frequency, f, by an amount equal to the Doppler shift, fd, i.e.: 

 

fr = f + fd 

 

The frequency received from the rearward beam has a negative Doppler shift of the same magnitude, i.e.: 

 

fr = f  fd 

 

In a two beam system these two received signals can be mixed together and the difference frequency 

extracted as a beat frequency, fb, such that: 

 

fb = (f + fd)  (f – fd) = 2fd 

 

θcos
c

Vf4
ie

 
 

13. The beat frequency produced by a two beam system has twice the value of that from a single 

beam allowing greater precision in the measurement of groundspeed.  Variations in transmitter 

frequency become less important as such changes affect the forward and rearward echo signals 

equally, and are therefore cancelled when taking the difference frequency.  Similarly, any changes in 

the aircraft’s vertical speed will be sensed by both beams and will be cancelled.  Pitch errors will 

cause an increase in depression angle for one beam and a decrease in depression angle for the other 

beam, which although not providing complete compensation does reduce the errors significantly; 5º of 

pitch will cause an error of around 0.38%.  However, such a two beam system cannot be used to 

determine drift accurately and most modern systems use four or three beam arrangements.  

 

Four and Three Beam Systems 
 

14. Four beam systems, known as Janus arrays, provide for the accurate measurement of both 

groundspeed and drift.  Consider a rotatable system of 4 beams arranged as in Fig 5a, radiating alternately 

in pairs, e.g. A and A1 for a half second, B and B1 for the next, and so on.  In this example there is zero drift 

and the beams are disposed symmetrically about the aircraft heading which is also the track, i.e.: 

 

fd (A + A1) = fd (B + B1)            (see Fig 5b) 

 

Revised Jun 10  Page 5 of 14 



AP3456 – 11-7 - Doppler Navigation Radar 

11-7 Fig 5 Four Beam System - Zero Drift 
 

Fig 5a Plan View  Fig 5b Frequency Spectra 

Aircraft Heading
and Track

B A

Aircraft with
Zero Drift

A1 B1

 

 

Frequency

Amplitude 
of Received
Signals

Identical Spectra
from Both Beams

fd from B & B1

fd from A & A1

 

 

15. Fig 6a illustrates the case when the aircraft has port drift.  Before the drift angle has been 

resolved, the two sets of beams A and A1 and B and B1 are, as before, positioned symmetrically about 

the aircraft heading.  Under these conditions the Doppler shift obtained from beams B and B1 is 

greater than that from beams A and A1, as shown in Fig 6b. 

 

11-7 Fig 6 Four Beam System - Port Drift 
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The difference in frequency is converted into an error voltage which rotates the aerial assembly to the 

null position in which A and A1 and B and B1 are symmetrical about the aircraft track, and the Doppler 

shifts from each set are the same (Fig 7).  The angle of movement of the aerial assembly is then 

reproduced as a drift indication. 
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11-7 Fig 7 Four Beam System - Port Drift but with Aerial Aligned with Track 
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16. Most modern lightweight systems in fact use a fixed aerial system with only 3 beams in which the 

Doppler shifts are derived individually, and mixed electronically to resolve the horizontal and vertical 

velocities.  Such a system is illustrated in Fig 8. 

 

11-7 Fig 8 Three Beam Fixed Aerial Arrangement 
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Transmission Types 
 

17. Either pulsed or continuous wave (CW) transmissions can be used in Doppler equipments.  CW 

equipments have the advantage that less power is required (typically 100 mW), but they may be affected 

by misleading signals reflected from vibrating parts of the aircraft structure, or more commonly from 

appendages such as weapons and fuel tanks.  This problem is overcome in some systems by using 

frequency modulated CW (FMCW), which permits the rejection of signals which have been reflected from 

nearby objects. 
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18. In pulsed systems the pulse recurrence frequency (PRF) must not be allowed to produce 

spurious signals in the Doppler frequency band and is therefore made very high, usually at least twice 

as high as the highest expected Doppler frequency. 

 

Beam Shapes 
 

19. The analysis so far has assumed that the radar energy is transmitted in pencil beams, each of 

which is reflected at any instant from a single point on the ground.  However, in reality the beams must 

have a finite width and must illuminate a finite area of ground.  The total reflected signal at each aerial 

is therefore composed of the vector sum of signals from a very large number of reflecting points.  The 

Doppler frequency shift from any reflecting point is proportional only to the speed of the aircraft, the 

angle between the line of flight and the transmitted beam, and the frequency.  It is independent of the 

distance of the reflecting point from the aircraft and so the same Doppler shift is produced over flat 

terrain as over more mountainous country.  

 

20. The Doppler frequency change is proportional to the cosine of the angle between the line of flight 

and the beam and thus all reflecting points which lie on the surface of a cone of semi-angle θ, whose 

axis coincides with the direction of motion, produce a Doppler frequency of θ.cos
c

fV
2   Thus if the 

transmitted beams are so shaped as to form parts of conical surfaces, a groundspeed measurement 

may be obtained as accurate and unambiguous as that from pencil beams.  This arrangement is 

illustrated in Fig 9 and the beams are achieved by an aerial system known as a 'squinting linear array'. 

 

11-7 Fig 9 A Practical Doppler Beam Shape 
 

 
 

21. The areas of ground illuminated by the beams lie on hyperbolae (Fig 10).  The width of a beam 

along such a hyperbola is known as the broadside beamwidth and is commonly of the order of 9º or 

10º.  The depression beamwidth is the nominal beamwidth of the cone measured in a vertical plane 

through the aerial axis and is normally around 5º.  Smaller depression beamwidths result in more 

accurate Doppler shift measurement, and make the system less susceptible to sea bias error 

(see para 27).  The angle in the rolling plane between the vertical and the beams is known as the 

broadside angle.  Although a large broadside angle allows sensitive drift measurement, if it is made 

too large there will be an unacceptable decrease in the power of return signals. 
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11-7 Fig 10 Beam Parameters 
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Frequency Spectrum 
 

22. Although the beams have been described as forming part of the surface of a cone, they do in fact 

have some thickness represented by the depression beamwidth.  Each part of the beam therefore has 

a different depression angle, and since the Doppler shift is proportional to the cosine of depression 

angle, the reflected signal does not have a single frequency, but is composed of a spectrum of 

frequencies.  Fig 11 shows an idealized spectrum with the signal strength plotted against a range of 

Doppler frequencies.  Steeper depression angles result in broader spectra, and the shape depends on 

the polar diagram of the beam.  A frequency tracker is used to determine the mid-point of the 

frequency spectrum.  

 

11-7 Fig 11 Idealized Doppler Spectrum 
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Frequency Tracking 
 

23. The determination of fd from the spectrum of Doppler frequencies is accomplished by a frequency 

tracker device, which is electro-mechanical in older equipments, and electronic in more modern 

lightweight 3-beam systems. 

 

24. Electro-mechanical Frequency Tracking.  Electro-mechanical systems employ a device known 

as a phonic wheel oscillator which produces an oscillatory output voltage.  The frequency can be 

varied over the range of the Doppler spectrum by varying the speed of rotation of the phonic wheel 

shaft.  In older 'two-window' systems two oscillators are used, the output frequencies of each differing 

by a fixed amount.  The incoming Doppler signal is fed to two discriminator circuits, to one of which is 

also fed the lower phonic wheel frequency and to the other the higher.  The output of each discriminator 

is a measure of the energy contained in a narrow window of the Doppler spectrum centred on the phonic 

wheel frequency.  If the two discriminator outputs are equal, the two windows contain equal amounts of 

energy, and must therefore be symmetrically disposed around the centre frequency as in Fig 12a.  If the 

outputs are different, the windows are displaced from the symmetrical position as in Fig 12b, and the 

difference in outputs is used as an error signal to realign the phonic wheel frequencies until parity is 

achieved.  In single line tracking systems a single phonic wheel oscillator is used.  The Doppler spectrum 

is applied to two mixer circuits, each of which is also fed with the phonic wheel frequency, but with a 90º 

phase difference to each.  The output of the mixers is fed to a two phase motor (integrator motor), which 

turns in one direction if the phonic wheel frequency is higher than the mid Doppler frequency, and in the 

other direction if it is lower.  The movement of the integrator motor is used to vary the phonic wheel 

frequency until there is no movement from the integrator motor.  The phonic wheel shaft speed is then 

proportional to the Doppler mid frequency and may be used to drive indicators and computers. 

 

11-7 Fig 12 Two-window Frequency Tracking 
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25. Electronic Frequency Tracking.  In a 3-beam fixed aerial system, as shown diagrammatically in 

Fig 13, the Doppler shift in each beam is detected independently in a different channel.  It is possible 

to determine aircraft velocity along all 3 axes by subsequent Doppler mixing.  In Fig 13, the aircraft 
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has its horizontal velocity split into 2 positive perpendicular components V1 and V2.  FA , FB  and FC 

equal the Doppler shifts observed in each beam A, B and C respectively.  θ is the angle between the 

fore and aft axis and each beam in the horizontal plane.  Then FB – FC  V1 and FB – FA  V2.  Modern 

frequency trackers are able to determine whether the Doppler shift seen by each beam is positive or 

negative.  The vectors are thus resolved algebraically and displayed or used in a navigation computer. 

 

11-7 Fig 13 Transmitting/Receiving Beam Pattern 
 

Aircraft and Aerial

V2

FB

V1

FA

FC

Fore and Aft Axis




Beam C

Beam A

Beam B

 
 

Potential Errors 
 

26. Height Hole Error.  A pulsed Doppler radar cannot transmit and receive signals at the same time 

and it is therefore possible for a reflected signal to be lost if it arrives back at the receiver at the same 

time as a pulse is being transmitted.  The effect, known as height hole error, occurs at certain aircraft 

heights dependent on the pulse recurrence frequency (PRF) of the radar.  Over uneven ground the slant 

range of the illuminated area of ground is continually varying and is unlikely to remain at a critical value 

long enough for height hole error to be significant.  Over the sea however the aircraft height is liable to 

remain constant for a longer period and prolonged loss of signal may occur.  A similar effect occurs with 

FMCW transmissions when the aircraft is at such a height that the reflected signal at the instant of 

reception, is in phase with the transmitter and is therefore rejected.  Height hole error is usually avoided 

by varying the PRF of a pulsed system, or the modulation frequency of a FMCW system. 

 

27. Sea Bias.  The amount of energy reflected back to the aircraft depends, among other things, 

upon the angle of incidence, such that more energy will be received from the rear edge of a forward 

beam than from its front edge.  Over land, the irregularities of the surface mask these variations in 

energy level, but over a smooth sea the reflection is more specular in character.  As a consequence, 

not only is a larger proportion of the total energy reflected away from the aircraft, but because the 

leading edge of a forward beam has a lower grazing angle, more higher frequency energy is lost than 

is lower frequency energy from the trailing edge.  The resulting change to the Doppler spectrum is 

shown in Fig 14 and this distortion leads to the determination of a value for fd which is too low.  The 

consequent error in calculated groundspeed is known as sea bias error and typically results in 

groundspeeds which are between 1% and 2% too low.  Most systems incorporate a LAND/SEA switch 

which, discriminate between Doppler frequencies over water (fdw) and over land (fdl) and when 

switched to SEA, alters the calibration of the frequency tracker so as to increase the calculated 

groundspeed by a nominal 1% or 2%.  
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11-7 Fig 14 Sea Bias and Spectrum Distortion 
 

Correct for
Beam Centre Line

f  dMeasured fd

Sea Bias Error

Land
Spectrum

Water
Spectrum

fdfdlfdw

Signal
Amplitude

 
 

28. Sea Movement Error.  Doppler equipments measure drift and groundspeed relative to the terrain 

beneath the aircraft which, if moving, will induce an error into the results.  There are two causes: 
 

a. Tidal Streams.  The speed of tidal streams is generally greatest in narrow waterways and, 

since the time during which an aircraft is likely to be affected is small, the effect is minimal.  

Ocean currents occupy much larger areas but their speed is low and so cause little error. 
 

b. Water Transport.  Wind causes movement in a body of water and, although wave motion is 

quite complex, the net effect so far as Doppler systems are concerned is a down-wind movement 

of the surface.  The resultant error is an up-wind displacement of a Doppler derived position.  An 

approximate value for the error can be derived by considering an error vector in the measured 

drift and groundspeed which has a direction in the up-wind direction of the surface wind, and a 

length equal to about one fifth of the surface wind speed, with a maximum of approximately 8 kt.  

 

29. Flight Path and Pitch Error.  In climb and descent a true speed over the ground will be calculated 

only if the Doppler aerial is maintained horizontal.  Partial compensation for pitch is inherent in multiple 

beam systems (see para 13) and errors can be further reduced, if necessary, by gyro-stabilizing the 

aerial to the horizontal, or by correcting the errors using attitude information in the groundspeed 

computer.  Without these facilities, and with the aerial slaved to the aircraft’s flight path or to the airframe, 

a small error will be introduced. 

 

30. Roll Error.  Theoretically a combination of drift and roll can cause axis cross-coupling errors, but 

these are transient and too small to be of significance.  However, signals may be lost in a turn if one 

beam, or a pair of beams, is raised clear of the ground. 

 

31. Drift Error.  Large drift angles will have no effect on accuracy provided that: 
 

a. In a moving aerial system the aerial can rotate to the same degree as the drift. 
 

b. In a fixed aerial system a small broadside beamwidth can be obtained to prevent adverse 

widening of the frequency spectrum. 
 

In both cases a large area in the aircraft is needed, since a moving aerial needs room in which to turn, 

and a fixed aerial needs to be large to obtain a small broadside beamwidth. (Beamwidth is inversely 

proportional to aerial dimension.) 
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32. Computational Errors.  Doppler systems are mechanized on the assumption than 1 nm is 

equivalent to 1' of latitude.  However, the actual change of latitude in minutes, equating to a distance 

of one nautical mile measured on the Earths surface along a meridian, ranges from 1.0056' at the 

Equator to 0.9954' at the poles, and is only correct at 47º 42' N and S.  Furthermore, 1' of latitude 

change equates to a greater distance at height than on the surface.  Fig 15 illustrates error due to 

height, by showing the comparable distance at sea level.  Errors due to latitude and height are small 

and are not normally corrected for in navigation.  Additional small errors can be introduced into 

position calculations.  Since the aircraft never flies in a straight line, but rather weaves slowly from 

side to side of track, the calculated distance gone will exceed the distance directly measured on a 

map.  Doppler drift is added to heading to deduce track and so any error in the heading input will 

result in an error in any computed position.  

 

11-7 Fig 15 Height Error 
 



Error due 
to Height

R

(R+h)

Radius of 
Earth (R)

Surface

of E
arth

Height above
Surface (h)

 
 

Computer Display 
 

33. The two basic outputs from a Doppler system, as described, are groundspeed and drift angle, 

and these can be combined in a computing system with aircraft heading and desired track to produce 

a display which may include along and across track indications, computed position in a selected 

reference frame, distance and time to go, etc.  Fig 16 illustrates a typical Doppler computer chain for 

the navigation function.  The Doppler velocities may also be used in a mixed inertial/Doppler 

navigation and weapon aiming system in which the Doppler velocities are used to dampen the Schuler 

oscillations of the IN system (see Volume 7, Chapter 11). 
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11-7 Fig 16 Typical Doppler Navigation Computer Chain 
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34. For rotary wing aircraft applications, the vertical component of velocity can also be derived by 

Doppler and Fig 17 illustrates a hover meter.  The cross pointers show movement, in knots, forwards 

and backwards on the vertical scale, and left and right on the horizontal scale.  The vertical scale at 

the extreme left of the display shows vertical velocity in feet/minute. 

 

11-7 Fig 17 Hover Meter 
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Introduction 
 
1. Ground Mapping Radar (GMR) carried in aircraft will present the operator with an image of terrain 
features, which can then be used to aid navigation, locate targets and determine weapon aiming 
parameters.  In addition, the skilled operator will be able to interpret terrain relief, including those hills 
whose elevation is higher than the aircraft’s altitude. 
 
2. From even the most basic radar mapping display, the operator will be able to define a range and 
relative bearing to a recognizable ground feature, and then plot the reciprocal to obtain a 'range and 
bearing' fix (Volume 9, Chapter 2). 
 
3. A GMR is often one component of an integrated navigation and weapon aiming system, such that 
data derived from the radar can be used directly to update the aircraft’s present position.  Conversely, 
data from the rest of the system can be used to enhance the radar facilities (e.g. Doppler or inertial 
velocities may be used to stabilize the radar image and superimpose electronic cursors).  
 
4. Radar can provide a means of navigation which is independent of ground beacons.  The operator 
can acquire information from the radar display in all but the most extreme weather conditions.  Radar 
also has a relatively long-range capability, only limited by the equipment parameters and Earth 
curvature.  It is therefore  possible to  find  distinctive ground features, such as coastlines, at extreme 
range.  However, it is important to note that the information received and displayed by a radar may be 
ambiguous to the unskilled, or ill-prepared operator.  Hence, accurate interpretation of radar displays 
requires some knowledge of basic radar principles, and the nature of reflectors. 
 

BASIC RADAR PRINCIPLES 
 
Basic Principles of Pulse Radar 
 
5. A GMR uses pulse radar techniques, which are explained fully in Volume 11, Chapter 2.  A short 
résumé of the pertinent aspects of pulse radar theory is repeated to assist with the understanding of 
radar display interpretation skills. 
 
6. Determination of Range.  Pulse Radar determines the range of a target by 'pulse/time' 
technique.  The airborne radar fires a pulse of energy, which is reflected by the target, and returns to 
the radar aerial (see Fig 1).  The range from the aerial to the target is measured by observing the 
elapsed time (t) between the leading edge of the pulse being transmitted from the aerial, and the 
leading edge of the associated return (known as an 'echo'), arriving back at the aerial.  The range of a 
target can therefore be expressed as: 
 

2

ct
Range

×
=  

 
where c = the velocity of propagation of the pulse (3 × 108 metres per second).  The range of a target 
may be measured on the radar display by eye, or by electronic means. 
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11-8 Fig 1 Measuring Range by Pulse/Time Technique 
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7. Determination of Bearing.  To detect the bearing of a target, the aerial beam is moved in azimuth.  
This aerial movement (known as 'scanning') is synchronized with the radar display such that when an 
echo is received from a target, the radar time base is at the correct bearing on the radar display. 
 
8. Radar Displays.  There are some airborne installations which have a 360º Plan Position Indicator 
(PPI) display (see Volume 11, Chapter 1).  More commonly, however, the radar is mounted in the aircraft 
nose and scans a sector ahead of the aircraft, typically 60º either side of the aircraft heading or track.  In this 
case, the ground mapping picture will be presented on a Sector PPI display as illustrated in Fig 2. 
 

11-8 Fig 2 Layout of a Sector PPI Display 
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Representation of Terrain Features 
 
9. A radar map of an area of the terrain is achieved by scanning the radar beam in azimuth, either 
mechanically (by moving the aerial) or electronically (by using a phased array antenna).  The radar 
display picture is built up from a series of time bases (Fig 2), which sweep in synchronization with the 
radar beam.  The persistence of the CRT phosphor ensures that a continuous image of the ground is 
maintained between sweeps. 
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10. The time base is intensity modulated in response to the signal strength of received echoes.  Those 
radar targets that are highly reflective will return a greater proportion of the original transmitted energy 
than poor reflectors, and will thus be the brightest objects on the display.  In practical terms, the 
human eye can only make out 3 or 4 shades of brightness of return echoes (Fig 3) on a mono-colour 
display.  However, operator fatigue or unsuitable lighting conditions might diminish this capability.  In 
general, the ground features will be represented by: 
 

a. The brightest returns from highly reflective targets, typical of town centres and industrial 
complexes. 

 
b. Medium intensity returns from targets of average reflectivity. 

 
c. Low intensity returns (darker than the previous two categories) from flat terrain and water 
features. 
 
d. Areas containing no radar returns ('no show' areas). 

 
11-8 Fig 3 Levels of Brightness 
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11. Above the maximum visibility level, signals will 'bloom' or 'flare'.  The visibility threshold of the 
radar display is the lower limit of brightness distinguishable by the operator’s eye.  Very weak return 
signals will remain below the visibility threshold, unseen.  
 
12. A typical GMR display from medium altitude is shown at Fig 4a.  Fig 4b shows a map of the same 
area for comparative purposes. 
 

11-8 Fig 4 A Typical Medium Level Radar Display 
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Radar Parameters 
 
13. Operating Frequency.  As explained in Volume 9, as with all radar parameters, the choice of 
operating frequency is inevitably a compromise between conflicting requirements.  High frequencies 
allow narrow beamwidths to be achieved with relatively small aerials, and pulse lengths to be 
relatively short - both attributes leading to improved resolution.  Additionally, high frequency 
equipment tends to have size and weight advantages.  Conversely, high frequency radar is 
restricted in the power that can be employed, and consequently in its maximum effective range.  
Furthermore, the higher the frequency, the more the radar will be susceptible to interference and 
atmospheric attenuation.  In practice, the majority of airborne mapping radars operate in the I or J 
band with frequencies around 10 GHz (wavelengths around 3 cm). 
 
14. Pulse Width and Pulse Length.  The duration of a transmitted pulse can be measured in time 
(pulse width (PW)) or distance (pulse length (PL)).  As both terms are interrelated, either may be used 
to describe this parameter.  
 

a. The energy content of a pulse is directly proportional to its length (Fig 5).  Thus, a longer 
pulse will give a stronger return echo from targets at long range.  However, shorter pulses will 
enable the radar to resolve (separate) closely spaced targets in range.  This point will be 
discussed in detail at a later stage within this chapter. 

 
11-8 Fig 5 Pulse Parameters 
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b. The PL will determine the minimum range that the radar can measure.  The leading edge 
of the echo cannot be received until the trailing edge of the pulse has left the transmitter and 
must therefore travel a return distance at least equal to the distance occupied by a pulse.  A 
pulse occupies 300 m for every microsecond of duration and so, for a typical PW of 2 µsec, the 
return distance will be 600 m, giving a minimum range of 300 m.  In practice the minimum 
range will be greater than this since some finite time will be necessary for the aerial to switch 
from transmission to reception. 

 
The PW for a GMR is usually between 0.5 and 5 µsec. 
 
15. Pulse Recurrence (or Repetition) Frequency (PRF).  The PRF is defined as the number of 
pulses occurring in one second, and must be sufficiently high to ensure that at least one pulse of 
energy strikes a target while the scanner is pointing in its direction.  A very narrow radar beamwidth, 
with a high rate of scanner rotation therefore needs a high PRF.  In practice, the relationship between 
scanner rate, beamwidth and the PRF is adjusted such that any target will receive between 5 and 25 
pulses each time it is swept by the beam.  However, if the PRF is too high, it will limit the radar’s 
maximum unambiguous range.  The PRF of a GMR is typically between 200 and 5,000 pulses per 
second, and is normally determined by the range scale selected. 
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16. Aerial Stabilization.  The radar aerial must be stabilized, within limits, to the true horizontal both 
in roll and pitch to avoid distortion of the ground image.  This is normally achieved by using inputs 
from the aircraft attitude system - the degree of roll and pitch for which compensation can be provided 
will vary between aircraft types.  In addition to the radar image, it is possible to superimpose 
electronically produced symbols and cursors on to the display.  In some systems a topographical map 
can also be projected onto the display (see Volume 7, Chapter 30). 
 
Beam Characteristics 
 
17. Vertical Beamwidth.  The beam of a GMR must be broad in the vertical plane in order to 
illuminate all of the ground between a point beneath the aircraft and the horizon (or effective range).  A 
pencil beam, as produced by a parabolic aerial (Fig 6), is not ideal for mapping purposes since it does 
not illuminate sufficient area of ground.  Instead, a diffuse beam known as a cosecant² (or 'spoiled') 
beam is used. 
 
 

11-8 Fig 6 A Pencil Beam used for Ground Mapping 
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18. The Cosecant2 Beam.  The main advantage of the cosecant2 beam is that greater power is 
transmitted to greater ranges in order to compensate for range attenuation.  In this way, similar targets 
will give similar return strength regardless of range (Fig 7). 
 
 

11-8 Fig 7 A Cosecant2 Beam used for Ground Mapping 
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The cosecant² beam dilutes the power per unit area of ground coverage (Fig 8) and therefore is ideal 
for comparison of ground returns over short and medium ranges.  However, at extremely long range, 
reversion to a pencil beam is necessary, in order to ensure that maximum energy is reflected from 
distant targets. 
 

11-8 Fig 8 The Cosecant2 Beam 
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19. Azimuth Beamwidth.  The beam of a GMR must be narrow in azimuth so that the bearing of any 
echo can be defined accurately.  It is impossible to produce a beam in which all of the radar energy is 
distributed and confined within a finite beam.  However, with a well designed antenna, most of the 
radiated power can be constrained to a given direction as illustrated by a typical polar diagram (Fig 9).  
It is impossible to eradicate the side lobes completely but it is desirable to minimize them since they 
represent wasted power, and their presence makes the radar more vulnerable to interference. 
 

11-8 Fig 9 Half Power Beam Width 
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20. Nominal Beamwidth.  The nominal beamwidth (NBW) is defined as the angle subtended at the 
source by the lines joining the two points on the radiation diagram where the power has fallen to a 
certain proportion (usually a half) of its maximum value.  Radiation patterns are normally plotted 
showing relative field strengths, and, since field strength is proportional to the square root of power, 
the corresponding half power points C and D on the field strength diagram shown in Fig 9 are 
where the field strength has fallen to 0.5 , ie 0.707, of the maximum value AB.  Conversely, the 

power radiated in the direction AC and AD =  0.707 2  = .5 of the power transmitted along the 
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centreline AB.  The angle θ is the NBW and is proportional to the wavelength (λ) of the radiation 
and inversely proportional to the size of the aerial: 
 

degrees
DiameterDish

K
NBW

λ
∝  

 
where λ is the wavelength and K is a constant which varies with the side lobe level, but for a simple 
parabolic aerial is typically 70. 
 
21. Effective Beamwidth.  From an operator’s perspective, the apparent, or effective beamwidth 
(EBW) is of more concern than the NBW since it is one factor which influences the accuracy with which 
radar returns are displayed.  The EBW is the angle through which the beam rotates whilst continuing to 
give a discernible image from a point response.  Fig 10 illustrates the effect of a radar beam with an EBW 
of 4º scanning clockwise through a point target, due north of the aircraft.  Fig 10b shows that the target 
will be displayed on the CRT once the leading edge (LE) of the beam intercepts it.  In this instance, it will 
not be portrayed on its correct bearing of 360º, but in the direction in which the aerial centreline and time 
base is pointing, ie along 358º.  The target continues to be displayed until the trailing edge (TE) of the 
beam has passed through it (Fig 10d).  The effect is to spread the image of the point target response 
across the EBW - in this case 4º.  It is possible to calculate the resultant distortion.  In the example used, 
if the point target (treated as zero width) was at a range of 60 nm, it would appear on the displays to be 4 
nm wide (1 in 60 rule), i.e. 2 nm either side of the correct bearing.  
 

11-8 Fig 10 Effective Beamwidth 
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22. Use of Receiver Gain Control.  The EBW is largely a function of receiver gain.  Both transmitted 
power and receiver sensitivity are maximum along the beam centre line, decreasing towards the beam 
margins.  The receiver gain control determines the overall amplification of the received signal.  This 
amplification may be reduced, by the operator, until the signals near to the centreline of the beam are only 



AP3456 – 11-8 - Ground Mapping Radar 

Revised Jun 10  Page 9 of 22 

just above the visibility threshold.  This will produce an extremely narrow EBW.  Fig 11 shows a cross-
section of signal strength across the beam, in Cartesian co-ordinates.  The comparison between high and 
low gain settings demonstrates resulting change in EBW.  Alternatively, receiver gain may be increased so 
that signals at the edge of the beam are amplified sufficiently to exceed the visibility threshold. 
 

11-8 Fig 11 Gain Level and Effective Beam Width 
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RADAR DISTORTIONS 
 
Distortions Inherent in Radar 
 
23. A radar reflective target will not be portrayed accurately in size and shape on the CRT due to a 
combination of distortions that are inherent in radar.  The size of a received signal is always 
exaggerated.  The distortions applicable to each radar return are: 
 

a. Beamwidth distortion. 
 

b. Pulse length distortion. 
 

c. Spot size distortion. 
 
24. Beamwidth (BW) Distortion.  The cause of BW distortion has already been explained in Para 
21.  The effect is to add one half of the EBW to each side of the target as shown in Fig 12.  The size of 
BW distortion can be determined using 1 in 60 calculations. 
 

Example:  In Fig 12, if the EBW is 3º, and the target is at 60 nm range, then the BW distortion will 
extend the width of the target by ½ × EBW on each side of the target. 

 
At 60 nm range, 1º subtends 1nm (6076 ft) 

 
EBW     =   3º   =   3 nm   =   18,228 ft 

 
∴ ½ EBW = 9,114 ft on each side of the target. 

 
In this example, when at 30 nm range, ½ EBW would equal 4,557 ft. 
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11-8 Fig 12 Beamwidth Distortion 
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25. Pulse Length (PL) Distortion.  The range to the near edge of a target is correctly determined by half 
the time taken for the leading edge of the pulse to reach the target and return, multiplied by the 
propagation speed.  However, although the range to the far side of target is similarly determined by the 
leading edge of the pulse, the CRT continues to 'paint' until the whole PL has completely returned from the 
far side of the target.  The effect is to extend the far edge of the target by an amount equivalent to ½ × PL.  
PL distortion is added to the target and also to the BW distortion, as shown in Fig 13. 
 

Example:  A radar with a PW of 1 µsec (which gives a PL of approximately 300 metres) will 
produce a PL distortion of 150 metres. 

 
11-8 Fig 13 Pulse Length Distortion 
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26. Spot Size (SS) Distortion.  The electron beam which produces the image on the CRT has a finite 
size, and nothing less than a minimal 'spot size' can be displayed.  The radar will try to paint the outside 
edges of a response with the centre of the spot.  This will draw the correct outline, but the image is 
blurred by the addition of a margin with a thickness equal to the radius of the spot size (i.e.  ½ × SS),  
as illustrated in Fig 14.  Adjustments to focus and brilliance will affect the SS.  However, SS is a 
function of the physical size of the radar display screen so its real dimension does not change.  The 
main factor affecting the size of the distortion due to SS distortion is therefore the range scale 
selected.  SS distortion is relatively greater on smaller scales (i.e. on greater ranges).  SS distortion is 
added to the combined effects of BW and PL distortions as shown in Fig 15.  On synthetic radar 
displays, there will still be a minimum size for any time base illumination.  This minimum size may be 
defined in pixels or some other value.  However, a distortion akin to SS distortion will remain present. 
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11-8 Fig 14 Spot Size Distortion 
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27. Radar Distortions Combined.  The total of all three radar distortions, for a given target, will 
combine in the manner illustrated in Fig 15. 
 

11-8 Fig 15Total Radar Distortions for a Reflecting Target 
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28.  Effect of Radar Distortions on 'No-show' Targets.  The radar distortions increase the size of 
return echoes.  However, it should be noted that targets that do not reflect radar energy back to the 
aircraft, e.g. lakes, will be decreased in size, as a result of distortion of the surrounding ground returns 
(Fig 16).  In practical terms, at longer ranges, small coastal estuaries, and small inland lakes are 
generally indiscernible, and islands often appear as joined onto the mainland.  However, resolution will 
improve as range decreases. 
 

11-8 Fig 16 Total Radar Distortions for a Non-reflecting Target 
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29. Height Distortion.  The range measured by a mapping radar is slant range, whereas for a 
completely accurate display, plan range is needed.  If such accuracy is necessary (e.g. for high 
altitude, close range radar interpretation) the CRT time base can be made non-linear,  i.e.  the 
electron  beam producing the time base moves faster at the start of its movement from the point of 
origin, and slows gradually towards maximum range.  Even so, it is not possible to remove all of the 
distortion close to the point of origin. 
 
30. Minimizing the Effect of Radar Distortions.  The combined distortions produced by a radar will 
be minimized if the operator obeys the following rules: 
 

a. Once the fix has been positively identified, reduce the gain setting in order to reduce EBW. 
 

b. Take the fix at close range, using the smallest range scale practicable (to minimize EBW, SS 
and PL). 

 
c. An isolated target can be assumed to lie at the centre of the response (see Fig 15). 

 
The Resolution Rectangle 
 
31. As a result of radar distortions, radar targets separated in azimuth by less than EBW + SS will 
merge together on the radar display (Fig 17). 
 

11-8 Fig 17 Target Resolution in Azimuth 
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Similarly, echoes separated in range by less than ½ PL + SS will merge (Fig 18).   
 

11-8 Fig 18 Target Resolution in Range 
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32. The area defined by the two dimensions (EBW + SS) and (½ PL + SS), is known as the 
'Resolution Rectangle' (Fig 19).  Any two reflecting objects on the ground, lying within an area the size 
of the resolution rectangle will not resolve into separate images on the radar display. 
 

11-8 Fig 19 The Resolution Rectangle 
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33. When a radar response consists of several buildings in a group, the operator can determine 
whether they will remain as one response, or resolve into individual responses, by use of simple 
calculation based on the Resolution Rectangle. 
 

Example 1:  Two targets are 1,500 ft apart in azimuth.  If EBW = 2º and SS (of the chosen range 
display scale) = 400 ft, at what range will they resolve into two? 

 
Resolution will occur when EBW + SS is less than 1,500 ft. 

 
1,500 – 400 = 1,100 ft 

 
∴ EBW will need to be less than 1,100 ft 

 
Using 1 in 60, at 60 nm range, 2º EBW subtends 2 nm (12,152 ft), so: 

 

152,12

60

100,1

x
=  

nm43.560
152,12

100,1
x =×=∴  

 
Therefore, resolution will occur at ranges closer than 5.43 nm. 

 
Example 2:  Two targets are 900 ft apart in range.  Will they resolve on a display, assuming that 
SS = 300 ft and PL = 600 ft? 

 
Resolution in range will occur when separation is greater than SS + ½ PL. 

 
SS + ½ PL   =   300 ft + 300 ft  =   600 ft. 

 
Therefore, these two targets will resolve on the 20 nm range scale display. 

 
 

RADAR REFLECTORS 
 
34. The creation of a map-like image on a radar display relies on the relative strengths of the 
reflected energy returned from the various terrain features.  In turn, the amount of reflected energy 
depends upon the material of the target, and, even more so, on the direction in which the radar energy 
is reflected. 
 
Reflectivity of Materials 
 
35. All objects will simultaneously reflect and absorb electro-magnetic energy.  In general, the more 
electrically conductive the material, the higher the ratio of reflection to absorption.  An indication of the 
reflective potential for various materials is illustrated in Fig 20.  The list is not exhaustive, but it can be 
seen that man-made structures contain materials that are more reflective than natural substances. 
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11-8 Fig 20 Reflectivity of Materials 
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Specular Reflectors 
 
36. Radar energy is reflected in the same manner as other electromagnetic waves, such as light.  
Two types of reflection situations may be recognized, specular and diffuse. 
 
37. Specular Reflection.  If the radar energy impinges on a smooth surface the reflection is known 
as specular and is the same as light being reflected from a mirror, ie with the angle of reflection equal 
to the angle of incidence (Fig 21).  A surface may be considered smooth if is approximately planar and 
contains no irregularities comparable in size with, or larger than, the wavelength of the radar.  From a 
horizontal surface, specular reflection causes the energy to be directed away from the receiver.  Such 
a surface will therefore appear dark on the display.  Specular reflection is typical of smooth water and 
fine sand.  For a specular surface to give a good reflection back to the aircraft, it must be at, or near to 
the normal (ie 90º) to the radar beam.  
 

11-8 Fig 21 Specular Reflection 
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38. Multiple Specular Reflectors.  A pair of specular reflecting surfaces, mutually at right angles, will 
return a signal at the same angle of elevation as the incident energy, but not necessarily at the same 
angle in azimuth.  This scenario is shown in Fig 22, with a concrete surface area and a factory wall.  



AP3456 – 11-8 - Ground Mapping Radar 

Revised Jun 10  Page 16 of 22 

11-8 Fig 22 Reflection from Two Specular Surfaces 
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39. Corner Reflectors.  Where three mutually perpendicular, specular surfaces exist, the geometry 
is such that energy is reflected back to the source regardless of the angle of incidence.  This 
arrangement is known as a corner reflector.  Although rare in natural terrain features, corner reflectors 
frequently occur in built-up areas, as in Fig 23, and are largely responsible for the bright display of 
such areas.  Radar reflectors employing this principle are widely manufactured to enhance the radar 
reflectivity of, for example, runway thresholds, small boats and targets on bombing ranges. 
 

11-8 Fig 23 Corner Reflector in Built-up Area 
 

 
 
Diffuse Reflectors 
 
40. Diffuse Reflection.  When a reflecting surface is rough, i.e. when its irregularities are comparable in 
size with, or larger than, the radar wavelength, then that surface acts as a mosaic of randomly orientated 
specular reflecting surfaces.  As a result, the reflected energy is diffused in all directions (Fig 24).  The 
amount of energy reflected in any direction is less than would occur in a single specular reflection.  
Diffuse reflection is uncommon in man-made structures, but is typical of normal undeveloped land and 
accounts for the intermediate tone of such terrain on the display.  The proportion of the energy which is 
reflected back to the receiver depends largely on the angle of incidence. 
 

11-8 Fig 24 Examples of Diffuse Reflection 
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Change of Aspect 
 
41. The Cardinal Effect.  The approach direction towards a target can greatly influence the strength 
of returns.  Even large complexes may give only poor reflection when the angle of incidence of the 
transmitted energy is away from the normal.  This phenomenon was first noticed with towns and cities 
in the USA, which tend to be laid out on a N/S and E/W orientated grid.  This is therefore known as the 
'cardinal effect' (Fig 25). 
 

11-8 Fig 25 The Cardinal Effect 
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42. Aspect Change.  When flying past a target complex, the availability of reflectors will change as a 
result of the changing incident angle of transmitted energy.  As the aircraft proceeds along its track, 
the different reflectors found within the complex will produce echoes of varying strengths.  In Fig 26, 
the aircraft at point 1 will receive good echoes from surfaces A and B.  However, by point 2, surface A 
can be almost discounted, and point B has developed into a strong corner reflector.  On the radar 
display, the brightness level from each part of the target group will appear to change continually 
(known as 'glinting'), due to this series of different centres of reflection. 
 

11-8 Fig 26 Aspect Change 
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INTERPRETATION OF GROUND MAPPING RADAR 
 
Introduction 
 
43. Map reading from a radar display requires skill, and care.  The normal technique requires the 
operator to identify pre-selected fix points from which present position can be determined, or targets 
located.  In modern integrated systems it is possible to place electronic cursors over the fix point.  By 
knowing the fix point’s co-ordinates, and the relative range and bearing from the aircraft, the system 
can then calculate the aircraft’s present position. 
 



AP3456 – 11-8 - Ground Mapping Radar 

Revised Jun 10  Page 18 of 22 

44. Target Ambiguity.  A radar will display all received echoes with a signal strength greater than 
the visibility threshold.  A small town, an industrial complex and an airfield may all look similar in 
brightness, and if close together, an element of ambiguity may exist.  The skill of the operator is 
required to determine which response, within a series or group, is that of the required fix point, and 
which other echoes may be ignored. 
 
High/Medium Level Radar Interpretation 
 
45. Selection of Fix Points.  When selecting fix points for radar interpretation at high or medium 
level, the following factors should be considered: 
 

a. Material.  The fix point should be a good reflector, and therefore probably a man-made 
structure. 

 
b. Size.  The size of the reflecting object will affect the size and brightness of the response on 
the radar screen.  A larger target will probably be easier to identify, but due to distortions, it may 
be more difficult to determine a point on it with any precision. 

 
c. Contrast.  Contrast between the received radar return and its adjacent background will aid 
identification.  The table below shows the 3 main groups of reflecting ground surfaces and the 
strength of their return signals. 

 
Type of Surface Strength of Echo 

Water Weak 
Terrain Medium 
Cultural Strong 

 
Since water, in general, reflects little or no energy back to the receiver, the best contrast is 
usually afforded by a cultural return against a water background.  Examples of fix points in this 
category include large bridges (such as the Severn, Forth and Humber Bridges), coastal 
refineries and oil rigs.  The contrast between water/terrain is better than terrain/cultural, therefore 
the second choice should be coastlines or large water features.  Finally, if the preceding options 
are not available, then a fix can be obtained from terrain/cultural contrast.  Fix points in this 
category include towns/cities, power stations, large industrial complexes and airfields. 

 
d. Isolation.  A target that is isolated should prove easier to identify than a target within a 
group. 

 
e. Ambiguity.  When the target is adjacent to, or surrounded by other reflective complexes, it 
may be difficult to identify.  The operator can use patterns of responses to assist with this process. 

 
f. Transmitted Power.  The higher the amount of transmitted power, the stronger the reflected 
echoes will be.  It must be remembered that if the transmitted power is increased by selecting a 
longer PL, then the PL distortion will be greater. 

 
g. Range.  At longer range, smaller isolated targets may not show.  Also, at long range, BW 
distortion is greater, and depending upon the radar parameters set, PL distortion is probably 
greater also.  It is therefore more accurate to fix at close range. 

 
h. Aspect.  The angle of approach will influence the strength of the return signals (the cardinal 
effect).  In addition, by selecting a fix point ahead of the aircraft, and close to track, aspect 
change can be avoided. 
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i. Terrain Screening.  The short wavelength radar energy travels in straight lines.  Therefore, 
any solid obstruction, such as a hill, will cast a 'radar shadow' on the far side.  Any objects in the 
shadow area will not receive radar energy (Fig 27a), and cannot therefore reflect any. 

 
11-8 Fig 27 Terrain Screening 
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On the radar display, an area of terrain screening will appear as a dark 'shadow' area containing 
no radar returns (Fig 27b).  If approaching a target which is behind a hill, it is possible to 
determine, by trigonometry, at what range the target will appear out of hill shadow (over small 
distances, Earth curvature can effectively be ignored in the calculation). 

 
In summary, the 'ideal' radar fix point should be sufficiently large, a good reflector, unique, and exhibit 
good contrast against its background.  
 
46. Identification of Fix Points.  To identify a specific target on a radar screen, the operator should: 
 

a. Use larger, easily identified responses to help identify the smaller, unknown responses. 
 

b. Having decided which response is likely to be the target, make a positive cross-check by 
confirming the relationship with surrounding responses. 

 
47. Pre-flight Study.  Sound pre-flight study can help overcome much of the ambiguity present in 
radar ground mapping displays.  Most fix points are unlikely to be truly unique, and confident 
identification must be achieved by relating the radar returns one to another.  Coastal features are 
often easily identified.  However, they must be used with some caution since their appearance can 
vary with tide changes, especially in shallow and estuarine waters.  Precipitous and rocky coastlines 
(particularly small islands) are more reliable than sandy or muddy ones.  Man-made coastal features 
such as harbours and piers usually show significantly, regardless of tide state.   
 
48. Radar Manipulation.  As the range from aircraft to target changes, it is important to keep the 
target illuminated with the maximum amount of radar energy.  This requires the operator to make 
continual adjustment to the Aerial Tilt control, to keep the aerial pointing at the best depression angle.  
In addition, the operator will have to adjust the Gain control frequently, to maintain a useable amount 
of radar returns above the visibility threshold.  It is important not to attempt radar interpretation with too 
many or too few responses on the display. 
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Low Level Radar Interpretation 
 
49. The factors discussed in paras 45 to 48 are equally applicable to operation at low level.  
However, the following points should also be noted: 
 

a. Transmitter Power.  As the aircraft is closer to ground features, more energy will be 
returned, and, therefore, lower transmitter power can be selected.  In addition, the radar gain 
levels should be reduced to prevent the stronger signal returns from 'flooding' the radar display. 

 
b. Target Size.  Being closer to the targets, echoes from small objects, not visible at high level, 
will now be above the visibility threshold.  Smaller fix points may therefore be utilized. 

 
c. Aspect.  At very low level, the radar echo is probably reflected by the leading edge of a 
structure, rather than the roof.  In addition, many line features, such as railway embankments and 
facing river banks will be evident as a result of the changed angle of incidence. 

 
d. Contrast.  Level ground (eg prairie) will present a specular reflector at a higher angle of 
incidence.  Under this circumstance, even small cultural returns may give good contrast. 

 
e. Use of Terrain Features.  Well-defined ridge lines will give sharp contrast between the bright 
return on the nearside, and shadow on the far side.  Such features might be used for navigation 
check points, although they will not give the same precision fix as a discrete, man-made structure. 

 
f. Terrain Screening.  At low level, terrain screening becomes of utmost importance, and must 
be fully understood by the operator.  Recognition of different stages of hill shadow can be used 
as a method of ground avoidance. 

 
g. Radar Controls.  Variations in tilt and gain settings will each make significant impact on the 
radar picture displayed.  

 
50. Hill Shadows.  Fig 27 showed a terrain cross-section, whereby a hill produces a radar shadow 
area.  Fig 28a shows a more complex cross-section, typical of flight over a series of undulating ridges 
and hills.  This will result in a radar display similar to that illustrated in Fig 28b.  It should be noted that 
the area of radar shadow originates at the top of the hill or ridge, and extends away from the aircraft. 
 

11-8 Fig 28 Hill Shadow from Undulating Terrain 
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51. Radar Cut-off.  If the terrain elevation is equal to, or greater than the aircraft altitude, the radar will 
no longer 'see' over the hill (Fig 29a).  The shadow will extend to the maximum range of the radar screen, 
and is now termed 'cut-off'.  Fig 29b illustrates radar cut-off originating from a hill directly in front of the 
aircraft.  In this instance, for safety, the aircraft should either climb to be higher than the hill, or turn 
approximately 30º to the left, towards the low-lying terrain. 
 

11-8 Fig 29 Radar 'Cut-off' 
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52. 'Hill behind a hill'.  Radar cut-off, as explained in para 51, gives a clear warning of the 
relationship between aircraft altitude and terrain elevation.  However, a potentially dangerous 
situation can occur in hilly regions, when there may be some ambiguity between radar shadow and 
radar cut-off.  Fig 30a shows a terrain cross-section with a series of hills (A, B, and C), each 
successively higher than the previous one.  Although hill B is higher than the aircraft, the shading at 
point 'X' will appear as normal shadow.  However, if hill C was omitted from the diagram, it can be 
seen that Pt 'X' would be recognized as cut-off.  As the aircraft progresses at the same altitude 
(Fig 30b) the relationship between the peaks and shadows changes, until the cut-off from hill B 
become apparent.  However, if the final hill (C) is significantly higher than hill B, the cut-off might 
not become apparent until it is too late to climb over hill B.  This scenario, based on ascending hills 
behind hills can be encountered in the foothills of major mountain ranges.  The relative elevations 
and distance between peaks will make each case unique.  It is therefore vitally important that the 
operator maintains excellent situational awareness, in order to not confuse merely undulating 
terrain (as in Fig 28) with the 'hill behind a hill' scenario.  In addition, good visual contact should 
confirm each hill or ridge in the progression. If visual confirmation is not available, then the aircraft 
should commence a climb to safety.  
 

11-8 Fig 30 Ambiguity from the 'Hill Behind a Hill' Situation 
 

Fig 30a Shadow and Potential Cut-off Mixed  
Fig 30b Development of Cut-off as Range 

Decreases 

A
B

C

Hill
Shadow

Potential
Cut-off

Cut-off from
Furthest Hill

Aircraft's Flightpath
Pt 'X'

 

 A
B

C

Cut-off from Hill B
  now apparent  

 



AP3456 – 11-8 - Ground Mapping Radar 

Revised Jun 10  Page 22 of 22 

Radar Interpretation in Winter  
 
53. The effects of snow and ice lying on the ground will have an effect on the quality and appearance 
of the radar display. 
 
54. Snow Covered Ground.  A deep covering of snow will act as a specular reflector.  The overall 
effect will be to reduce the strength of the echoes from the ground. 
 
55. Ice.  The effect of ice upon the radar display will depend upon its roughness.  If an ice coating on 
a body of water remains smooth, the return will appear approximately the same as a water return.  
However, if the ice is formed from a broken and irregular surface, it will reflect echoes comparable to 
terrain features (see Fig 31).  Two distinct examples are worthy of mention: 
 

a. Offshore Ice.  Offshore ice will present a diffuse reflecting surface, and may return strong 
echoes, and subsequently disguise the true shape of a coastline.  In the appropriate season, 
therefore, the coastline may appear to extend in a seawards direction, sometimes for tens of miles. 

 
b. Picture Reversal.  It is possible, for an inland lake, with a broken, irregular ice surface, to 
return echoes which are stronger than those of the snow-covered land surrounding it.  This extreme 
scenario results in a 'picture reversal' effect.  In arctic regions, a picture reversal can be obtained 
from rapidly formed and irregular river ice. 

 
11-8 Fig 31 Radar Returns from a Lake 
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CHAPTER 9 - TERRAIN FOLLOWING RADAR 
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I
 
ntroduction 

1. To avoid detection by enemy radars, strike/attack aircraft need to fly at very low altitudes when in, 
or approaching, defended airspace.  The day/night, all-weather capability of strike/attack aircraft has 
been greatly enhanced by terrain following radars. 
 
H
 

eight/Speed Considerations 

2. Height.  The optimum height to fly is a balance between being so low that collision with the ground 
is a real risk and being so high that the aircraft is vulnerable to interception by the enemy.  Fig 1 shows 
how the risk of collision with the ground increases with decreasing height, and exposure to enemy action 
increases with increasing height.  This does not apply in all cases; the detection distance of a ground-
based radar over a flat desert or on a coastline is virtually independent of height and is mainly limited by 
range and the curvature of the Earth.  Excluding these cases, the resulting curve of total risk shows that 
00 feet is the optimum operating level. 2

 
11-9 Fig 1 Optimum Height to Fly 
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3. Speed.  The faster an aircraft can fly, the safer it is from enemy attack.  However, there is a point 
where the penalty of increased fuel consumption in flying at supersonic speed at low level is hardly 
compensated for by a reduction in vulnerability.  Therefore, the highest sustainable subsonic cruise 
speed is regarded as the optimum at low level. 
 
Safety Factors 
 
4. The safety requirement for a terrain radar system is that no single failure should endanger the 
safety of the aircraft.  Any failure must result in a safe pull-up manoeuvre.  From the fail-safe aspect, 
duplication, where feasible, is adopted. 
 
Terms 
 
5. The following terms describe the capabilities of particular systems: 
 

a. Terrain Warning (TW).  A TW system warns the crew of terrain which lies directly in their 
flight path.  Virtually any airborne radar can be used for this purpose, provided the operator is 
skilled in interpreting hilly terrain. 

 
b. Terrain Clearance (TC).  A TC system enables the aircraft to fly 'peak-to-peak', rather than 
accurately following the terrain contours. 

 
c. Terrain Avoidance (TA).  A specialist TA radar will usually only display terrain which 
penetrates higher than a pre-set clearance level. 

 
d. Terrain Following (TF).  A TF system enables the aircraft to closely follow all ground 
contours in elevation and it is the most effective of all terrain radar systems. 

 
Monopulse Radars 
 
6. In a non-monopulse radar, the aerial produces a single beam with a width dependent on the size 
of the aerial and the frequency used.  A typical beamwidth in an airborne radar is 4º, and any ground 
within this beam will give a return, the range of which can be measured.  However, since the strength 
of the return can have any value, depending on the reflecting properties of the particular piece of 
ground, its position within the beam cannot be determined.  The angular accuracy would therefore 
be 4º or more which is inadequate for terrain following (see Fig 2a). 
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11-9 Fig 2 Comparison of Transmitted Beams 
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7. The single-plane monopulse aerial has two feeds (see Fig 2b), simultaneously producing two 
slightly divergent and overlapping beams.  The area in which the beams overlap is known as the radar 
boresight.  The ground returns illuminated by these beams are simultaneously processed in two 
different ways.  A 'sum' signal is formed by adding together the returned signals of each beam.  This 
gives the effect of a single beam, equal in width to that of the sum of both beams.  At the same time, a 
'difference' signal is formed by subtracting the returned signal of one beam from the other.  The 
difference signal has a phase which may be compared with that of the sum signal and it also has a 
minimum amplitude where the beams are equal, ie along the boresight.  The phase and amplitude 
relationships between sum and difference signals are such that returns from above the boresight 
produce a positive output whilst those from below give a negative output.  Where the boresight 
intersects the ground, the output is zero; the exact range along the boresight to the ground can 
therefore be accurately determined. 
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SCANNING MONOPULSE RADAR 
 
General 
 
8. A scanning monopulse radar system scans the terrain ahead of the aircraft and determines the 
elevation profile which the aircraft must follow to clear the ground by the required height. 
 
Principle of Operation 
 
9. Guidance information for manual flying is produced by the radar on a head-up display (HUD), or 
the output can be coupled directly to the autopilot. 
 
10. Fig 3 illustrates a simple HUD.  The target 'dot' on the flight director symbology represents the TFR 
demand, which the aircraft should be following to clear the ground ahead by the required amount.  The 
aircraft symbol indicates the aircraft’s present flight path.  The situation illustrated in Fig 3 indicates that 
the pilot needs to pitch the aircraft’s nose down, to follow the TFR demand. 
 

11-9 Fig 3 HUD - TFR Presentation 
 

Horizon Bars
Aircraft Symbol

Flight Director 
symbology 
with target dot  

 
11. Other sources of information, which are necessary in a sophisticated TFR system, are provided 
by the radar altimeter and airstream direction detector (ADD).  Attitude reference is also required to 
provide signals for radar roll axis stabilization. 
 
12. The radar aerial scans in the vertical, +8º to –22º, about the radar roll axis.  As the aircraft 
manoeuvres, the radar roll axis changes to ensure that the beam covers the ground at all times.  The 
range to the ground along the aerial boresight for each pulse is measured and range to the ground at 
all scanner angles is therefore known.  The ground profile is compared with a computer generated 
'ideal flight path', called the zero command line (ZCL), shown in Fig 4.  The ZCL is made up of two 
parts, the ski toe and the base line (not shown).  The effect of various parameters on the ZCL is 
summarized as follows: 
 

a. Set Clearance Height.  The ZCL moves downwards with increased set clearance height to 
keep the aircraft further from the terrain. 

 
b. Flight Vector.  The ZCL is moved downward with increased climb angle but there is little 
movement of the ZCL during a dive. 

 
c. Groundspeed.  The flat portion of the ZCL is elongated and the curved portion flattened with 
increased groundspeed. 

 
d. Ride and Weather Mode.  The flat portion of the ZCL is elongated and the curved portion 
flattened with the selection of soft ride or weather mode (used in normal/heavy rain conditions). 
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11-9 Fig 4 Flight Path Indications 
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The 'Ski' in Action 
 
13. The overall principle of the system is illustrated in Fig 4.  Over reasonably smooth terrain, the 
aircraft flies straight and level and the base line (not shown) 'rests' on the terrain.  On approaching an 
obstacle (position 1), the terrain profile penetrates the ski toe generating a pull-up command.  The 
command is satisfied at position 2.  At position 3, the aircraft pushes over into a shallow dive.  By 
position 4, the terrain profile again penetrates the ski toe generating a pull-up command.  The speed 
at which this happens is controlled so that, by keeping the target dot within the circle of the aircraft 
symbol, the pilot should not experience uncomfortable g forces. 
 
14. When the elevation is zero, the base line must be parallel to the direction of aircraft flight, ie 
parallel to the velocity vector.  The ADD is used to measure the difference between the radar roll 
angle and the velocity vector.  This angle is fed to the computer to position the ZCL correctly. 
 
15. The height measured by the radar altimeter is compared with the selected clearance height and 
an up or down command is generated.  This command is fed to the terrain radar computer and then 
onto the head-up display or autopilot. 
 

OPERATIONAL CONSIDERATIONS 
 
Radar Returns 
 
16. Radar returns from built-up areas and isolated buildings can be very much stronger than those from 
sand or arid ground, therefore the strength of the return is not a measure of its importance, since the top 
of a hill may be a poor reflector.  If the receiver is sensitive enough to see such weak signals, strong 
reflections to one side may swamp or break through the main signal and appear at the output as ground 
at a higher angle than in reality.  Automatic gain control (AGC) minimizes this problem. 
 
High Speed, Low Level Scanning 
 
17. The equipment has to provide safe steering signals in elevation, while the aircraft navigation 
system demands a turn either via the autopilot or the head-up display.  A bank angle of 45º at 0.9 M 
has to be tolerated.  To satisfy this requirement the aerial scan pattern changes, from being purely 
vertical, to one which 'leans over' into the Terrain Following Radar turn.  The angle of lean is a function 
of aircraft bank angle and speed, thereby ensuring that the terrain inside the turn is scanned 
sufficiently early to generate any necessary climb demand. 
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Introduction 
 

1. Conventional airborne radars used for ground mapping or reconnaissance use either a 

mechanically scanning, or a planar phased array aerial, to produce a PPI display.  In order to achieve 

good resolution it is desirable to have an azimuth beamwidth that is as narrow as possible, but since 

beamwidth is inversely proportional to aerial size, this implies the use of large aerials.  Unless the 

radar is mounted in a large external radome with the attendant weight and aerodynamic penalties, the 

size of a forward facing aerial will be restricted by the frontal area of the carrying aircraft, and in the 

case of a mechanically scanning aerial, there must also be room to accommodate the aerial 

movement.  A further disadvantage of forward facing transmissions is that they give advance notice of 

the aircraft’s approach to the enemy’s electronic scanners. 

 

2. Sideways-Looking Airborne Radar (SLAR) is used for reconnaissance, and overcomes these 

disadvantages by looking sideways and downwards from the aircraft using a non-scanning aerial 

mounted parallel to the aircraft fuselage.  This arrangement allows the aerial to be made long, so 

giving a narrow azimuth beamwidth and good resolution in that plane. 

 

3. The aerial is normally of the slotted waveguide type where one or more slotted waveguides are 

physically attached parallel to the fore-and-aft axis of the aircraft, either along the side of the fuselage 

or in an underslung pod.  A SLAR aerial for a fighter-type aircraft would typically be 3 to 5 m long 

compared to a maximum size of about 2 m for a circular scanning aerial in a large aircraft.  The 

equipment is normally designed for two aerials, one looking to port and the other to starboard. 

 

Operation 
 

4. A beam of radar pulses is transmitted at 90º to the aircraft’s fore-and-aft axis, the number of pulses 

transmitted being proportional to the ground speed of the aircraft to maintain a series of overlapping scans.  

The radar transmission is switched from one aerial to the other on a pulse to pulse basis to produce two 

maps of parallel strips of ground, equally spaced either side of the aircraft, as illustrated in Fig 1. 
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11-10 Fig 1 Radar Ground Cover 
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5. The output from the receiver can be displayed on a CRT, processed by an optical system to 

produce a film record, stored on magnetic tape for post-flight display and analysis, or telemetered to a 

ground receiving station. 
 

6. SLAR typically operates in the K or L band and uses pulse compression techniques to retain 

good range resolution while transmitting sufficient energy to achieve a satisfactory range performance.  

In elevation, the beams are cosec2 in shape and are adjustable in depression angle so as to obtain 

the optimum ground illumination with changing aircraft height. 
 

7. The beamwidth of a linear array aerial may be determined approximately, in degrees, by 50λD 

where λ is the operating wavelength and D is the aerial array length.  Using this approximation for a 

fighter-type aircraft installation with an aerial length of 3m, and assuming a wavelength of 1 cm, yields 

a beamwidth of about 0.16º.  On a large aircraft where an aerial length might be 10 m the beamwidth 

would be 0.05º at the same wavelength, which at a range of 10 nm equates to a linear beamwidth of 

some 16 m (50 ft).  Although this may be adequate for some situations, many reconnaissance 

applications require a narrower beamwidth.  However, since there is clearly a practical limit to the 

length of the aerial which can be accommodated on an aircraft, an alternative approach is needed - a 

technique known as synthetic aperture. 
 

8. Synthetic Aperture.  The synthetic aperture technique relies on the aircraft movement to simulate 

an aerial array much longer than the physical installation.  The parameters (including phase) of the radar 

returns from a pulse are recorded, and then combined and processed together with returns from 

subsequent pulses transmitted from different aircraft positions.  The effect is to synthesize an aerial with a 

length equal to the distance flown during the period in which the data is collected.  Synthetic aperture 

techniques achieve useful improvements, typically yielding linear resolutions an order smaller than a 

conventional linear array.  However, this improvement is at the expense of considerable processing 

complexity, which, particularly if a near real-time performance is needed, would preclude their use on other 

than large aircraft.  There is a further requirement to stabilize the antenna to a high degree of accuracy. 
 

Image Quality 
 

9. SLAR systems use high frequency transmissions with high pulse recurrence frequencies which, 

together with pulse compression techniques and narrow beamwidths, enable high quality, good 

resolution images to be obtained; Fig 2 shows an example low altitude SLAR image together with the 

equivalent Ordnance Survey map for comparison. 
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11-10 Fig 2 SLAR Map 
 

 
 

10. Distortions.  Uncompensated deviations from the planned flight profile can cause distortions in 

the image: 
 

a. Height and Ground Speed.  Any variation in planned height or ground speed will cause 

distorted scales across the map. 
 

b. Roll.  If the aerial is not roll stabilized, rolling will cause uneven illumination of the ground 

which will be apparent on the resulting imagery but may not produce distortion.  However, large 

roll angles may result in complete loss of the picture. 
 

c. Drift.  Without drift stabilization of the aerial or drift compensation in the display system, 

parallelogram distortion will result as shown in Fig 3. 
 

11-10 Fig 3 Parallelogram Distortion 
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CHAPTER 11 - WEATHER RADAR 
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Introduction 
 
1. A weather radar is an airborne pulse radar designed to locate turbulent clouds ahead of the 
aircraft so that, in the interests of safety and comfort, they may be circumnavigated either laterally or 
vertically, or penetrated where the turbulence is likely to be least.  The radar beam is conical, and 
typically scans in azimuth 75º to 90º either side of the aircraft’s heading (see Fig 1). 
 

11-11 Fig 1 Conical Beam Scanning in Azimuth 
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Some systems can scan vertically (typically ± 25º) to give a profile display.  Cloud returns are 
displayed as bright areas on a sector PPI display equipped with either fixed or electronically generated 
range and bearing markers as shown in Fig 2.  The scanner has limited stabilization in pitch and roll 
so that the scan remains horizontal and with a steady tilt angle relative to the horizon during aircraft 
manoeuvre. 
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11-11 Fig 2 Cloud Formation on a Sector PPI Display 
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2. Most weather radars have a secondary ground mapping application and, in this mode, the radar 
transmission is often converted to a cosecant2 beam – this type of beam is described in Volume 11, 
Chapter 8. 
 
Principle of Operation 
 
3. Cumuliform clouds are associated with rising and descending currents of air leading to 
turbulence, which can be severe in the case of cumulo-nimbus clouds.  The turbulence tends to retain 
the water droplets within the cloud which increase in size until they fall as heavy precipitation.  It is this 
precipitation, and in particular the large water drops, which reflect the radar energy and from which 
turbulence can be inferred.  Hailstones are normally covered with a film of water and tend to produce 
the strongest echoes; gentle rain, snow, and dry ice produce the weakest echoes.  Non-turbulent, 
principally stratiform, clouds are not usually detected by the radar as the water droplet size is too 
small, neither can the radar detect clear air turbulence.  Normally the radar energy will penetrate the 
precipitation of one cloud so as to be able to display echoes from clouds beyond.  However, extremely 
heavy precipitation may attenuate the radar to an extent that this penetration is not achieved. 
 
Iso-echo Contour Display 
 
4. The strength of the returned radar signals varies according to the precipitation rate and, by 
inference, reflects the degree of turbulence.  However, a normal monochrome CRT display is unable 
to discriminate between these different signal amplitudes; clouds with significantly different degrees of 
turbulence would appear the same on the display. 
 
5. In order to overcome this shortcoming, a system known as Iso-echo Contour has been 
developed.  In this system an amplitude threshold level is established, and all signals which exceed 
this level are switched to earth (see Fig 3).   
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11-11 Fig 3 Generation of Iso-echo Display 
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The effect is to create a 'black hole' on the display corresponding to those parts of the cloud return 
with the greatest precipitation rate (Fig 4).  The outer and inner edges of the surrounding return 
correspond to two contours of precipitation rate, and the width of the 'painted' return reflects the 
precipitation gradient in the area; the narrower the paint, the steeper the gradient, and therefore the 
more severe the turbulence. 
 

11-11 Fig 4 Weather Radar Colour Display 
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Multi-threshold Colour Displays 
 
6. An extension of the Iso-echo Contour system is to have a number of threshold levels in order to 
generate a series of precipitation rate bands.  It is necessary to have a colour CRT to display these 
gradations, with a different colour used for each precipitation rate band.  Conventionally, the colours 
range from black, indicating no or very light precipitation, through green and yellow to red, which 
corresponds approximately to the traditional Iso-echo Contour threshold.  Increasingly, new systems 
add another colour, magenta, to indicate areas of most intense precipitation.  One such display is 
shown in Fig 4. 
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Sensitivity Time Control 
 
7. As well as the nature of the cloud target, the strength of the returning radar signal is dependent 
on the range of the cloud.  In order to eliminate this variable, sensitivity time control (STC), or swept 
gain, techniques are used in which the receiver gain is lowered at the instant each pulse is fired, and 
then progressively increased according to a predetermined law.  This ensures that echoes from 
distant ranges are amplified more than those from close range. 
 
8. At long ranges a cloud is likely to fill the radar beamwidth only partially and the echo signal will 
vary inversely as the fourth power of range whereas at lesser ranges, where the beamwidth is 
completely filled, the reflected signal varies inversely as the square of the range.  There is, 
therefore, no universal law for all ranges to which STC can be made to conform and any installation 
will have a display that is compensated only over a limited, fairly short, range (e.g. 25 nm). 
 
Display Interpretation 
 
9. Radar is only reflected by cloud if there are water droplets above a certain size, or hail, but 
rapidly building storms will typically contain ice in their upper levels which reflects very little radar 
energy.  When cruising at high altitude it is therefore important to use the tilt control to scan 
downwards or to use the 'profile' capability of some radars to intercept the lower portion of the 
storm containing the water droplets.  A 'profile' scan is shown in Fig 5. 
 

11-11 Fig 5 'Profile' Scan 
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10. Having detected a cloud which is likely to be turbulent, a course of action must be determined.  
The best option would be to avoid the cloud altogether, however this may not be possible in practice, 
and consideration must be given as to the best part of the cloud to penetrate.  Fig 6 shows a typical Iso-
echo display cloud return diagrammatically.  There are two areas (marked W) where the amplitude of 
the received signal has exceeded the threshold level, and these, therefore, show as 'black holes'.  
Although these areas can be assumed to be areas of high precipitation and therefore of turbulence, 
greater consideration should probably be given to areas where the precipitation gradient is highest.  
This is indicated by the width of the 'paint'.  The upper part of Fig 6 illustrates the returning signal 
strength and it will be seen that the gradient is steeper to the left than to the right.  On the display this 
variation is shown by the band at A being narrower than at B.  By implication, the particularly narrow 
band at Y can be considered to be the area of greatest turbulence. 
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11-11 Fig 6 Diagram of Typical Cloud Return Indicating Zones of Differing Turbulence 
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11. Area Y should, therefore, be the first priority for avoidance.  The two areas labelled W represent 
returns above the Iso-echo threshold level and are, therefore, areas of high precipitation and 
turbulence.  Although area X, between these 'holes', is of a lower level, the degree to which the 
amplitude has dipped below that of W is not apparent from the display; it may easily be very nearly as 
turbulent.  The best area for penetration is likely to be B where the paint is wide (wider than A), and 
the amplitude continues to fall to below the video threshold level on the right. 
 
Determining Cloud Vertical Extent 
 
12. The vertical extent of cloud is most simply determined on screen if the equipment has a profile 
scanning capability (Fig 5).  On azimuth only systems it is possible to make an approximate estimation of 
the vertical extent of a cloud by tilting the aerial both above and below the horizontal until the echo just 
disappears as shown in Fig 7. 
 

11-11 Fig 7 Cloud Height Measurement 
 

Fig 7a Tilt Up Until Echo Just Disappears 
Radar Beam

Tilt Angle
0o

 
Fig 7a Tilt Down Until Echo Just Disappears 
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The solution to the trigonometrical equation involving the tilt angles and range is normally solved using a 
table or a graph, such as that shown in Fig 8. 
 

11-11 Fig 8 Cloud Height Measurement Graph 
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CHAPTER 12 - AIR INTERCEPT RADAR 
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Introduction 
 
1. The principle purposes of airborne intercept (AI) radar are to detect and identify airborne targets 
(including those below the radar horizon of ground-based installations) to enable the timely use of 
appropriate tactics and weapons.  Ideally, AI radar should be able to track, measure flight parameters 
of, and predict flight paths for multiple targets simultaneously, so as to provide the fighter crew with an 
overall air picture. 
 
2. The radar will also be required to provide the necessary cueing and guidance signals for air 
launched weapons such as radar guided missiles.  At closer range, the radar should provide accurate 
steering and range information so that a visual identification of a target can be accomplished.  In close 
combat, the radar may be required to provide range and angle rate data for gun aiming, and range 
cueing for infra-red (IR) homing missiles.  Radar angle data may also be used to slave IR missile 
heads onto a target to facilitate IR lock before missile launch. 
 
3. Such diverse requirements cannot be met with one type of radar transmission, and modern AI 
radars are able to operate in a number of modes, the most appropriate being selected for any 
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particular situation.  The capabilities of these various modes can only be realized with the aid of an 
airborne computer capable of processing the signals and of providing the necessary inputs to a 
synthetic display. 
 
Operating Modes 
 
4. Whereas a non-coherent pulse radar can readily be used to determine the range of a target, it 
cannot determine velocity.  Furthermore, it is not suitable for detecting airborne targets against a 
terrestrial background, since the target echo would be indistinguishable from the ground returns.  
Conversely, a pure CW radar cannot be used to determine range but can be used to determine the 
radial velocity of a target by measuring the Doppler shift in the radar echo.  Since only the Doppler 
shift (ie not the absolute frequency) of the returning signal is measured, a simple CW radar cannot 
discriminate between multiple targets which occur in the beam at the same time.  Another 
disadvantage of pure CW is that it requires separate transmitting and receiving aerials.  Thus, 
although pure CW on its own is not a suitable transmission type for an AI radar, an AI radar will 
usually have a CW mode, which is used to illuminate a target for missile guidance.  In this mode the 
aircraft radar only transmits, the receiver being in the missile seeker head. 
 
5. Clearly some combination of the characteristics of both pulse and CW is desirable and this is 
achieved in a type of transmission known as pulsed Doppler (PD) or interrupted continuous wave 
(ICW).  In this transmission type, the pulses are coherent with respect to each other, i.e. they have a 
constant phase relationship.  The coherency allows a Doppler shift (and consequently velocity) to be 
measured; the pulse characteristic means that range can be determined, although, in practice, not as 
easily as in a simple pulse radar. 
 
Clutter 
 
6. One of the desirable features of AI radar is the ability to detect targets against a terrestrial 
background.  This ability is conferred by the CW element of the transmission.  However, in addition to 
the Doppler shift in the received echo generated by the target, there will also be a spectrum of 
frequencies returned from the ground as a result of the carrier’s speed.  As well as the main beam, all 
radars produce a number of sidelobes which, since they intercept the terrain at a variety of angles, will 
detect varying Doppler shifts (Fig 1a).  The sidelobes reaching the ground immediately underneath the 
aircraft generate clutter (altitude returns) centred on the transmission frequency (since the range rate 
is essentially zero) but with some frequency spread due to terrain variation and aircraft climb and 
descent.  The Doppler frequency sensed by the main beam will vary with radar angle, terrain profile, 
and, of course, with the carrier aircraft’s velocity.  The result, in the case of a simple CW transmission, 
is to produce a clutter spectrum similar to that shown in Fig 1b.  In some systems the peaks due to 
altitude and Mainlobe Clutter (MLC) can be removed using filters, to leave a band of clutter of fairly 
level amplitude extending either side of the central frequency by an amount equivalent to 
groundspeed Doppler shift.  In the 'look-up' situation, MLC is eliminated but Sidelobe Clutter (SLC) is 
still present. 
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11-12 Fig 1 Generation of Clutter in a CW Radar 
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7. In order to detect a target readily, its Doppler shift must lie outside of the clutter region.  Whether 
this will be the case depends on the target’s radial velocity which, in addition to its actual speed, is a 
function of the intercept geometry.  In the head-on case (Fig 2a) the radial velocity will be the sum of 
the target’s and the carrier’s speeds, and the Doppler shift will always be outside the clutter region.  In 
the beam and stern chase cases however (Fig 2b and 2c), the radial velocity is likely to be low giving 
a Doppler shift inside the clutter region, thereby making detection more difficult. 
 

11-12 Fig 2 Effect of Intercept Geometry on Target/Clutter Interference 
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8. The clutter problem is complicated once a pulsed transmission is considered since the 

11-12 Fig 3 Clutter in an ICW Transmission 
 

Fig 3a Frequency Spectrum of ICW Transmission 

transmission comprises several spectral lines which can be determined by Fourier Analysis to be 
multiples of the Pulse Repetition Frequency (PRF), as shown in Fig 3a.  The clutter spectrum is 
superimposed on each of these spectral lines (Fig 3b) and this is significant when choosing the PRF, 
since the higher the chosen PRF, the wider will be the clutter free regions. 
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ception, the receiver is only able to accept 

11-12 Fig 4 Eclipsing and Blind Ranges 
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returning echoes for a proportion of the time.  As a consequence, many returning echoes will be 
partially cut off, an effect known as eclipsing; at certain ranges the echoes will be completely cut off 
giving rise to blind ranges (see Fig 4). 
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10. The problem of blind ranges can be alleviated by jittering or staggering the PRF so that no 
particular range remains blind permanently.  The technique also helps to spread the eclipsing effect 
more uniformly over different target ranges.  In very high PRF systems the loss of received power 
caused by eclipsing can be compensated for in the signal processing by integrating pulses. 
 
Velocity and Range Ambiguities - The Influence of PRF 
 
11. In any pulsed radar system it is essential, if ambiguities are to be avoided, for each echo to be 
associated with its own transmitted pulse. 
 
12. Velocity Ambiguity.  In the example of a received spectrum of an interrupted continuous wave 
radar at Fig 3b, the pulse repetition frequency is sufficiently high to allow clutter free regions to exist, 
and if the target’s Doppler shifted frequency falls into this clear region it is relatively easy to detect 
since it is competing only with noise.  If, however, the pulse repetition frequency is reduced, the 
spectral lines become closer together until, at some point, the clutter spectra overlap (see Fig 5).  In 
addition to the increased problem of detecting the wanted return against the clutter background, it is 
also impossible to determine to which particular spectrum the return belongs and it is therefore not 
possible to measure velocity unambiguously.  A sufficiently high PRF must be used to prevent the 
maximum Doppler shift from appearing in the adjacent spectrum. 
 
11-12 Fig 5 Reduction of PRF Leading to Overlap of Clutter Spectra and Frequency Ambiguity 
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13. Range Ambiguity.  Although the problem of velocity ambiguity can be avoided by employing a 
sufficiently high PRF, this approach will lead to an increased likelihood of range ambiguity.  Radar 
range is determined by timing the radar echo with respect to its transmitted pulse and, in order to 
avoid range ambiguities, the echo must be received before the next pulse is transmitted.  Using a high 
PRF reduces the time available for this to be possible, and therefore reduces the maximum range at 
which the radar can be used without incurring ambiguities in range measurement. 
 
Medium PRF Radars 
 
14. If a target is in sidelobe clutter, as in Fig 6a, the likelihood of detection is low.  The situation would 
not appear to improve at a lower, medium PRF if the target remains in the SLC (see Fig 6b), but this 
allows time for the use of a number of range bins, as illustrated in Fig 7.  
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11-12 Fig 6 High/Medium Doppler Spectra 
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11-12 Fig 7 High/Medium Pulse Spacing 
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These range bins act effectively as separate radar receivers, each dealing with a different range band, 
enabling the clutter to be divided between them.  It is useful to consider the derivation of SLC - in the 
high PRF mode it is generated from horizon to horizon; in the medium PRF mode it is generated 
within annular rings as shown in Fig 8. 
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11-12 Fig 8 Sidelobe Clutter Regions in Medium PRF Mode 
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15. A medium PRF mode requires processing for each range bin and is therefore more complex than 
a high PRF mode.  This complexity is further increased by the need to resolve both velocity and range 
ambiguities.  Moreover, there are no clutter free regions such as those shown in Fig 3b, and so 
approaching targets are more difficult to detect than in the high PRF mode.  The ideal solution is to 
provide operator choice of high or medium PRF modes. 
 
16. Many AI radars can use a medium PRF mode, typically in the range 10 kHz to 30 kHz.  Although 
a medium PRF system suffers from both range and velocity ambiguities, neither is particularly severe 
and they can be resolved using the technique of multiple PRFs. 
 
17. Range Resolution.  The principle involved in multiple PRF ranging is shown in Fig 9.  The 
transmission is first made at PRF 1 which generates a series of ambiguous range values.  The PRF is 
then altered to PRF 2 and a further set of ambiguous ranges obtained.  A coincident range value from 
each PRF indicates the true range. 
 

11-12 Fig 9 Two-PRF Ranging Techniques 
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18. Velocity Resolution.  Fig 10 shows a typical medium PRF radar frequency spectrum in the 
presence of ground clutter; the PRF is selected so that the MLC is at the PRF line.  The target return 
is repeated for every PRF line.  The area for detection is limited to the frequency range between the 
centre line and the first PRF line and detection filters are arranged to cover this space.  In modern 
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systems the task of the array of filters will be carried out by the computer software.  Ambiguity arises 
since a target detected by the filters may be due either to the centre line, or to one or more PRFs 
before the centreline. 
 
11-12 Fig 10 Medium PRF Frequency Spectrum with Ground Clutter - Location of Detection Filters 
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Fig 11 shows the situation when two PRFs are used (15 kHz and 12 kHz).  The dots represent the 
detection filters.  Consider a target detected by the 7th filter using the 15 kHz PRF and by the 10th 
filter using the 12 kHz PRF.  The correct value for the Doppler shift is found by repeatedly adding the 
corresponding PRF increment to the filter number until a matching value is found.  In this example: 
 

Filter Value + PRF + PRF +.........  
7 + 15 +   = 22

10 + 12 +   = 22
i.e., the correct Doppler shift is 22 kHz. 

 
11-12 Fig 11 Two-PRF Velocity Resolution 
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19. In practice three PRFs are normally used for velocity resolution in order to cater for positive and 
negative relative velocities, and a further two PRFs for range resolution.  Both the ranging and velocity 
PRFs must be transmitted during the period of target illumination. 
 
High PRF Radar - FM Ranging 
 
20. Whereas a medium PRF radar is usually considered the better option in an agile close combat 
situation, a high PRF radar is generally a better choice when the task is to detect and engage fast, 
low-flying aircraft at maximum missile range.  By using a high PRF, at least twice that of the highest 
Doppler frequency shift expected, velocity ambiguity can be avoided, but the system would suffer from 
multiple ambiguities in range.  Unfortunately, the technique of using multiple PRFs to resolve the 
ambiguities is impractical at PRFs above about 20 kHz as it is difficult to provide a sufficient number of 
range bins and high PRF radars typically employ PRFs in excess of 200 kHz.  An alternative ranging 
technique is therefore necessary and the method employed is that of frequency modulation (FM).  
Since the transmission type is interrupted continuous wave (ICW), this mode of operation is often 
known as FMICW. 
 
21. The principle is illustrated in Fig 12 which shows that the transmission frequency is first ramped 
up, and then down, followed by a period of zero modulation. 
 

11-12 Fig 12 Principle of FM Ranging 
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At any instant, the difference between the transmitted and received frequency is due to a combination 
of range delay and Doppler shift.  During the up ramp the difference between the transmitted and 
received frequencies (f) is the Doppler shift, fd, minus the change due to the range delay, fr; during 
the down ramp, f = f d + fr.  During the zero modulation phase the difference is solely due to the 
Doppler shift.  Thus three frequencies are generated, the Doppler shift and two frequencies equally 
spaced either side of the Doppler frequency and separated from it by an amount which is a function of 
the target’s range (Fig 13).  These frequencies are detected in the computer software using fast 
Fourier transform (FFT) techniques, and the target’s range and velocity is computed.  A target is only 
recognized if all three frequencies are present. 
 

11-12 Fig 13 FM Ranging Frequency Triplet 
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22. Ghosting.  When more than one target is present there is a possibility of false targets, known as 
ghosts, being generated as the software searches for the pattern of three equally spaced frequencies.  
Consider the situation in Fig 14 where there are two real targets, X and Y, each generating a 
frequency triplet.  The computer will recognize a further target composed of the centre and lower 
frequency of X, together with the upper frequency of Y.  The more real targets there are, the greater is 
the potential for ghosts. 
 

11-12 Fig 14 Generation of Ghost Target Triplet 
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Low PRF Mode 
 
23. Some radars have the option of using a low PRF mode which is sometimes known as Pulse 
mode since, although the transmission is still ICW, the severity of velocity ambiguity is such that 
Doppler detection is impractical, and the radar acts in a similar manner to a simple non-coherent pulse 
radar.  The low PRF mode would typically be used in a stern attack situation where it has the 
advantages of providing a relatively tenacious lock-on and accurate unambiguous ranging down to 
close range; it is usually the most appropriate mode for the visual identification task and for close 
range gun attacks. 
 
Scanning and Tracking 
 
24. The aerial of an AI radar may be scanned either mechanically or electronically, and the degree of 
scan, together with the scan pattern, is normally variable and under the control of the crew.  Some 
typical scan patterns are shown in Fig 15.  In some systems the PRF is switched between high and 
medium on alternate bars, the pattern reversing with each scanning frame (Fig 15e).  This gives the 
ability to detect both nose (high PRF) and tail (medium PRF) targets at nearly maximum ranges within 
a single scan.  However, since the scan frame time is divided between the two modes, neither mode 
provides its maximum potential detection performance. 
 

11-12 Fig 15 Typical AI Radar Scan Patterns 
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25. Tracking techniques are outlined in Volume 11, Chapter 6; monopulse tracking is usually 
employed for angle tracking in AI radars.  Range and velocity tracking is accomplished using gating 
techniques, although the problem is complicated in the FMICW mode by the necessity to have three 
gates to track the triplet of frequencies. 
 
26. Track-While-Scan (TWS).  Track-while-scan (TWS) is a facility generally available in AI radar 
systems, the capability being determined more by the computing power available than by the radar 
parameters.  A detected target is analysed to determine its velocity and on this basis the computer 
predicts its position for the time of the next radar scan.  If the target is detected within a small search 
area around the predicted position a track is established.  If the target is not detected the search area 
is enlarged for the next scan until the target is either detected or declared lost.  The computer will 
smooth the calculated track over a number of detected positions.  Since a TWS system can track a 
number of targets simultaneously it can provide the crew with a good overall 'air picture'. 
 
Displays 
 
27. AI radars will usually provide the operators with a selection of head-up and head-down display 
formats. 
 
28. Head-up displays for pilot use may show, in addition to some basic flight parameters (e.g. TAS, 
heading, altitude), the relative position of targets, an aiming mark, and maximum and minimum 
engagement ranges. 
 
29. The head-down display may be a plot of either range or velocity against azimuth.  A typical 
range/azimuth TWS display is illustrated in Fig 16 and shows friendly (numeric labels) and hostile 
(alphabetic labels) targets with their predicted tracks.  The relative elevation of a target is shown by 
means of the target label against a vertical scale on the right hand side of the display. 
 

11-12 Fig 16 Typical Range/Azimuth TWS Display Format 
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CHAPTER 13- MARITIME RADAR 
 
Contents Page 
 
Introduction.............................................................................................................................................. 1 
Radar Type and Parameters ................................................................................................................... 1 
Scanning.................................................................................................................................................. 2 
Target Tracking ....................................................................................................................................... 2 
Displays ................................................................................................................................................... 2 
 
Introduction 
 
1. The principal task of a maritime radar is to search an expanse of ocean for maritime targets 
which may range in size from a submarine periscope to an aircraft carrier.  Ideally the system should 
allow friendly and hostile targets to be distinguished, and may have the capability to identify surface 
vessels broadly.  The radar performance should be such that the aircraft can remain outside the 
engagement envelope of any hostile vessel’s weapon systems. 
 
2. Having located a target, the system should be capable of tracking it and, if necessary, of 
prosecuting an attack either directly or by relaying target information to other units.  In anti-submarine 
operations the radar transmissions may be employed to deter an enemy from surfacing, thus 
frustrating attempts at using its periscope for target identification, raising communication masts, 
recharging batteries, or firing surface launched missiles. 
 
3. In addition to its primary role, a maritime radar will typically be able to operate in weather 
avoidance and ground mapping (navigation) modes, and will usually have IFF interrogation facilities. 
 
Radar Type and Parameters 
 
4. Maritime radars are invariably pulsed radars and, in common with the majority of airborne radars, 
usually operate in I, or occasionally J, band.  Although using higher frequencies would permit smaller 
aerials or better resolution, in the maritime environment there would be an unacceptable increase in 
clutter returns from water droplets in the atmosphere, such as from blown spray. 
 
5. In order to achieve an acceptable level of resolution, while still being able to operate at long 
range when necessary, the technique of pulse compression using linear frequency modulation is often 
used.  Pulse compression techniques are explained in Volume 11, Chapter 2.  Surface Acoustic Wave 
(SAW) technology is employed in many maritime radars to achieve pulse compression. 
 
6. Pulse compression techniques using linear frequency modulation make the radar resilient to 
broadband noise jamming since the receiver tends to ignore any signals which are not appropriately 
coded.  In addition, most radars use frequency agility as a further EPM measure. 
 
7. The maritime radar environment can be very noisy and cluttered since, in addition to internal and 
external noise, clutter returns may be produced, for example, from sea movement, waves, flocks of 
birds, and porpoises.  Such returns can easily mask the desired returns from small targets such as 
periscopes and masts and thus, although much of the external noise is filtered out in the pulse 
compression process, only rarely are unprocessed radar returns displayed.  Instead, the majority of 
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