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speed V and direction <f> of the wind lie between Vl and V2 and between $ l9 and </> 2 is
t, 2 /a Z T/

£ K «* ••••(!)
J. ''X

where vz = V2 + I'/ — 2V .VR . cos <£ and FR is the magnitude of VR . The assumption of 
normality was tested for a number of points by comparing the estimated wind roses with those 
actually observed, and found to be correct within the limits of error of observed wind roses.

OBSERVED FREQUENCIES ESTIMATED FREQUENCIES

Scale of speeds, ———
kt. 3-13

Scale of Freq'uencies
IO.... „ ,„ 14-27 28-41 42anc^-~, 

Frequencies are given only to the nearest per cent except in the case of calms 
Figures inside Fhe central ocTaqons indicate percentage Frequency oF calms
MuKVilo^)^ r*f r^^^o/5l-.^/'»^ir.nc AA^ /X.IR.ll/)- I/. _ *"7. C Lh « '

eoper cent".

Number of observations, 485 te

FIG. 1—LARKHILL (51° N., 2° W.), WINDS AT 500 MB.
December-February 1939-40 to 1944-45
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Scale of speeds Scale of frequencies 10kte-15 16-25 26 and over 
Frequencies are given to Hie nearest" per cent.
Fiqures inside the central octagons indicate fhe percenfeqe frequencies oF speeds O-5kt. 
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FIG. 2—MOMBASA (4°S., 40° E.), WINDS AT 14,000 FT.
December 1943 and January 1944
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where m = v/VR or VR/v according as v is less or greater than F, 
suggested the following approximations Ql and @a for Q, viz. :—

x* x* 
ft = 1 + 1 + ilwhen* < 1

Subsequently G. C. Watt

44

ft = * + when
.. (5)

With these approximations for Q expression (2) is integrable in terms of the normal probability 
integral and, for a/VR less than one, they give better results than the method first adopted. The 
latter seems preferable however when ajVR exceeds one. In constructing Table II, Watt's 
approximations were employed for values of q exceeding 78 per cent.

TABLE II—CONVERSION OF O/VR TO q

a\VR (range)

Over 45
15 -45
9-0 -15-0
6-4 - 9-0
4-9 - 6-4
4-03- 4-9
3-36- 4-03

1
0
5

10
15
20
25
30

°IVS

2-86-3-36
2-47-2-86
2-18-2-47
1-91-2-18
1-69-1-91
1-51-1-69
1-33-1-51

q
35
40
45
50
55
60
65

1-17-1-33
1-01-1-17
0-87-1-01
0-72-0-87
0-56-0-72
0-40-0-56
0-33-0-40
0-25-0-33

70
75
80
85
90
95
97
98

The relations between q, a, VR and Vs are shown graphically in Fig. 3.
To aid in computing frequency tables of wind speed and direction, a series of tables for 

different values of q was compiled, giving frequencies calculated for steps of 20° of <f>, the angle 
which an individual wind vector makes with the resultant direction, and suitable limits of V/VR., 
These are given in Appendix IV. In order to construct a wind rose from given values of q and VR, 
it is then necessary only to express the limits of the directions and speeds in the rose in terms of 
<£ and VIVR and group or subdivide the frequencies in these tables as necessary. It should be 
noted that in using Table XXXIII (for q = 0) speeds are to be expressed in terms of a and not 
VR ; further, since there is no distinction as to direction, the totals for " All directions " can 
be used, divided by the number of directions required. Frequencies for 20° limits are given for 
comparison with Tables XXI-XXXII. For general purposes, especially in view of the probable 
error in the estimate of q or a, it seems sufficient to calculate q to the nearest 5 per cent. (1-2J 
per cent, between 90 and 100 per cent.), and to use the frequency table applicable to this 
approximate value, or interpolate between the frequency tables on either side.

In compiling the tables it was found that the double integration of (1) was not practicable. 
It appeared however that, with the number of subdivisions of VjVR and <f> adopted (see Appendix 
IV), a sufficient degree of accuracy could be obtained by substituting for the double integral 
the expression

(6)F = —.,e-'*'°' .V.dj.dV

which, for intervals of 20°, reduces to
....

9 a2 VR V R 
Expression (7) is computed from the central values of VjVR and <f> for any given cell.

(7)
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FIG. 3—DIAGRAM SHOWING RELATION BETWEEN q, a, VR AND V

An example of the calculation.—As an example, the frequency distribution of winds at the 
500-mb. level over Larkhill was calculated from March to May using 536 observations for the 
years 1940-45. The "observed" frequencies (Table III) gave a vector mean of 16-5 kt. from 
283° east of north, and a scalar mean of 33-0 kt., so that q — 50 and the theoretical frequencies 
were calculated from Table XXVIII.

The first step is to combine or subdivide the speed groups of Table XXVIII. This is 
shown in. Table IV. The first column gives the divisions between the speed ranges required 
for the complete summary (in this case those of Table III). The second column gives the ratio of 
the "dividing" speeds to VR (in this case 16-5 kt.), so that the speeds are reduced to the 
units given in the Appendix table. Since in Table XXVIII the ranges of V/VR are 0-4 in width, 
V/VR , in computing the theoretical summary, is expressed to the nearest 0 • 04 (a tenth of the width
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TABLE III—WINDS AT 500 MB. AT LARKHILL

March-May 1940-45, 536 observations, VR = 16-5 kt., q = 50

Speed

kt.
0-3
3-14

14-27
27-41
41-54
54-68
68-81
81-95

All
speeds

^

7
29
20
11
4
4
1

76

NE.

8
12
5
5

. .

• •

30

E.

6
11
7
2

••

26

SE.

6
10
4

1

21

S.

7
26
16
2
3
1

55

S\V.

15
29
32
14
3
2

95

W.

13
30
43
21
14
4
4

129

XW.

7
27
26
19
8
7
4

98

All 
directions

6
69

174
153
74
33
18
9

536

TABLE IV—COMPUTATION OF THEORETICAL WIND SUMMARY, STAGES 1 AND 2

V

kt. 

3

14 

27 

41 

54 

68 

81 

95

V\VR *

0-20 

0-84 

1-64 

2-48 

3-28 

4-12 

4-92 

5-76

Ratio 
of 

divi­ 
sion

0-5 

0-5

0-1

0-9

0-1 

0-9

0-2 

0-8

0-2 

0-8

0-3

0-7

0-3 

0-7

0-4 

0-6

0-20°

0-9 
6-2 8-1 
1-0

9-6 
14-3 25-6 
1-7

14-6 
16-3 33-8 
2-9

11-8 
12-0 25-6 1-8 ———

7-0 
6-0 14-1 
1-1

2-6 
2-1 5-0 
0-3

0-8 
0-5 1-4 
0-1

0-1 
0-1 0-2

Angle t 

20^0°

0-9 
5-9 7-8 
1-0

9-0 
13-2 23-7 

1-5

13-2 
14-4 30-1 2-5 ———

10-2 
10-1 21-8 
1-5

5-8 
4-8 11-5 0-9 ———

2-0 
1-6 3-9 0-3 ——

0-5 
0-4 1-0 
0-1

0-1 
0-1 0-2

etween resu 

40-60°

0-9 
5-6 7-4 0-9 ——

8-1 
11-3 20-6 
1-2

10-9 
11-4 24-2 
1-9

7-7 
7-3 16-0 
1-0

4-0 
3-2 7-8 
0-6

1-2 
1-0 2-3 
0-1

0-4 
0-2 0-6

0-1 
.. 0-1

Itant wind c 

60-80°

0-9 
5-1 6-8 
0-8

7-0 
9-2 17-1 
0-9

8-4 
8-3 18-0 1-3 ——

5-3 
4-7 10-6 
0-6

2-5 
1-8 4-6 
0-3

0-7 
0-5 1-3 
0-1

0-1 
0-1 0-2

lirection anc 

80-100°

0-8 
4-6 tt-1 0-7 ——

5-9 
7-4 14-0 
0-7

6-2 
5-8 12-9 
0-9

3-4 
2-9 6-7 
0-4

1-4 
1-0 2-5
o-i —
0-4 
0-2 0-6

0-1 
0-1 0-2

individual 

100-120°

0-8 
4-2 5-6 
0-6

5-0 
5-8 11-3 
0-5

4-6 
4-0 9-2 
0-6

2-2 
1-8 4-2 
0-2

0-8 
0-5 1-4 
0-1

0-1 
0-1 0-2

0-1
.. CM

wind vecto 

120-140°

0-8 
3-8 5-1 
0-5

4-3
4-7 9-4 
0-4

3-6
2-9 6-9 
0-4

1-5 
1-1 2-7 
0-1

0-5 
0-3 0-8

0-1 
0-1 0-2

r(0) 

140-160°

0-8 
3-6 4-8 
0-4

4-0 
4-1 8-4 
0-3

3-0 
2-3 5-6 
0-3 ——

1-1 
0-8 2-0
o-i —
0-3 
0-2 0-5

0-1 
.. 0-1

160-180°

0-7 
3-5 4-6 
0-4

3-7 
3-8 7-8 
0-3

2-6 
2-0 4-8 
0-2

1-0 
0-7 1-7

0-4 
0-2 0-6

0-1 
.. 0-1

••

All directions

15-0 15-0

15-0 
85-0 112-6 
12-6

113-2 
147-6 275-8 

15-0

134-2 
134-8 291-H 
22-0

88-4
82-8 182-6
11-4

45-4 
36-0 STji 
6-2

14-6 
11-2 27_4
1-6

4-0 
2-6 H 
0-4

0-6 
0-4 H

——— — —
1000-0

•To nearest 0-04.
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TABLE VI—COMPUTATION OF THEORETICAL SUMMARY, STAGE 4

V

kt.
0-3
3-14

14-27
27^*1

N.

t t
14-8
36-2
37-0

41-54 21-3
54-68 9-0
68-81
81-95

Over 95

All speeds

2-5
0-5

121-3

NE.

11-9
22-8
17-5
7-4
2-3
0-4
0-1

62-4

E.

10-5
18-0
11-4
4-1
1-3
0-3

45-6

SE.

frequencies

10-9
19-4
13-2
4-8
1-4
0-2

49-9

S.

per mille

13-0
27-6
23-8
11-6
4-1
0-9
0-3

81-3

SW.

16-1
43-6
49-7
32-1
15-3
4-6
1-1
0-2

162-7

W.

18-1
56-2
73-3
54-7
29-8
10-4
2-8
0-4

245-7

NW.

17-3
52-0
65-1
46-6
24-4

8-1
2-2
0-4

216-1

All directions

15-0
112-6
275-8
291-0
182-6
87-6
27-4
7-0
1-0

1000-0

TABLE VII—COMPARISON OF COMPUTED FREQUENCIES WITH OBSERVED FREQUENCIES
Larkhill, March-May, 1940-45, 536 observations

Vector mean wind : resultant direction = 283°, speed = 16-5 kt.; constancy (q) — 50 
The observed frequencies are given in brackets

V

kt.
0-3
3-14

14-27
27^1
41-54
54-68

N. NE. E. SE. S. SW. W. NW.

per cent.

1-5 '(1-3)
4 (5)
4 (4)
2 (2)
0-9 0-7)

68-81 0-3 (0-7)
81-95 0-1 (0-2)

All speeds 13 (14)

l-2'(l-5)
2 (2)
2 (0-9)
0-7 (0-9)
0-2

6 (5)

1
1
1
0
0

•f(l'l)
•8(2)
•1 (1-3)
•4 (0-4)
•1

5 (5)

i-i'(i-i)
1-9 (1-9)
1-3 (0-7)
0-5 (0-0)
0-1 (0-2)

5 (4)

1-3 (1-3)
3 (5)
2 (3)
1-2 (0-4)
0-4 (0-6)
0-1 (0-2)

8 (11)

1-6 '(3)
4 (5)
5 (6)
3 (3)
1-5 (0-6)
0-5 (0-4)
0-1

16 (18)

1-8 '(2)
6 (6)
7 (8)
5 (4)
3 (2)
1-0 (0-8)
0-3 (0-8)

24 (24)

1
5
6
5
3
0
0

7 '(1-3)
(5)
(5)
(3)
(1-5)

8(1-3)
2 (0-7)

22 (18)

All directions

1-5(1-1)
11 (13)
28 (32)
29 (29)
18 (14)
9 (6)
3 (3)
0-7 (1-7)

100 (100)

three-quarters into the group for NW. It is useful to sum the two portions of each column 
divided in this way and check that they are in the correct ratio. For the division at 55° the sum, 
19-7, is nearly one-third of the other sum, 59-3. For an eight- or sixteen-point summary, 
it is preferable to work in eighths, since the range for each direction point is a multiple of 2|°; 
otherwise however, as for example for units of ten degrees of direction, tenths are simpler.

Stage 3 is reasonably simple, but care must be taken to see that the components of any division 
are thrown into the correct direction groups especially near <f> = 0° and </> = 180°. In group N., 
the column commencing with 12-9 is the sum of columns 60-80° and 80-100° of Table IV; no 
splitting up is required at 100° (in this example). The column, starting 10-7, of NE. is composed 
of the columns 100-120° and 120-140°, and then a division must be made at 145° throwing one- 
quarter to NE. and three-quarters to E. The next division occurs at 170°, but, although this is 
in the column 160-180°, the whole of the column (160-180°) also must be inserted in E. to make 
up the 45 degrees of direction:—

15 degrees from column 140-160° 
20 degrees from column 160-180° 

and a further 10 degrees from column 160-180°.
Since each direction group (for an eight-point summary) is composed of 45 degrees, the columns 
of stage 2 (Table IV) each occur twice (whole or divided) in stage 3 (Table V), and so when the
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Upper air soundings. — All available data were assembled.* For Europe they were mainly 
long-period averages based on sounding-balloon ascents. For the U.S.A. results of radio-sonde 
ascents for about three years (1941-43) were used. Monthly summaries of aircraft ascents at 
British overseas stations and of American radio-sonde ascents at stations in west Africa covered 
periods of about two years. For other regions data were generally scanty.

Most of the published data gave monthly averages of temperature at kilometre heights. These 
were first combined into seasonal averages, and the thicknesses of the layers of air were computed 
for steps of 50 mb. Where the data included pressures at geometric or geodynamic heights, the 
height of the required pressure level was found by logarithmic interpolation.

Daily charts of contours. — Average heights of the 500-mb. and 300-mb. levels were computed 
from daily upper air charts drawn in the Meteorological Office for two to three years. For the 
500-mb. level there were two sets covering the areas 30-70°N., 30°E. westwards to the United 
States, and 30-40°N., 10°W.-50°E. For the 300-mb. level the area covered was 30-70°N. 
30°E.-40°W.

Heights computed from surface observations. — Over large parts of the world, including all the 
oceans except the North Atlantic, the upper air data were quite insufficient and had to be supple­ 
mented by extrapolation from surface data. Seasonal mean values of surface pressure and 
temperature were found for land stations ; values for the oceans were read from the monthly 
charts of the oceans. The lapse rate was assumed to be 1-5°C./1,000 ft. from the surface to 
700 mb., and 1 • 8°C./1 ,000 ft. from 700 to 500 mb. A table was constructed to give the height of 
the 700-mb. level. It is easily shown that this is given by the relation

'°°- /?
where Z700 is the height of the 700-mb. level in dynamic units, T0 and pa the temperature and 
pressure at the surface, R the gas constant, g the value of gravity and ft the lapse rate; in this 
instance p = 700 mb. The small corrections required to convert from dynamic to geometric 
heights were also tabulated.

Another table gave the height difference between 700 and 500 mb. in terms of surface 
temperature.

Above the 500-mb. level, over land areas, the surface temperatures were not regarded as a 
sufficiently reliable guide to the upper air temperature and charts of r500 were constructed from 
the available upper air observations. Over the oceans the data were insufficient and the surface 
temperatures had to be used ; the relation adopted was

r500 = ro - 1-65Z500 .. .. (9)
where temperatures are in degrees Centigrade and Z500 is the height of the 500-mb. level in 
thousands of feet.

The mean temperature of the layer between 500 mb. and 300 mb. can be expressed in terms 
of the temperature at 500 mb. and the height of the tropopause, and a table was constructed for 
these two factors. Charts of the seasonal mean heights of the tropopause were specially drawn 
for this purpose.

The thicknesses of the layers 300-200 mb. and 200-130 mb. were calculated in the same way, 
using charts of seasonal mean temperature at the 300-mb. and 200-mb. levels. The details of 
the calculation are given in Appendix I.

The heights of the various pressure levels calculated in this way agreed reasonably well 
with those obtained directly from upper air ascents. A correction chart was constructed from 
the differences between the observed and computed levels where observations were available, and 
modifications by analogy were made over the remaining parts of the world.

* Bibliography Nos. 7-8, 14, 16-29, 31-2, 34, 37-8, 50-1, 56, 59-60, 67, 69-70.
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a working chart, positive values in black, negative in red, together with differences between 
500-mb. and 300-mb. heights over land areas obtained from observations at a number of stations 
These were entered in red in units of 1,000 ft. By referring to the tropopause charts and the tables 
of thicknesses of the 500-300-mb. layer, an estimate of the height of the 300-mb. surface above the 
500-mb. was obtained to the nearest ten feet and entered in green ink near the appropriate 
temperature. Thickness isopleths were then drawn. The 500-mb. contours were traced on a 
second working chart in red ink together with these thickness isopleths in green ink, and rough 
300-mb. contours obtained by graphical addition. These contours were then traced in pencil on a 
final sheet on which were entered all available values of observed height and vector mean winds. 
It was found that the general agreement between the rough contours obtained in this way and 
the observed values was satisfactory, though over the North Atlantic they appeared to be about 
200 ft. too high. This discrepancy was investigated and appeared to be due to the use of a constant 
lapse rate, whereas average values for different latitudes showed a slight increase in lapse with 
increasing latitude. It was decided to allow for this by adjusting the lines to fit the observed 
values and making a corresponding adjustment in the southern hemisphere.

Owing to the very scanty observations for the Arctic regions and Siberia it was not possible 
to draw contours with much confidence in this area, and the distortion introduced by Mercator's 
projection tended to give a false impression of the run of the lines. There were also inconsistencies 
between heights obtained for Russian stations in the Arctic, and it was difficult to decide which 
to accept. Observations north of about 50° N. were therefore plotted on small circumpolar maps to 
give a better picture of this region. Having decided upon the best drawing for the most northerly 
lines, this presentation was transferred to the Mercator charts and used to fix the lines over 
Siberia.

200-mb. and 130-mb. charts.—The method of drawing both the 200-mb. and 130-mb. charts 
(northern hemisphere) was similar to that for the 300-mb. charts so it is unnecessary to give 
full details.

The charts of contours for 700, 500, 300, 200 and 130 mb. obtained in this way are reproduced 
on pp. 58-97.

§ 7—ACCURACY OF THE CHARTS

These contour lines of isobaric surfaces over the world are inevitably based on somewhat 
inadequate data. It is considered that they can be used with a fair degree of confidence over 
Europe, the Atlantic and North America. They are regarded as rather uncertain over Siberia 
and the Aleutian Islands and over South America, South Africa and the Southern Ocean south 
of about 40° S. Over the rest of the world they should be fairly reliable at the two lowest levels, 
but it will be evident that the uncertainty increases with height, and this is particularly the 
case in the southern hemisphere. For the 700- and 500-mb. charts, some distinction has been 
made in the relative reliability of the lines. In high northern latitudes where the course of the 
lines is very uncertain they are shown as broken lines.

§8—MEASUREMENT OF VECTOR MEAN WINDS FROM THE CHARTS

The lines show the height above mean sea level of the appropriate isobaric surface, figures 
giving height in hundreds of feet.

The direction of the vector mean wind, assumed geostrophic, at any place is given by the 
direction of the contour lines; in the northern hemisphere the wind is directed counter-clockwise 
round the regions where the height is low, in the southern hemisphere, clockwise. The speed 
of the vector mean wind is given by the distance apart of the contours. It has been found better 
to measure the distance apart of the lines and then read off the corresponding speed from a table 
than to use a scale for measuring speeds directly from the chart. Table IX gives, for various
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PART III—SEASONAL CHARTS OF STANDARD VECTOR DEVIATION
§ 9 — GENERAL

Brooks, Durst and Carruthers4 described methods by which it is comparatively simple to 
calculate the value of the standard vector deviation a from the table of frequencies of winds 
tabulated in a grid of speeds and directions or alternatively from the constancy q which is related 
to VR and Vs by the identity q = 100 V RIVS . Wind data in the form of elements of wind roses 
.or of vector and scalar mean winds are thus readily reduced to standard vector deviation.

It is to be noted that a does not in itself depend on the wind distribution being a normal 
one, and the derivation of a from a grid of wind frequencies in speeds and directions in no way 
invalidates the accuracy of a. The derivation of a from a value of the constancy is, however, 
only strictly accurate if the distribution is normal.

§ 10—DATA* AVAILABLE FOR DIRECT COMPUTATION OF a

Radio and radar observations.—As has already been indicated truly representative summaries 
of winds are very few. Our best records are the radio-wind observations in the British Isles, 
and certain of the observations (mainly radar) made by the German Meteorological Service 
during the war in various parts of Europe which were subsequently summarised in Hamburg.

Of the British stations, Larkhill (51°N., 2°W., 5-6 years), Lerwick (60°N., 1°W., 3-4 
years) and Downham Market (52^°N., |°E., 3 years) were worked in detail, a being computed 
for most levels available up to 80 mb. The summaries at the higher levels were tested for normality 
because it was thought that there might be a bias against strong winds owing to the balloon 
drifting out of range of the radio direction-finders under such conditions. In general, it seems 
safe to assume that values of a up to 130 mb. are substantially correct and show only random 
errors. In testing for normality, the frequency distribution of speeds for each set of data 
was compared with the theoretical frequency distribution, given by the same values of q and Vs , 
deduced from the " All directions " column of the appropriate table in Appendix IV. The 
chi-square test was applied to see whether the discrepancies were only such as might be expected 
to arise by reason of the paucity of the observations.

The German data have been summarised in groups of ascents according to location. Group 3, 
for instance, comprised all ascents in the neighbourhood of Trondhjem and is considered to apply 
to the approximate mean position 63°N., 9°E. Of these groups, as many as were available 
were used at the time of drawing up the chart of a for any particular level. They vary consider­ 
ably as to the length of the period of the observations and as to the heights attained. For the 
700-mb. chart 14 groups were used, for the 500-mb. 17, tor the 300-mb. 21, and only five gave 
data (and these, for the most part, extrapolated) for the 130-mb. chart.

Pilot-balloon observations.—These exist in large numbers, but are subject to bias for two 
reasons :—

(i) Even in clear weather the visual range of a pilot balloon is limited, and with strong
winds a balloon is likely to disappear in the distance. There is a high correlation between
the wind in successive layers of the atmosphere, and hence the winds most likely to be lost
are those with the higher speeds.

(ii) In cloudy weather the balloon disappears into the cloud and may be lost at a low
height. In many places cloud amount is correlated with wind direction and a summary
of pilot-balloon observations may give an entirely false impression of the winds at heights
of 10,000 ft. and upwards.
Methods of making the best use of these biassed observations were worked out and are 

described below.
* Bibliography Nos. 11-13, 15, 35-6, 39-41, 45-7, 52-5, 57, 61-3, 65-6.
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The correction of pilot-balloon observations.— With so few radio-wind and radar data available 
it was of prime importance that every use should be made of summaries of pilot-balloon observa­ 
tions. To do this it was necessary to " complete " the missing observations which had been lost 
through the disappearance at a lower level of the balloons in distance, haze or cloud. The 
problem was tackled by two of us, Brooks and Carruthers, and since it may be a matter of con­ 
siderable interest in other fields the discussion is given in full in Appendix II.

Broadly the method adopted is to consider from the laws of chance the most likely wind 
values on occasions when the balloon was (a) lost in the distance, (b) lost in haze and (c) lost in 
cloud. Occasions when the balloon burst or was lost in the sun, or the ascent was abandoned 
for other reasons, were considered to be casual losses which were irrelevant to the problem.

Certain representative stations in various parts of the world were examined. Table X 
gives the percentage frequency with which pilot balloons were lost from different causes below 
certain heights.

TABLE X—PERCENTAGE OF ASCENTS LOST BELOW GIVEN HEIGHTS 

R = Random, C = in cloud, D = in distance or haze

Height

ft. 
40,000 
30,000 
20,000

10,000 
5,000 
3,000

"Vo of ascents

Addu Atoll 

R C D

83 15 2 
82 15 1
78 14 0

50 14 0 
13 4 0 
2 1 0

1,000

Reykjavik 

R C D

26 55 19 
26 55 19 
24 55 19

10 50 7 
4 30 1 
2 11 0

609

Akureyri 

R C D

per cent. 
23 41 36 
22 41 34 
17 41 24

7 24 5 
060 
000

83

Lisbon 

R C D

52 29 16 
45 29 15 
29 29 11

6 21 4 
2 8 1 
1 1 0

373

Khartoum 

R C D

66 9 25 
66 9 25 
63 9 24

32 4 13 
6 1 2 
2 1 1

623

This table brings out how in the dusty atmosphere of Khartoum the losses at 10,000 ft. 
are mainly due to distance, whereas at Reykjavik cloud limits the height to less than 5,000 ft. 
on many occasions.

If all the balloons were lost in distance or haze or from purely random causes it would be 
possible to deduce from these figures how many balloons would have been observed at each height 
had there been no limitations imposed by strong winds and haze. Ignoring those lost in cloud, 
the number (N) of balloons, which should have been followed to certain heights had there been 
none lost in strong winds and haze, has been expressed as a ratio of the actual number (ri) 
observed at those heights (see Appendix II). At Addu Atoll the ratio was found to be 1-01 at 
10,000 ft., 1 -04 at 20,000 ft. and 1 -2 at 30,000 ft.; at Khartoum where haze is troublesome the 
corresponding figures were 1 • 2, 3 and 5. This gives a measure of the problem that has to be 
faced.

In regions of clear skies the problem can be solved by trial and error on the assumption that 
the distribution of winds when " completed " will be a " normal " circular distribution. A 
worked example is set out in Appendix II. The general experience is that at 700 mb. (10,000 ft.) 
losses in the distance are usually negligible, and in clear regions the available pilot-balloon 
summaries for this level have been taken as fair samples. In more cloudy regions the method 
of completion could not be applied except with extreme caution.
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Other data.—A few wind summaries based on estimates during aircraft flights across the 
Indian Ocean were available. The station at Eismitte in central Greenland lies at a height of 
about 10,000 ft and was used, with a correction for friction, for the 700-mb. level, but mountain 
stations in general proved unsatisfactory owing to eddies.

§ 11—ESTIMATES OF a OVER THE OCEANS

Over the oceans pilot-balloon results are of doubtful use even at 700 mb. owing to cloud, 
and at 500 mb. values of a from such sources have been found to be consistently too low. The 
only regular wind data for the oceans were geostrophic winds measured from contour charts 
at 500 mb. The measurements made at 39 points covering the area from 35° to 60° N. and 
from 110°W. to 30° E. were summarised in seasons for the period June 1943-May 1945, and 
values of a were calculated and plotted. It was at once apparent that these contour charts 
suffered from a lack of observations in mid ocean so that there was a tendency for a to be too low 
over the centre of the ocean. With the help of Mr. C. H. B. Priestley, who was intimate with 
the day-to-day preparation of the original charts, the values were rectified. Account was taken 
of the knowledge possessed of the tracks of depressions and the positions of the polar and arctic 
fronts. Later the values of a were modified to agree with values computed subsequently from 
observations over land stations in the area. In this way the best estimates practicable were 
obtained and the correlations described below were computed.

The main problem was that of estimating by analogy with the North Atlantic, the distribu­ 
tion of a at 500 mb. over the remaining oceans of the world. The most promising data for 
comparison were the summaries of "surface " winds used in the construction of ocean charts 
prepared by the Marine Branch of the Meteorological Office, and so values of a were computed 
from these, and charts were drawn of the distribution of the standard vector deviation of " surface " 
winds over all the oceans between 65° N. and 45° S.

Close to the coasts, the values of " surface " a decrease very rapidly owing to the frictional 
effect of the land which causes a general decrease in wind speeds, but in mid ocean, a high correla­ 
tion was found between a at 500 mb. and a at the " surface ". After several trials, it was decided 
to estimate a at 500 mb. by means of the regression on " surface " a and mean surface pressure. 
Taking 35 points in the North Atlantic at 10-degree intervals of longitude and 5-degree intervals 
of latitude from 20°N. to 60°N. (omitting points near the coasts), the following results were 
obtained:—

TABLE XI—CORRELATION OF a AT 500 MB. WITH SURFACE a AND SURFACE PRESSURE OVER THE
NORTH ATLANTIC

<r500 (kt.) = standard vector deviation at 500 mb.
a0 (kt.) = standard vector deviation at the surface.
p (mb.) = excess of mean surface pressure over 1,000 mb.
r<T5oo ao ~ correlati°n coefficient between cr500 and aa .
r<T5oo "o'P = Partial correlation coefficient between <r500 and <r0 with the effect of variation of p eliminated.

Dec.-Feb. Mar.-May

r r<j a
Total correlation : < ra p

\. r°«P

Partial correlations : < r 60° ° ^

+ •93
-•85
-•68

+ •92 
-•81

+ •97
-•84
-•83

+ •91 
-•31

+ •96
-•78
-•82

+ •91
+ •09

Sept.-Xov.

+ •91
-•71
-•62

+ •85
-•46
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Admittedly there is no immediately apparent physical reason why a at 500 mb. should be 
correlated with surface pressure. The coefficients, however, are certainly significant, and the 
regression equations can reasonably be used for estimating cr 500 although, for the time being, 
they must be regarded as empirical. These equations are as follows:—

North Atlantic
Winter (December-February) <7 500 = 1 -42 CT O — 0-44 p + 13-6" 
Spring (March-May) asoo = I -40 <T O — 0'20 p + 13-0 
Summer (June-August) a500 = 1 • 64 a 0 -+- 2 • 3 
Autumn (September-November) <7 500 = 1 -28 a0 — 0-32 _/> + 13-8_

(10)

These were taken to apply to all oceans in latitudes of not less than 20° for the seasons specified 
on the left-hand side. The first equation, for example, refers to December-February north of 
the equator and June-August south of the equator. For the equator and latitudes 10° N. and 
10° S., alternative methods of estimation were tried:

(a) The values at the equator were taken as the mean between opposite seasons viz.:— 
December-February and June-August a500 = 1 -53 a 0 — -22 p + 8-0~| 
March-May and September-November <r 500 = 1 -34 <T O — -26 ^ + 13-4J

and those at 10° N. and 10° S. as given by equations intermediate between these and the appro­ 
priate equations for higher latitudes.

(b) The equations for latitude 10° were deduced directly from the total correlation of <7 500 
with <T O with the following results.

Winter a 500 = 1 • 98 a0 — 3 • 0 
Spring or 500 = 1-57 a 0 + 7-1 
Summer (as before) or 500 = 1-64 CT O + 2-3 ' 
Autumn cr 500 = 1 • 54 CT O + 4 • 9

Dns for the equator were then given by the means of these equations for opposite

The decision as to which method was preferable was based upon the goodness of fit with 
the Australian values for Port Moresby and Darwin, both sets of results (at 10-degree intervals of 
longitude) having been plotted on the working charts. It was found that method (a) gave the 
best fit for June-August and December-February and method (b) for September-November 
and March-May. Since a at 700 mb. did not differ greatly from a at 500 mb. in September- 
November and March-May, values for 700 mb. (see § 12) for all seasons were based upon the 
larger values, i.e. upon method (a).

§ 12—VARIATION OF a WITH HEIGHT

It was early realised that over the British Isles ap is practically constant with height up to 
some point near the tropopause, and subsequent investigation suggested that the same law holds 
for other parts of the world. In the range of height covered by the oscillations of the tropopause 
there is a decrease in a, and above this it is suspected that a remains approximately constant 
with height for any particular station.

To simplify the extrapolation of a, the convention was adopted of representing the variation 
of a by three straight lines on a diagram in which a is plotted against TjP or !//>. In this and 
subsequent sections a standard pressure level is indicated by P-
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O-4 
Surface

WINTER SPRING SUMMER
» 8O

AUTUMN

O O

Larkhill (51°N.,2°W.)

SUMMER
AUTUMN

G kt

0-4 f- 
Surface

(7 kf.
Lenvick (60° X., 1°\V.)

FIG. 4—VARIATION OF a WITH HEIGHT OVER LARKHILL AND LERWICK
Small figures denote pressure in millibars. Horizontal scale: a in knots
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Figs. 4-7 show the variation of a with height in temperate latitudes. Fig. 4 is from 
radio-wind observations over Larkhill and Lerwick and Figs. 5 and 6 from the two German 
groups of radar ascents for which most observations were available. For each graph, the abscissa 
gives the value of a in knots; in Figs. 4-6 the scale is shifted in successive seasons to allow all 
four seasons to be shown on the same diagram. The ordinate is the ratio of the mean temperature 
in degrees absolute to the mean pressure in millibars, i.e. it is very nearly proportional to the 
reciprocal of the air density. In Fig. 7, which shows the variation of a at Mahlsdorf (Berlin) for 
the year as a whole, since actual values of mean density were available, the ordinate used is the 
reciprocal of the density expressed in grams per cubic decimetre. Small figures by the plotted 
points indicate either pressure in millibars or height in kilometres.

The seasons each refer to three months of the year; "Winter" is December-February; 
" Spring ", March-May; " Summer ", June-August; " Autumn ", September-November.

WINTER 5PR,IN G
SUMMER

AUTUMN
o 16

1-16
•16

•15

40

0-4 
Surface

akr.
FIG. 5—VARIATION OF a WITH HEIGHT OVER 53° N., 14° E.

Small figures denote height in kilometres ; 1 Km. = 3,280 ft. 
Horizontal scale : <r in knots

Variation of a in the troposphere.—The points from about 900 mb. (1 Km.) up to the maximum 
value of a (henceforth referred to as am) fall close to straight lines which, when produced, pass 
through the origin. This confirms the rule, ap = constant, which appears to hold for all places 
for which sufficient data are available. Fig. 8 shows this for Karachi, in 25° N., for the clear- 
weather seasons; unfortunately sufficient data are available only to 8 Km. The rule implies 
that the horizontal pressure gradient, regarded as a vector, has the same standard vector 
deviation at all levels in the troposphere up to the level of am , the velocity of the wind at each 
level being proportional to the reciprocal of the air density. This simple law is vcrv usH'ul, 
for we need to know only the value of a at any one pressure level (above the surface) and the
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density (or temperature) at other levels in order to calculate the value of a at any level below that of am . The application of the law is described later in § 13.
In the neighbourhood of 500 mb., the boundaries between opposing superposed air currents complicate the variation of a with height in the tropics. The rule, ap = constant, cannot be applied rigidly but, in the absence of data contradicting it, it was assumed to operate at higher levels. In the present draft of the charts the equatorial isopleths of a are very tentative. They will be revised when radio-wind data become available near the equator.

SUMMER 
T/P
A/mb

AUTUMN
2-4

o o o
FIG. 6——VARIATION OF a WITH HEIGHT OVER CONSTANTA (44° N., 29' E.)

Small figures denote height in kilometres ; 1 Km. = 3,280 ft. 
Horizontal scale : o in knots

akt

Determination of the level of am .—The maximum value of a lies 50 mb. or more below the mean height of the tropopause and, over Larkhill and Lerwick, corresponds to the lower ten- percentile of tropopause heights, as derived roughly from frequencies given by Mr. C. H. B. Priestley (in unpublished work). It appears likely that the distance of the a m level"below the tropopause depends upon the variability of the tropopause height, being greatest in latitudes 25° to 45", where the mean height of the tropopause is changing rapidly with latitude.
Estimates of the pressure level, Pm , of a m were made for a number of European stations or groups of stations. These are plotted (in millibars) against the cosine of latitude in Fig. 9. Points plotted for lower latitudes have been deduced from the variation of average speed with height which is similar to that of the standard vector deviation. For winter and" summer, the approximate levels of maximum interdiurnal pressure variation, estimated from graphs for
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10

x20

"IS

ta

IO 20 30 40 so akr
FIG. 7—VARIATION OF a WITH HEIGHT OVER MAHLSDORF (53° X., 13° E.) (YEAR)

Small figures denote height in kilometres ; 1 Km. = 3,280 ft.

(89462) D 'I
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February and August given by T. F. Malone, 58 are also plotted. These are shown by a different 
type of cross. The pressure, P,, corresponding to mean height of tropopause for the places for 
which wind data have been plotted, is shown by a smooth curve in the same figure

, 30 
T/P

O-6

O-4

O-2

AUTUMN
8 "

o o o a kr.
FlG. 8—VARIATION OF a WITH HEIGHT OVER KARACHI (25° N., 67° E.) ILLUSTRATING THE

RULE ap = CONSTANT
Small figures denote the height in Kilometres ; 1 Km. = 3,280 ft.

The seasonal variation of the difference between Pm and Pt is not large, and, for the purposes 
of extrapolation of a, it seemed sufficient to adopt the same value for all four seasons. Modal 
values of Pm — Pt , estimated from the distances between the points giving Pm and the curve 
of P,, were plotted directly against latitude and smoothed by a free-hand curve. From this 
curve were read the values of Pm — Pt shown in Table XII.

TABLE XII—APPROXIMATE VARIATION OF Pm — P,

Latitude (degrees) 

Pm - P, (mb.)

^65 60 

50 55

55 

70

50 

80

45 

100

40 

115

35 

120

30 

110

25 

100

20 

90

10

70

0 

50

The curve of Pm in Fig. 9 was derived from Table XII.

Variation of a near the tropopause and in the stratosphere.— Above the level of a m , <s 
decreases through practically the whole of the remaining range of positions of the tropopause, 
reaching a value of the order of 20-30 kt. at about 140 mb.; after which, as far as can be deter­ 
mined from the scanty data, a remains constant with height (see Figs. 4-7). This statement 
refers only to latitudes greater than about 45°. For the tropics there are no reliable data at 
high levels, but it seems probable that the decrease in a, also occurs, above the mean height of the 
tropopause (about 90-100 mb. at the equator).

The adoption of 140 mb. as the upper turning point of the a curve in European latitudes 
is based upon an examination of Figs. 4-7 and upon the feasibility of extrapolation made from 
curves of other German wind groups which do not reach the 140-mb. level. The apparent decrease 
in a above the upper turning point is thought to be due to the paucity of observations in the 
corresponding wind summaries combined with a bias against strong winds at these high levels. The
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mb. 
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mb. 
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aoo
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COSip- -5 -6 -7 -8 '9 I'

x level of CTm deduced from wind data
+ level of Om deduced from interdiunnal var'iabililv of pressure
Pm~ Pressure at" the level of O~m

FIG. 9— RELATION BETWEEN THE LEVEL OF CTm AND THE MEAN HEIGHT OF THE TROPOPAUSE
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summaries at 100 mb. and 80 mb. over Larkhill and Lerwick are almost certainly biassed. Since 
about 90 per cent, of the ascents reached the 200-mb. level, it seems evident that bias against 
occasions of strong wind in the troposphere may be discounted. Losses at 100 mb. and 80 mb. 
apart from those due to random causes, will occur mainly with strong winds in the stratosphere! 
There is a high correlation between winds at different heights, and so, if a balloon is lost in strong 
wind a little above the 130-mb. level, it may be presumed that the winds at 100 mb. and 80 mb. 
were also strong.

§13—DETAILS OF CONSTRUCTION OF THE CHARTS

It was now possible to proceed to construct the charts. This was carried out in steps, 
working from 700 mb. upwards and checking the results at each level from such actual values 
as were available and also by means of tests for consistency.

Charts of a 700 .— These were drawn directly over land areas. All the available data for land 
stations weie plotted, including pilot-balloon observations where these seemed to be sufficiently 
reliable. At this level very few balloons are lost in the distance, and in clear regions (cloud amount 
less than 3 tenths) the available observations were taken as fair samples of all days. The calcu­ 
lations of a were from values of q and V'R derived mainly from manuscript summaries of the

Resulted 
Direction <t> = 0°

= I8O° 

FIG. 10—PLOT OF VJV, (THEORETICAL)
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form approved by the International Commission for Air Navigation (I.C.A.N.). One of the 
properties of the normal circular distribution was used to check these values, as follows:—

When average speeds from different directions, deduced from the theoretical summaries of 
Appendix IV were plotted, they were seen to fall very nearly on circles as shown in Fig. 10. 
In this figure, the values plotted are average speed in the specified direction (Va) divided by 
the average speed for the whole distribution. Thus the diagram indicates the way in which 
the circle of Va changes in position and magnitude over the whole range of q (from 0 to 100) 
for a fixed value of Vs .

By means of equation (1), it can be shown, on integration, that the average speed in a direction 
making an angle <f> with the resultant direction is given by

V = —
+ 'n + a e z dz

+ 2
x (a 
a' (2 V'7i -)- a e •' dz

.. (13)

where x = VR cos <f> and z = (V—x)ja, V being the wind speed on any particular occasion. 
At right angles to the resultant direction, <f> = n\'I or S.T 2 so that x — 0 and Vt reduces exactly 
to \a\-7i.

Equation (13) i? too complex for practical use, but it was found that a close approximation 
to the plot of Va is given by the circle,

Va = \ (na 2 + V£ COS2 <f>)* + |J s COS <£.

This circle has a radius \ (no 2 + F/)* and its centre is distant VR: 2 from the origin.

Scale:
6 5 ib kr.
"Observed" Chart" value
l/K = 5-2 kr.
a = 10-9 kr. ii^kt.
a = i4l°
145 obs.

. - (14)

Resulted 
direcliorv

FIG. 11 —SALISBURY (18° S., 31° E.) WINDS AT 10,000 FT.; PLOT OF V,
September-November 

Theoretical circle based on " observed " values shown by broken line

To check a computed value of a, values of the average speed, I',,, for each of the eight 
directions of the I.C.A.N. summary were plotted, and a line indicating the resultant direction 
(computed from the summary) was drawn through the origin. Taking as centre the point on 
this line distant T',,/2 from the origin, a circle was drawn through the two points distant \a^n 
on either side of the resultant direction on the perpendicular through the origin.
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A convenient scale was found to be one inch to represent ten knots. A correctly computed 
value of a gave, in most cases, a circle corresponding fairly closely with the area bounded by the 
plots of F,,. The fit was not always good in the directions furthest from the resultant direction, 
especially when q was fairly high, on account of the paucity of observations. This discrepancy 
was heightened by the practice of assuming for all observations in a specified speed range the 
mean speed of the range. A typical example is shown in Fig. 11.

Even in seasons or regions of more than 3-tenths cloud, it was sometimes possible to estimate 
a. When the average cloud amount did not exceed 4 tenths, the computed value was accepted 
after checking as described above. For 4-5-tenths cloud, a could generally be estimated from 
the circle of Va , the computed circle being modified to fit the plotted values. This, quite often, 
necessitated only a shift of the circle towards the origin, the discrepancies being due to too large 
a value of VR (such as would arise from insufficient scatter of direction).

Resulted 
direction*

Scale:
o 5 10 kC. 

Observed" Chart value
I/,? = O-64-kf.
a =21-4 ki-. 27>*kr. 
a 58° 
9 = 3% 
102 obs.

FIG. 12 — BORDEAUX (45° N., 1° W.) WINDS AT 10,000 FT.; PLOT OF V,
December-February 1929-36

Theoretical circle based on " observed " values shown by broken line. It is suspected that the 
" observed " wind distribution is unrepresentative owing to loss of balloons in cloud ;

" observed " <r is too small
the

Where the average cloud amount was more than 5 tenths, the resultant direction and 
approximate constancy of " surface " winds sometimes served as a guide to the probable bias 
of direction due to cloud in estimating the true size and position of the Va circle, so that \\ith 
moderate values of " constancy " an estimate of a to within one or two knots was frequently 
possible. When q (and therefore VK) was apparently very near zero, a good fit for Va might 
be obtained, however, when actually the computed value of a was far too small. This was due, 
we think, to the fact that stronger winds were associated with conditions of low cloud so that 
clear weather showed only light winds at 10,000 ft., the frequencies of which did not vary 
appreciably with difference in direction. An example is shown in Fig. 12.

Over the oceans the values of a at 700 mb. were deduced from the values which were 
estimated for 500 mb. by method (a) described in § 1 1 . Use was made of the relation ap = constant. 
The ratio of a500 to a7m deduced on this basis from observations of upper air temperature was found 
to be practically constant and equal to 1-32.
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When all the available data for 700 mb. for a particular season had been assembled and 
plotted, isopleths were drawn in for the whole world, most weight being given to values based 
on radio wind and radar. Over Siberia, Tibet and Canada the run of the lines was estimated 
to accord with topographical features, for it had been found, in other regions, that there was a 
tendency for a to be lower over high ground. This was probably due to friction which causes 
a general decrease in wind speed. Over the oceans a tends to be larger than over the land. 
The first draft of the chart was subjected to considerable smoothing, care being taken, however, 
to ensure that the differences between the final lines and the original data did not exceed the 
errors estimated as possible in the data.

Charts of a500 . — For a500 the data available were much fewer since, except in regions of little 
cloud, pilot-balloon summaries are quite unreliable at this level. The charts of a700 were multiplied 
graphically by 1 • 32, corrected by means of the available observations and smoothed, since the 
effect of surface topography was expected to be less marked at 500 mb. than at 700 mb. The 
general agreement between the isopleths derived graphically and the available land data was 
good. The values of asoo over the oceans were derived directly from those of a at the surface, 
as described in § 11.

Interpolated values of a300 and <r 2oo- — The first step in interpolating values of a at 300 and 
200 mb. was to find the pressure (Pm in millibars) and temperature (Tm in degrees Absolute) 
at the level of maximum a. For this were used charts of mean tropopause height drawn specially 
and the Washington charts10 . Points were selected to give a fairly uniform network over both 
land and sea in the northern hemisphere. For each point the mean height of the tropopause 
was read off the chart for the appropriate season and pressures were read from the two Washington 
charts immediately above and below this height. The pressure (P,) associated with mean tropo­ 
pause height was interpolated by assuming an exact linear relation of log (pressure) with height, 
and the addition of Pm — Pt from Table XII gave Pm. The temperature (Tm), was interpolated 
from temperatures and log pressures read from the Washington charts at the two heights next 
below the mean tropopause height.

Charts of temperature at 500 mb. (r500) had been drawn in the construction of the contour 
charts. Having read T500 from these for the appropriate season, and cr 500 from the chart of a at 
500 mb., we were able to apply the rule

Pa ~ ̂  ap = constant

to obtain the maximum value of a by the formula : —
T 500

• • • • (15)

This value, am , corresponds to the intersection A of the lines OA and OB representing the 
variation of a against T/P (Figs. 4-7). The actual variation of a near this point of intersection 
is more likely to be a smooth curve, as shown by the thinner line in Fig. 7, and so the true 
maximum value will tend to be lower than am . B is the point (given by the intersection of two 
straight lines) at which a becomes constant with height ; it is clearly seen that a reliable estimate 
of a 200 would be obtained by interpolating linearly with respect to \\p or T/P between A and B.

The pressure difference between A and B is of the order of 50 to 70 per cent, of the pressure 
at A, except when Pm approaches 200 mb., while the mean temperature difference was estimated 
to be less than 10 per cent, of the mean temperature at A. In view of the uncertainty of the 
values of a and of P at B, it therefore seemed sufficient to interpolate according to the reciprocals 
of the pressures between Pm at A and 140 mb. at B. This was effected by the simple formula,

"200 = {Pm (0-7<r130 + 0-3am) - 140a 130}/(Pm - 140) . . . . (16) 
where <7 130 is a provisional value for a at 140 mb. (see p. 29).

(89402) E
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For Pm > 300, interpolation for a^ was also necessary and this is given by:

- 140) .. .. (17)
These interpolated values of or 300 and a200 were plotted in green on the charts and Pm was also 

given for the more southerly points.
In drawing up the 300-mb. charts, the position of Pm — 300 was estimated and inserted 

as a coloured pencil line across the chart. Equatorwards of this line, isopleths of 1 -5 a&w , given 
by the rule ap = constant, were drawn and were continued across the line to fit the interpolated 
values. Near the line, they were curved in towards the centres of high a so as to give values 
3 or 4 kt. less than those given by the interpolations or by 1-5 or 500 . This was to allow for the 
rounding of the curve of a against T/P at the level of am . All isopleths, of course, were modified 
to fit values computed from actual wind observations except where there was reason to suspect 
that these were unrepresentative. The charts for 200 mb. were treated in the same way, the 
line Pm — 200 (further south than Pm = 300) being shown for this level. We now had charts 
for 300 and 200 mb. covering the northern hemisphere and extending a little way south of the 
equator. It was still necessary to deduce the distribution of a in the southern hemisphere at 
these levels.

TABLE XIII—COMPARISON OF cr 130 WITH <T 50() 
European latitudes

Group 3 . .

Lerwick

Group 6 . .

Group 11..

Downham Market

Larkhill

Group 20

Constanta

Position

63° N. 9° E.

60° N. 1° W.

54° N. 34° E.

53° N. 14° E.

52£° N. i° E.

51° N. 2° W.

44£0 N. 10° E.

44° N. 29° E.

Season

Sept.-Nov.

Dec.-Feb.
Mar.-May
June-Aug.
Sept.-Nov.

June-Aug.

Dec.-Feb.
Mar.-May
June-Aug.
Sept.-Nov.

Dec.-Feb.
Mar.-May
June-Aug.
Sept.-Nov.

Dec.-Feb.
Mar.-May
June-Aug.
Sept.-Nov.

Sept.-Nov.

Dec.-Feb.
Mar.-May

ff l30

kt. 
23

36
26
18
28

22

35
24*
21*
27

32
23
23
28

32
23
22
29

28

21
22*

CT600

kt. 
33

41
37
27
35

23

38
32
26
32

40
34
30
35

40
33
29
36

29

32
27

* It will be found that the values shown for Group 11 (53° N. 14° E.) and Constanta differ from those indicated by the 
vertical lines in Figs. 5 and 6. The latter have been drawn to agree with the final drafts of the charts of a at 130 mb.
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Provisional estimate of a above 140mb.— The 130-mb. level was considered the highest at which 
values of a computed from the British radio-wind data could be accepted with confidence (see 
§10). The only representative data approaching this level are for places in Europe. These 
suggest that there is a level, near the upper limit of the range of positions of the tropopause, 
at which a becomes constant with height. In extratropical regions, as stated in § 12, this level 
appears to be in the neighbourhood of 140 mb. Table XIII gives the more reliable of the values 
of a above 140 mb. deduced from actual wind data. For Larkhill, Lerwick and Downham 
Market, a has been computed directly from summaries of observations at 130 mb. For most 
of the German data the line of decreasing a (above am) has been extrapolated to T/P =1-50 
(roughly equivalent to P = 140) and this point taken to give <r 130 , representing the value of a for 
all levels above 140 mb. The entries starred in Table XIII have been deduced without 
extrapolation.

^I3O

kt

40

20

IO

<x >

(x)

O IO 20 3O 40 o-500 kr.

FIG. 13 — RELATION BETWEEN <J130 AND asoo
Doubtful values are shown in brackets

The corresponding values of a at 500 mb., the highest level for which, at this stage of the 
investigation, a had been charted, are shown on the right of Table XIII. These values of a 130 
and c; 500 have been plotted in Fig. 13 from which it will be seen that there is definitely a correlation 
between <r 130 and a 500 in European latitudes. This is mainly a seasonal effect, but it seemed worth 
while making use of whatever rule could be deduced from it. Owing to the scatter of the data, 
only a linear relation was attempted. The 21 pairs of values in Table XIII gave a correlation 
coefficient of + • 82, and the corresponding regression of <y lso on <7 500 is

ff = 0 -609(7 50o (18)5-9 (standard error: 2-7 kt.) . .

Other more doubtful values are shown plotted in brackets in Fig. 13.
Rough first approximations to the charts of a at 130 mb. were drafted by applying relation 

(18) graphically to the charts of a 500 and smoothing the result. These were considered sufficiently 
correct to use in interpolating for values of <r 200 and a300 in latitudes as far south as 30 N., lor 
where the errors in «r lso were greatest (i.e. between 30° and 45° N.) the level of a,,, would be above 
300 mb. and very near 200 mb., and so the error of the interpolated values would not be large.
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§ 14 — VARIATION OF a WITH LATITUDE

The charts at 300 mb. were not difficult to draw ; a was still highest over the North Atlantic 
and North Pacific Oceans and decreased to a minimum near the equator. At 200 mb., however, 
secondary maxima occurred in about latitude 20 N. and the charts presented a much more 
complicated appearance so that a check of the reasonableness of the variations of a with height 
and with latitude was felt to be necessary. For this purpose, plots of a against latitudes were 
made for each of eight different meridians of longitude, the curves for 700, 500, 300 and 200 mb. 
being plotted on the same diagram in the way shown in Fig. 14. For each ten degrees of latitude,

a kt
5O

4O

3O

20

IO

:- i55wb 35On\b. 345n\b. 24Cmb. !85rr\b. !6Orr\b. NOmb. ISOrrsb. 2O5rr\b. 265mb. ZSCrb.

3COrr\b.

.„ !3Omb.

3COmt)

6O" £0° 4O- 30' ZO° 10°IO* N. O° 5.
LahTude

FIG. 14—VARIATION OF a WITH LATITUDE OVER 30° E.
December-February

Z0° 3O" 4O*

an estimate of Pm was made from the mean height of the tropopause and the value of Pm — P, 
given in Table XII. This aided in checking the variation of a from one curve to another, for Pm 
indicated the level at which a reached its maximum value and started to decrease with height. 
The values of Pm associated with the points of intersection of the curve of a 200 with those of 
other levels are, roughly, as follows:

Curve intersected Values of Pm
mb.
300 

240 to 260
Slight modifications were made to the charts of a in the light of this examination.

By means of the curves of a plotted against latitude, extrapolation to the southern hemisphere 
was effected. Five meridians of longitude in the southern hemisphere were compared with one 
or more of the equivalent season in the northern hemisphere, as indicated in Table XIV. ln 
the first instance, the amount was determined by which a 500 for a longitude in the second column
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O 10 O 10 30 4O O kf.

FIG. 15—VARIATION OF a WITH HEIGHT OVER 30° E.
December-February

determined as a straight line through C, of inclination 0-46 times that of OA, meeting OA in A. 
In latitudes 45-60° with this construction, the variation of a would be indicated by OA, At 
and a vertical line through C ; but in latitude 40°, the height at which a becomes constant is 
probably appreciably greater due to a much greater range of tropopause heights; and so, tne 
value of a computed from (18) is taken as referring only to the 140-mb. level and not to the whole 
range of height between 140 and, say, 80 mb. The value at 130 mb. is given by a point on tne 
continuation of the straight line AC.
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This base map was then covered with a sheet of tracing paper and stream-lines only were 
drawn. These were necessarily based mainly on the wind directions, but account was taken of 
speed VR when planning the lines. A chart of lines of air flow which fitted the observations 
and appeared to give a coherent picture was ultimately produced though sometimes only after 
considerable redrafting.

The question of the extent of convergence at the 700-mb. level led to considerable discussion 
Observations were too scattered to give a definite answer to this question. Considerable con­ 
vergence is indicated on some stream-line charts published by the India Meteorological Depart­ 
ment33 , but it was doubtful to what extent it prevailed in a particular region over a period of 
three months. It was therefore considered best to omit stream-lines in regions where the speed 
was less than 2-|- kt. as the precise direction of the lines of flow in these regions is uncertain. 
In regions where speeds were between 2-J and 5 kt. it was decided to show broken stream-lines 
to denote that some uncertainty was felt about these areas also; elsewhere full lines were to be 
used.

After the general stream-line pattern had been decided the VR isopleths were drawn 
using observed values as far as possible. The remainder of the chart was completed with the 
help of geostrophic winds near the boundary and from a consideration of the air flow which 
would be expected from the stream-line pattern. Actually, as the two are complementary it 
was often necessary to modify the provisional stream-lines slightly while drawing the 
isopleths.

As might be expected with inadequate data, particularly at the 500-mb. and 300-mb. levels, 
alternative constructions were possible in places ; in some regions, where short-period data had 
had to be used, the actual observations were sometimes difficult to reconcile and were occasionally 
conflicting. It is not possible to discuss all such cases but as an example of a difficult decision 
the winds for the December-February chart at 300 mb. at Medan (4°N. 99° E.), Padang (1°S. 
100° E.) and Batavia (6J° S. 107° E.) may be mentioned. All these stations might have been 
expected to show an easterly current ; actually, while Batavia gave an ESE. wind of about 7 kt. 
the other two stations gave west-north-westerly winds of about 10 kt., according to a chart of 
upper winds from which the seasonal mean winds had been obtained. Reference to Braak44 , who 
gives more details of the ascents, showed that there were only five observations of winds at 
30,000 ft. over Padang, and that these had been made during one season, December 1920- 
February 1921; on the other hand the ascents showed a steady NW.-WN\Y., current of about 
10 kt. from 23,000-30,000 ft. and the results had apparently been accepted without question by 
Braak. Details of the Medan ascents could not be found. After considerable discussion it was 
decided that there was not sufficient justification for disregarding the only available data and the 
stream-lines were drawn to fit them, though this meant introducing a very marked transfer of 
air across the equator together with a sharp change in the direction of a 10-kt. air stream.

In the charts on pp. 138-150 air streams of different speeds are shown by different types of 
shading. A key to this shading is given on the charts.

§ 19 — NOTE ON USE OF THE CHARTS

The charts are seasonal means and, in the monsoon regions especially, the conditions in a 
particular month may not be represented satisfactorily by the seasonal chart. Hence when 
using a chart it is sometimes desirable to refer also to the chart for the preceding or following 
season, particularly if the period for which information is wanted is near the beginning or end of 
the season.

It will be appreciated that these charts have, for the most part, had to be constructed using 
inadequate data; particularly for South America and the Pacific Ocean. Though they are 
admittedly of a tentative nature they are the best estimates at present possible of air currents 
in this region.
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APPENDIX I—COMPUTATION OF HEIGHT DIFFERENCES BETWEEN 
SUCCESSIVE STANDARD PRESSURE LEVELS FROM 500 MB. UPWARDS

In computing height differences above 500 mb. (§ 4), it was necessary to make some assump­ 
tion as to the variation of temperature with height in the atmosphere as a whole. Between 
500 and 130 mb. the variation of temperature is complicated by the existence of the tropopause 
and by the variation of its height; in this region of the atmosphere, therefore, a constant lapse 
rate cannot be assumed for the layer between any two standard pressure levels nor is an abrupt 
change to constant temperature feasible at the average height of the tropopause. A convenient 
approximation to actual conditions was obtained by inserting, between troposphere and strato­ 
sphere, a transition layer in which the lapse rate was half that in the troposphere. The boundaries 
of the transition layer were placed at 5,000 ft. above and below the average height of the tropo­ 
pause, and the lapse rate taken for the troposphere was that used already between 700 and 500 mb. 
(about l-8°C./l,OOOft).

For convenience, let us take 1,000 ft. as unit of height and denote the average height of 
tropopause by Zt . The lapse rates can then be tabulated as follows:

Layer

(i) Stratosphere

(ii) Transition

(iii) Troposphere

Range of height

1,000ft. 
above Z, + 5

between Z, + 5 and Z, — 5

below Z, — 5

Lap-c rate

°C./1,0(HJ ft. 
0

0-9

1-8

The temperature curve is given in Fig. 16.
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All the computations described below are based upon the following formula in which height 
is expressed in 1,000 ft. units; • s

Height difference = 0- 221 1 x (mean temperature of layer in °A.) x log (ratio of pressures). 

In the discussion which follows the symbols used are Z (in thousands of feet) the required height 
difference between two specified standard pressure levels, Zc the height of the tropopause above 
the lower pressure level, and the symbols, given below, for the pressure and temperature at the 
critical levels : r

1,000 ft.

+ %t — Z-, upper pressure level (specified) 
Zi — 2e lower pressure level (specified) 
Zt + 5 boundary between (i) and (ii) 
Z, — 5 boundary between (ii) and (iii)

Pressure 
mb.
P' 

P

Temperature

0) SiratospKerz 
isothermal

lapse rare -. O-9°C/l,OOO ft

(iii) TropospK&re
lapse rate; r8°C./i,OOOf|-.

Temperature

FIG. 16—VARIATION OF TEMPERATURE WITH HEIGHT—SCHEMATIC

Since the pressure levels P and P' may each be in any one of the layers, (i), (ii) or (iii) (see 
Fig. 16), six different orders of P', P, Pl and P2 appear to be possible (excluding cases in which 
P or P' equals P: or Pg). These will be classified according to the value of Zc, the resulting classes 
being subdivided as necessary.

1. Zc ^ — 5. Both P and P' are in the stratosphere and the height difference is given by 

Z= 0-2211 T log (PIP'}. .. .. (19)

2. — 5 < Zc < + 5. Here, P is in the transition layer and P' is in the stratosphere or 
transition layer according as Pl is greater or less than P'.

Now, the height difference Zc + 5 between P and Pl is given by 

Zc + 5 = 0-2211 [T - 0-45 (Ze + 5)] log (P/P,).
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Put _ * ~ _____ _____ 
0-2211 [T - 0-45 (Ze + 5)] ' ..(20)

then log (P/Pj) = x and P± is greater or less than P' according as x is less or greater than 
log (PIP). This criterion gives the two sub-classes:—

2. (a) x < log (P/P'). The pressure level P' is in the stratosphere; here, the temperature 
is constant and equal to T — 0-9 (Zc + 5), and so the height difference between Pl and P' is 
given by

Z - (Zc + 5) = 0-2211 [T - 0-9 (Ze + 5)] log (PX/P')
= 0-2211 [T - 0-9 (Ze + 5)]. [log (P/P') - log (P/PJ] 

t.«. Z = Zc + 5 -h 0-2211 [T - 0-9 (Zc + 5)]. [log (P/P') - »] .. .. (21)

2. (6) * > log (P/P').
Z

which gives

Both standard pressure levels are in the transition layer and so 
0-2211 (T - 0-45 Z) log (P/P'), 

T
Z - 0-45 + 4-523/log (P/P') ' 

• If x = log (P/P'), P' - Pt and Z = Zc + 5.

• - (22)

3. Zc > + 5. Here P is in the troposphere. The case in which P' lies in the stratosphere 
does not occur; P' is in the troposphere or in the transition layer according as P2 is less or greater 
than P'. The sub-classes are denned by a criterion A such that

_ _ f_j P ' "~- \j

A - log (P/P2) = 0-2211 [T-0-9 (Zc -5)] * .. .. (23)

Pressures Temperafures

TKickr\ess /f *oP'=z-Zc +• 5
Mear\ remperaCure =7"-i-8(2'c -5)-O45(2'-zc+5j

\ ^ 7"- | ' 8 ^T5) 7Kickr\ess ^ to£ =^c-5
Temper al~ure =7"-o;

Terr\peral"ure 

FIG. 17—POSITIONS OF PRESSURE LEVELS P AND P' FOR CASE 3(fl) AND CORRESPONDING TEMPERATURES

3. (a) A < log (P/P'). The pressure level P' is in the transition layer (see Fig. 17) and the 
height difference between P2 and P' is given by

Z - (Zc - 5) - 0-2211 [T - 1 -8 (Ze - 5) - 0-45 (Z - Zc + 5)] log (PJP')

which gives Z - Zc - 5 + T- 1-8 (Zc -5)
0-45 + 4-523/riog (P/P') - A] ..(24)
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3. (b) A > log (PIP'}. Both standard pressure levels are in the troposphere and we have, 
similar to 2 (b),

T Z =
9 + 4-523/log(P/F) ' ' ' ' '

Height difference between 500 and 300 ml. — For the parts of the world covered by the contour 
charts, the 500-mb. level was found to lie 12,000 ft. or more below the tropopause. The table of 
height differences used in the construction of the 300-mb. contours, therefore, entailed the use 
of formulae (23), (24) and (25) only. These were evaluated for different temperatures, the 
appropriate values of P and P' having been inserted, viz. P = 500, P' = 300, giving log 
(PIP') = 0-222.

Height differences between 300 and 200 mb., 200 and 130 mb. — In the construction of the 
higher-level charts all five cases, 1, 2 (a), 2 (b), 3 (a), and 3 (b) occurred.

For the 200-mb. contours, P = 300, P' = 200, log (P/P t) = 0-176 and the formulae (19), 
(22) and (25) reduce to

(19) Z = 0-0389 T, 
(22) Z = 0 • 0383 T, 
(25) Z = 0 • 0376 T.

Formulae (21) and (24) cannot be expressed in this simple form. For these substitute 0- 176 for 
log (P/P 1 ), using * or A from (20) or (23).

For the 130-mb. contours, P = 200, P' = 130, log (P/P') =0-187 and the formulae are 
(19) Z = 0-0414 T, 
(22) Z = 0 • 0406 T, 
(25) Z = 0 • 0399 T,

but again formulae (21) and (24) cannot be expressed so simply. For these substitute 0- 187 for 
log (P/P'), * or A being given by (20) or (23).

Tables, giving Z for specified values of T and Zct were compiled from these formulae.

APPENDIX II—USE OF PILOT-BALLOON OBSERVATIONS IN THE
CONSTRUCTION OF WIND ROSES

In § 2 we showed how the frequency distribution of upper winds can be reconstructed, 
given the vector mean wind and a measure of the scatter such as the constancy q. In this part 
we set out a method by which these parameters may, in certain circumstances, be calculated 
approximately from the incomplete distribution given by a pilot-balloon summary, so that the 
true frequency distribution may be obtained.

At considerable heights many balloons are lost in the distance, and, as this generally happens 
with strong winds, an uncorrected summary is liable to lead to an underestimate of the frequency 
of strong winds, an error which may have disastrous results. The method desci ibed below is 
only applicable in regions or seasons of small cloud amount because clear days in cloudy regions 
may be associated with certain winds.
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Summaries of pilot-balloon observations show a marked falling off in the number of observa­ 
tions at the higher levels. This is due to the following causes:—

(i) The bursting of the balloon at a lower level. This depends on the condition of the 
balloon, and may be supposed to affect all wind velocities in equal proportions.

(ii) The disappearance of the balloon in the distance. This affects only the higher 
wind velocities, and although the distance of the balloon at any instant depends, to a first 
approximation, on the resultant velocity of the whole layer of air which it has traversed 
it is closely correlated with the velocity at the level under consideration.

(iii) The disappearance of the balloon in or behind cloud. It cannot be assumed that 
the distribution of the upper winds when much cloud is present resembles that on clear 
days; in fact there are probably marked differences in most cases.

(iv) Other causes, such as the abandonment of the ascent for various reasons, the 
drifting of the balloon " into the sun ", confusion with a star, etc. These may be regarded as 
" random " causes of loss. \Vith them may be included cases in which the cause of loss is 
not stated.
No published tabulation of the frequency of the various causes of loss could be found, and 

the observations from six stations were accordingly analysed. These included :—
Iceland, Reykjavik (May 1942-June 1943), Kaldadarnes (May-June 1942), Akureyri 

(April 1942-January 1943);
Portugal, Lisbon (May 1942-June 1943);
Sudan, Khartoum (November 1935-October 1936) ;
Indian Ocean, Addu Atoll, 0° 41' S., 73° 10' E. (August 1942-February 1945).

In all there were 2,700 ascents. The causes of loss were: A (abandoned), 21 per cent.; 
B (balloon burst), 9 per cent.; C (lost in or behind cloud), 26 per cent.; D (lost in distance or 
haze), 14 per cent.; U (unknown or miscellaneous), 30 per cent. The percentage of ascents 
reaching different heights, and those lost below each height from different causes, are shown on 
the left-hand side of Table XV. Details for individual stations are shown in Table X, p. 15.

As the present investigation deals with wind roses in nearly cloudless regions or seasons, 
loss in cloud can be left out of account, and we are concerned only with the proportion lost by 
" random " causes (A, B, U) compared with those lost in the distance (D). At any given height 
we have actually n observations, and we require N, the total number wh'ch would have reached 
that height if none had been lost in the distance. This was calculated on the assumptions that, 
if the balloons lost in the distance could have been followed further, the losses by random causes 
would have been in the same proportion as those actually so lost, and that in any height interval 
the losses were iiniformly distributed through the interval. The right-hand half of Table X\ 
gives the calculated ratios r — lOQN/n for all six stations, and also for Addu Atoll (846 observa­ 
tions) to represent tropical oceanic conditions and Khartoum (568 observations) to represent 
a hazy region.

The method of calculation was briefly as follows: ignoring the ascents lost in cloud, the 
total number, n, reaching 1,000 ft. was computed. The number, b, lost from random causes 
(abandoned, burst, unknown and miscellaneous) in the layer 1,000-2,000 ft. was expressed as a 
fraction b/n. Let d be the number lost in the distance in the same layer. Consider a balloon 
lost in the distance at 2,000 — h ft. If it had not been so lost, the probability that it would 
have been lost by random causes in the layer of h ft. is assumed to be (A/1,000) X (bhi). Since 
losses in the distance are assumed to be uniformly distributed through the whole layer from 
1,000 to 2,000 ft., h is to be assigned values at equal intervals from 0 to 1,000, so that the mean 
value of A/1,000 is |, and the number of balloons lost in the distance which would otherwise have
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Table XVI gives a summary of 137 pilot-balloon observations (morning ascents only) 
June-September 1928-31, at 20,000 ft. over Bahrein (26° 0'N. 50° 35'E.). Frequencies are 
expressed as per mille of 137 to shorten subsequent calculations. The values n are the sums of 
(central speed) x (per mille frequency) for each of the eight compass points, and the sum 
of all these gives 1,OOOFS ' where ' indicates that the velocity is that given by the recorded 
observations. Similarly VR ' is given by

(1,000 TV) 2 = {S(/7 cos v}2 + {S (77 sin r )}2
where y is the angular departure of the mid direction of each group from north. Since VR ' is 
only a guide for determining VR , it is not necessary to correct for the grouping of the directions. 
The constancy q' is given by 10QVR '/VS '. Since the majority of the missing winds can safely 
be assumed to have blown from near the prevailing direction, q' gives the lower limit in 
estimating q.

TABLE XVI—UPPER WINDS AT 20,000 FT. OVER BAHREIN, JUNE-SEPTEMBER 
137 observations. Mean cloud amount 0-4 tenths.

Speed

kt.
0-10

10-20

20-30
30-50

All speeds

n
n
n

cos v>
sin y>

N.

f t

73

22
7

102

1925
+ 1925

0

NE.

139

15
••

154

2460
+ 1732
+ 1732

E.

80

44
7

131

2580
0

+2580

SE.

per

73

14

87

1445
-1019
+ 1019

S.

mille

15

15

225
-225

0

sw.

37

7

44

730
-515
—515

W.

29

8
••

37

635
0

-635

NW.

80

15
7

102

1855
+ 1308
— 1308

All directions

328 \
526/

125
21

1000

13495 = 1000 V,'
+3206 = .T(77 cos v)
+2873 = Z(II sin y)

Vs'= 13- = 32

The next step is to determine the limiting speed, if any, above which the observations 
are incomplete owing to losses in the distance. The simplest method is to compare the total 
frequencies for " All directions " with those derived from the appropriate theoretical summary 
(Appendix IV) taking VR = VR and q = q'. At Bahrein q' = 32 and VR = 4-3 kt. The 
comparison gives us the following table.

TABLE XVII—FREQUENCIES OF WIND STRENGTH AT 20,000 FT. OVER BAHREIN,
J UNE-SEPTEMBER

Speed

kt. 
0-10 

10-20

20-30 
30-50

V\VR

0 - 2-32 
2-33- 4-65

4-66- 6-95 
6-96-11-64

Theoretical 
q = 32, VB = 4

348 
459

165 
29

Observed 
•3 q' = 32, IV = 4-3

per mille 
328 
526

125 
21
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The method of determining the total frequencies was described in § 2.
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The observed frequencies are too high for the range 10-20 kt. and too low for ranges above 
20 kt. Hence we assume that the observations are " complete " up to 20 kt. The observed 
values are too low in the range 0-10 kt.; this is to be expected, since a higher value of VR would 
decrease the theoretical frequency in the lowest speed range. This is another indication that 
the value of 4 • 3 for VR is too low.

In some cases the comparison does not at first sight give a clear answer to the question 
whether the series is " complete ". Thus at 10,000 ft. over Helwan, March-May (671 observa­ 
tions), the frequencies are as follows :—

Speed

kt.
0- 2
3-13

14-27
28-40

Over 40

q' = 65, VR' = 12-3kt. 
Theoretical Observed

per mille
17 (11) 9 (6) 

296 (197) 329 (220) 
483 (324) 458 (307) 
177(119) 177(119)
27 (18) 27 (18)

The figures in brackets show the actual numbers of observations and the theoretical fre­ 
quencies reduced to a total of 671 for comparison. The agreement is very good for the higher 
speeds; for the lower speeds the differences, though appreciable, are irregular. Application 
of the chi-square test to the figures in brackets shows that if the observations are " complete " 
and the distribution normal, differences of this magnitude would arise by chance 5 times in 100. 
It is doubtful whether the series is "complete" or not, but in any case the number of missing 
observations due to selective causes such as loss in the distance cannot be very great, and it 
seems to be safe to accept the distribution without " completion ", i.e. to assume that the 
irregularities in the observed distribution are due to random causes and not to a bias in favour 

er speeds. Note that if the same value of chi-square had been found with the 
-••--••-•• — equencies of the higher speeds systematically smaller than those given by theory, 

we should have regarded the series as " incomplete ".
Another example is at 10,000 ft. over Insalah, September-November. The observed distri­ 

bution of 99 observations, well spaced in time, and the theoretical distribution (q = 20) are :

q' = 18, VR ' =3-03kt.

Speed Theoretical Observed

kt.
0- 2
3-13

14-27
28^10

Over 40

2-4
43-4
45-4
7-4
0-4

0
43
45

9
2

With these groupings of frequencies the chi-square test is not possible, but the fit obviously is very 
good. We therefore accept the series as " complete ".

-04152)
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In practice it is found that, save in exceptionally hazy regions, pilot-balloon summaries are 
generally sufficiently " complete " up to 10,000 ft., but at 20,000 ft. and above many of the 
higher speeds are missing.

Returning to the table for Bahrein, we have found that it is " complete ", i.e. unbiassed in 
respect of wind speeds, up to a speed of 20 kt. The next stage is to compute from this part 
of the distribution values of q and VR and also the resultant direction a, given by

tan a = S(77 sin y>)/S(77 cos ^) . 
In computing these, corrections should be applied for grouping of the observations.*

In § 2 it was shown that a " long-period " wind distribution is symmetrical about the 
resultant direction, so that the latter can be found from the lower speed groups only. In an 
incomplete summary the omissions in the higher speeds are not necessarily symmetrical about 
the vector mean wind, owing to differences in visibility or in the wind structure of the lower 
layers for different wind directions at 20,000 ft. The resultant direction is therefore calculated 
only from the speed ranges which are accepted as unbiassed. Other parameters computed from 
this part of the frequency summary are distinguished by a double dash; for Bahrein,

VR" = 3-3 kt., q" = 25, a = 40°.
From Table XV we find that the percentage ratio r of the probable total number of ascents 

reaching 20,000 ft., including those lost in the distance, to those followed to that height lies 
between 104 (Addu Atoll) and 270 (Khartoum). Since the region is neither exceptionally clear 
or calm nor exceptionally hazy or windy, the value of r is probably near the average figure of 158. 
Since we are working with only part of the observed summary however, we have to multiply 
these limits by 1,000/.F", where F" is the frequency per mille in the unbiassed part of the table. 
For Bahrein we find from Table XVI that F" is 854, whence the percentage ratio r" of the total 
number of observations to those in the range 0-20 kt. lies between 122 and 316, and probably 
near 185.

For any given value of q, we can calculate from Tables XXI-XXXIII the value of q" for 
that part of the frequency summary for which the values of V/VR are less than any given value. 
The ratio between the total (all directions) for all speeds and that for all speeds less than 
V/VR gives us the value of r". In the same way we can calculate the vector mean velocity of 
this limited part of the distribution in the terms of VR, and so obtain the ratio VR/VR". For 
example, with q — 80, we have the values of q", V'K/V'R" and r", shown in Table XVIII.

TABLE XVIII—VALUES OF q", V'jJV'R" AND r"

Upper limit 
of VIVS

0-8
1-0
1-2
1-4
1-6
1-8
2-0

<?"

55
62
68
72
75
77
78

VBIVB"

3-48
2-46
1-90
1-57
1-36
1-22
1-13

r"

426
279
203
160
135
120
111

Thus for every pair of values of q and q" there are corresponding values of VR/VR" and r". 
Isopleths of these values are shown in Fig. 18.

* Briefly, the rule is : for any direction, subtract the frequency of the direction preceding it (clockwise) from that 
of the direction following it, divide by the frequency of the direction itself and multiply by 15/8. This gives the positive 
or negative correction in degrees.
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10

FOR GIVEN VALUES OF

FOR GIVEN VALUES OF

IOO

FIG. 18—VALUES OF r" AND VR!VB" FOR GIVEN VALUES OF q AN!) q"

From Fig 18 we find that with q" = 25 and r" between 122 and 316 with a most probable 
value of about 185, q must lie between 32 and 52 with a most probable value of about 41. Since 
q' = 32 and q cannot be less than q', this also fixes the lower limit at 32.

We will choose three values of q for testing purposes. The three most convenient in the 
neighbourhood of q = 41 are 35, 40 and 45; the corresponding values of V Jl R are read from 
Fig. 18; VR is obtained by multiplying these values by VR" = 3-3 kt.

9
VR/VR "
VR

35
1-79
5-9

40
2-34
7-7

45
2-95
9-7
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Theoretical frequencies for the ranges 0-10, 10-20 and over 20 kt. are worked for each pair 
dues of q and VR by the method of § 2. The total of these will be 1,000, but this refers toof values

the total of a " complete " distribution, which is y/100 times the total of the observed summary' 
Before comparing with the observed per mille frequencies therefore, the theoretical frequencies 
need to be multiplied by r/WO, i.e. by

ll. F" 
100' 1,000

where r" is the value in Fig. 9 corresponding with q" = 25 and the value of q selected for testing 
The comparison of the observed with the three theoretical distributions selected for testing is 
shown in the following table :

TABLE XIX—OBSERVED AND THEORETICAL WIND FREQUENCIES AT 20,000 FT. OVER BAHREIN

kt.
0-10 

10-20
Over 20

Total

Assumed values
qvs
r

i neoreticai irequency

1}™
421

1,191

35
5-9

119

559>46
641

1,487

40
7-7

149

uoservea irequency

per mille

63o}939
998

1,937

45
9-7

194

526 j- 854
(146)

(1,000)

32-52
^5-1
104-158-270

Agreement between observed and theoretical frequency for the whole of the range 0-20 kt. 
is very close when <?.is taken as 40 and is not improved when q is 41. We therefore adopt for 
Bahrein at 20,000 ft. the values q = 40, VR = 7-7 kt.

The numbers in brackets (" observed ") denote that here some observations are missing. 
The total of each of the theoretical distributions is approximately lOr. It will be noted that 
as q and VR increase, r increases, for a greater number of missing observations of high speeds 
will have to be added to the observed (" incomplete ") summary to give the greater value; of 
q and VR . Also, the more q is increased the greater tendency there is for observations to cluster 
about the vector mean. In the example taken here, VR falls in the range 0-20 kt. and so the 
frequency for this part of the distribution increases as q increases, and only for the true value 
of q will it agree with the observed frequency for this range.

One might expect a possible check to be given by the ratio between the frequencies in the 
ranges 0-10 and 10-20 kt. This is 0-62 in the observed values, while with q = 40 it is only 
0-51 and with q = 35, 0-59. To obtain a ratio of 0-62 we should have to reduce q to 32, ihe 
extreme limit of the possible range. In practice however we often find a tendency for too many 
observations to be placed in the lowest speed range, so that all that this ratio tells us is that 
q is not less than 32, which we know already.

A more reliable check is obtained by comparing the theoretical and observed frequencies of 
different directions in the unbiassed part of the distribution for which directions are given, in 
this case 10-20 kt. The result is shown in Fig. 19. The broken line representing the theoretical
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frequencies is a reasonably good smoothing of the full line representing the observed frequencies, 
and suggests that the parameters used (q = 40, VR = 7-7 kt.) are sufficiently accurate. The 
theoretical " completed " summary is shown in Table XX with the actual numbers of observations 
in brackets for comparison. The total theoretical frequency is r X (number observed) = 204.

—— observed frequency
—— Iheorehcal Frequency

N. NE.

FIG. 19—FREQUENCIES IN RANGE 10-20 kt. AT 20,000 FT. OVER BAHREIN
expressed as per mille of actual observations 

June-September

TABLE XX—THEORETICAL WIND FREQUENCIES AT 20,000 FT. OVER BAHREIN

0 = 40, F* = 7-7kt.

Speed

kt.
0-10 

10-20

Over 30

Total

N.

13-5 (10)

1-6 (3) 
7-1 (1)

32-2 (14)

NE.

15-2 (19)

14-1 (2) 
9-4 (-)

38-7 (21)

E.

12-6 (11)

10-4 (6) 
6-1 (1)

29-1 (18)

SE.

8-6 (10)

5-6 (2) 
2-4 (-)

16-6 (12)

S.

5-9' (2)

3-1 (-) 
1-0 (-)

10-0 (2)

SW

5-2

2-5
0-7 (

8-4

(5)

(1) 
-)

(6)

W

6-3

3-4 
1-2

10-9

(4)

(1) 
-)

(5)

NW.

9-3'(ll)

6-4 (2) 
3-0 (1)

18-7 (14)

Total

39-4 (45) 
76-6 (72)

57-1 (17) 
30-9 (3)

204-0 (137)

APPENDIX III-LIST OF SYMBOLS

b = number of losses of pilot-balloon observations in a specified layer due to
random causes 

d = number of losses of pilot-balloon observations in a specified layer due to
distance or haze

F = approximate theoretical frequency
F" = frequency per mille in the unbiassed part of a wind summary 

g = acceleration due to gravity 
m = ratio, v/VR or VR/v, less than unity
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N = number of winds which would have been recorded had no balloons been lost 
in distance or haze

n — actual number of winds recorded
P = standard pressure level; in Appendix I the lower of two levels 

P' = the upper of two standard pressure levels 
P1 = pressure level 5,000 ft. above the tropopause 
P., = pressure level 5,000 ft. below the tropopause 

Pm = pressure level of a m
p = pressure
p0 — surface pressure
Q = 3 parameter in the relation between q and a
q = constancy of winds = 100FR/FS

q' = constancy computed from an " incomplete " wind summary 
q" = value of q computed from the unbiassed part of a wind summary 
R = gas constant
r = ratio, WQN/n

r" = ratio of N to the number of winds in the unbiassed part of a wind summary 
T = temperature 

TO = surface temperature 
Tm = temperature at the level of am 
V = wind speed

V'a = average speed in a specified direction 
VR = vector mean wind
V R = magnitude of VR , sometimes referred to as vector mean speed 
Fs = scalar mean wind, i.e. average (or mean) speed 

VR ' = values of V R computed from an " incomplete " wind summary 
Vs ' = value of Vs computed from an " incomplete " wind summary 
VR " = value of VR given by the unbiassed part of a wind summary

v = vector deviation of a wind from the vector mean wind summary
v = magnitude of v
x = ratio, v/VR
x = parameter, VR cos <f>
Z = height of P' above P
Zc = height of the tropopause above the pressure level, P 
Zt = height of the tropopause above M.S.L. 

Z700 = height of 700-mb. level above the surface 
ZMt> = height of 500-mb. level above the surface

z = transformed variable, (V — x)/a



UPPER WINDS OVER THE WORLD 85 51

a = resultant wind direction, i.e. direction of VR
ft = lapse rate of temperature with height
y = proportion
0 — angle which v makes with VR
x = criterion, log (P/Pi)
/ = criterion, log (P/PZ)

II = sum of (central speed) x (per mille frequency) in each speed range for a 
specified direction

P = air density
a = standard vector deviation, root mean square of v

J 700

CT 5oo t_ standard vector deviation of winds at 700 mb., 500 mb.,......130 mb.

= maximum value of a in the variation of a with height 
cr 0 = standard vector deviation of surface winds

<f> = angle which a wind makes with VR (except in the footnote to Table IX) 
V = angular departure from north, through east

APPENDIX IV—TABLES FOR THE CONSTRUCTION OF WIND ROSES;
FREQUENCY DISTRIBUTION

TABLE XXI

^\. ^
V/VB ^-\

0-0-0-1
0-1-0-2
0-2-0-3
0-3-0-4
0-4-0-5
0-5-0-6
0-6-0-7
0-7-0-8
0-8-0-9
0-9-1-0
1-0-1-1
1-1-1-2
1-2-1-3
1-3-1-4
1-4-1-5
1-5-1-6
1-6-1-7
1-7-1-8

All speeds

0-20

—
—
—
0-2
1-1
4-8

15-1
36-0
65-5
90-9
96-6
78-8
49-5
23-9
8-9
2-6
0-6
0-1

474-6

20-40

per
—
—
—
0-1
0-3
0-9
2-1
3-7
5-0
5-1
4-0
2-4
1-1
0-4
0-1
—
—
—

25-2

40-60 Allr\ 1 1

directions

mille.
—
—
—
—
—
—
0-1
0-1
—
—
—
—
—
—
—
—
—
—

0-2

—
—
—
0-6
2-8

11-4
34-6
79-6

141-0
192-0
201-2
162-4
101-2
48-6
18-0
5-2
1-2
0-2

1000-0

<89J02)
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TABLE XXII 
= 97 <rF =

^\*
w»v^\

O-O-O-l
0-1-0-2
0-2-0-3
0-3-0-4
0-4-0-5
0-5-0-6
0-6-0-7
0-7-0-8
0-8-0-9
0-9-1-0
1-0-1-1
1-1-1-2
1-2-1-3
1-3-1-4
1-4-1-5
1-5-1-6
1-6-1-7
1-7-1-8
1-8-1-9
1-9-2-0
2-0-2-1

All speeds

0-20

— —
0-1
0-3
1-2
3-6
9-0

18-7
32-7
48-5
61-3
66-3
61-4
48-7
33-2
19-5
9-8
4-2
1-6
0-5
0-1
—

420-7

20^10

—
—
0-2
0-7
1-7
3-5
6-1
8-9

11-1
11-8
10-7
8-3
5-6
3-2
1-6
0-7
0-2
0-1
—
—
—

74-4

40-60 60-SO All 
directions

per mille
— —
— —

0-1 —
0-2 —
0-4 0-1
0-6 0-1
0-7 —
0-8 —
0-7 —
0-5 —
0-4 —
0-2 —
0-1 —
— —
— —
— —
— —
— —
— —
— —
— —

4-7 0-2

_ _
0-2
1-2
4-2

11-6
26-4
51-0
84-8

120-6
147-2
154-8
139-8
108-8
72-8
42-2
21-0
8-8
3-4
1-0
0-2
—

1000-0

TABLE XXIII

"^\. *
*7^*^-\

0-0-0-2
0-2^0-4
0-4-0-6
0-6-0-8
0-8-1-0
1-0-1-2
1-2-1-4
1-4-1-6
1-6-1-8
1-8-2-0
2-0-2-2
2-2-2-4

All speeds

0-20

0-2
3-1

15-1
42-9
77-4
91-8
73-1
39-3
14-4
3-6
0-6
0-1

361-6

20-40

0-2
2-3
8-8

20-0
28-9
27-6
17-7
7-7
2-3
0-5
0-1
—

116-1

40-60

0-2
1-2
3-2
4-8
4-6
3-0
1-3
0-3
0-1
—
—
—

18-7

60-80

0-1
0-5
0-8
0-7
0-4
0-1
—
—
—
—
—
—

2-6

80-100 100-120 120-140 140-160 160-180

per
0-1
0-2
0-2
0-1
—
—
—
—
—
—
—
—

0-6

All 
directions

mille
0-1 0-1 0-1 —
0-1 — — —
— — — —
— — — —
— — — —
— — — —
— — — —
— — — —
— — — —
— — — —
— — — —
— — — —

0-2 0-1 0-1 —

2-2
14-8
56-2

137-0
222-6
245-0
184-2
94-6
33-6
8-2
1-4
0-2

1000-0
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TABLE XXIV

VIVM 0-20 20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180 ! All directions

0-0-0
0-2-0
0-4-0
0-6-0
0-8-1
1-0-1
1-2-1
1-4-1
1-6-1
1-8-2
2-0-2
2-2-2
2-4-2
2-6-2

•2
•4
•6
•8
•0
•2
•4
•6
•8
•0
•2
•4
•6
•8

All speeds

0-7
4-8

14-2
29-2
45-0
54-2
51-8
39-6
24-4
12-2
4-9
1-6
0-4
0-1

283-1

0-7
4-0

10-6
19-3
26-5
28-4
24-1
16-5
9-1
4-0
1-4
0-4
0-1
—

145-1

0-6
2-9
6-1
8-9
9-9
8-4
5-8
3-1
1-4
0-5
0-2
0-1
—
—

47-9

0-5
1-9
2-9
3-2
2-6
1-6
0-8
0-3
0-1
0-1
—
—
—
—

14-0

Per
0-4
1-1
1-3
1-0
0-5
0-3
0-1
0-1
—
—
—
—
—
—

4-8

mille
0-4
0-7
0-6
0-3
0-1
0-1
—
—
—
—
—
—
—
—

2-2

0-3
0-4
0-3
0-1
0-1
—
—
—
—
—
—
—
—
—

1-2

0-3
0-3
0-2
0-1
—
— .
—
—
—
—
—
—
—
—

0-9

0-3
0-3
0-1
0-1
—
—
— .
— .
—
—
—
—
—
—

0-8

8-4
32-8
72-6

124-4
169-4
186-0
165-2
119-2
70-0
33-6
13-0
4-2
1-0
0-2

1000-0

TABLE XXV

^^\
0-0-0
0-2-0
0-4-0
0-6-0
0-8-1
1-0-1
1-2-1
1-4-1
1-6-1
1-8-2
2-0-2
2-2-2
2-4-2
2-6-2
2-8-3
3-0-3
3-2-3
3-4-3

•2
•4
•6
•8
•0
•2
•4
•6
•8
•0
•2
•4
•6
•8
•0
•2
•4
•6

All speeds

0-20

1-0
4-3
9-4

15-7
21-9
26-7
28-6
27-2
23-3
17-9
12-4
7-8
4-4
2-3
1-1
0-5
0-2
0-1

204-8

20-40

1-0
4-0
8-2

13-0
17-2
19-8
20-0
18-1
14-6
10-7
7-0
4-2
2-2
1-1
0-5
0-2
0-1
—

141-9

40-60

0-9
3-4
6-4
9-0

10-8
11-2
10-3
8-4
6-1
4-0
2-4
1-3
0-6
0-3
0-1
—
—
—

75-2

60-80

0-9
2-8
4-5
5-6
5-8
5-3
4-2
3-0
1-9
1-1
0-5
0-3
0-1
—
—
—
—
—

36-0

80-100

per
0-8
2-2
3-0
3-2
2-9
2-2
1-5
0-9
0-5
0-2
0-1
—
—
—
—
—
—
—

17-5

100-120

mille
0-7
1-7
2-0
1-9
1-4
0-9
0-5
0-3
0-1
0-1
—
—
—
—
—
—
—
—

9-6

120-140

0-7
1-4
1-5
1-1
0-8
0-4
0-2
0-1
0-1
—
—
—
—
—
—
—
—
—

6-3

140-160

0-7
1-2
1-1
0-8
0-5
0-2
0-1
—
—
—
—
—
—
—
—
—
—
—

4-6

160-180 All directions

0-6
1-1
1-0
0-7
0-4
0-2
0-1
—
—
—
—
—
—
—
—
—
—
—

4-1

14-6
44-2
74-2

102-0
123-4
133-8
131-0
116-0
93-2
68-0
44-8
27-2
14-6
7-4
3-4
1-4
0-6
0-2

1000-0

11 -
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TABLE XXVI

70 a/Fa =1-24

^ ̂ \
0-0-0-
0-2-0-
0-4-0-
0-6-0-
0-8-1-
1-0-1-
1-2-1-
1-4-1-
1-6-1-
1-8-2-
2-0-2-
2-2-2-
2-4-2-
2-6-2-
2-8-3-
3-0-3-
3-2-3-
3-4-3-
3-6-3-
3-8-4-
4-0-4-
Over 4

2
4
6
8
0
2
4
6
8
0
2
4
6
8
0
2
4
6
8
0
2
•2

All speeds

0-20

0-8
3-1
6-0
9-3

12-5
15-4
17-1
17-8
17-2
15-6
13-5
10-6
8-0
5-7
3-8
2-5
1-5
0-8
0-4
0-3
0-1
0-1

162-1

20^0

0-8
3-0
5-6
8-5

11-0
12-9
14-1
14-1
13-3
11-6
9-6
7-4
5-5
3-7
2-5
1-5
0-9
0-5
0-3
0-1
0-1
—

127-0

40-60

0-8
2-8
4-8
6-9
8-5
9-4
9-6
9-2
8-2
6-7
5-2
3-8
2-7
1-7
1-1
0-6
0-5
0-2
0-1
—
—
—

82-8

60-80

0-8
2-4
4-0
5-2
6-0
6-1
5-8
5-1
4-2
3-2
2-3
1-6
1-0
0-6
0-3
0-2
0-1
—
—
—
—
—

48-9

80-100 100-120

0-7
2-1
3-2
3-8
4-0
3-8
3-3
2-6
2-0
1-4
0-9
0-6
0-3
0-2
0-1
—
—
—
—
—
—
—

29-0

per mille
0-7
1-9
2-6
2-8
2-7
2-3
1-8
1-3
0-9
0-6
0-3
0-2
0-1
0-1
—
—
—
—
—
—
—
—

18-3

120-140

0-7
1-7
2-1
2-1
1-9
1-5
1-1
0-7
0-5
0-3
0-1
0-1
—
—
—
—
—
—
—
—
—
—

12-8

140-160

0-7
1-5
1-8
1-8
1-5
1-1
0-8
0-5
0-3
0-2
0-1
—
—
—
—
—
—
—
—
—
—
—

10-3

160-180 All directions

0-6
1-4
1-7
1-6
1-3
0-9
0-6
0-4
0-2
0-1
—
—
—
—
—
—
—
—
—
—
—
—

8-8

13-2
39-8
63-6
84-0
98-8

106-8
108-4
103-4
93-6
79-4
64-0
48-6
35-2
24-0
15-6
9-6
6-0
3-0
1-6
0-8
0-4
0-2

1000-0

TABLE XXVII 

60 <r/Fa =l-60

\ ^ 0-20VIVB \^

0-0-0-4 2-7
0-4-0-8 9-7
0-8-1-2 17-2
1-2-1-6 22-4
1-6-2-0 23-8
2-0-2-4 21-1
2-4-2-8 16-1
2-8-3-2 10-5
3-2-3-6 5-9
3-6-4-0 2-9
4-0-4-4 1-3
4-4-4-8 0-5
4-8-5-2 0-2
5-2-5-6 0-1

All speeds 134-4

20-40

2-6
9-2

15-6
19-6
20-1
17-3
12-6
8-0
4-3
2-0
0-8
0-3
0-1
—

112-5

40-60

2-6
8-3

13-1
15-4
14-7
11-7
8-0
4-7
2-4
1-1
0-4
0-1
—
—

82-5

60-80 80-100 100-120 120-140 140-160 160-180 All directions

per mille
2-4 2-3 2-2 2-1 2-0 2-0 41-8
7-2 6-1 5-2 4-5 4-0 3-9 116-2

10-4 7-9 6-0 4-8 4-0 3-6 165-2
11-1 7-6 5-2 3-8 3-0 2-6 181-4
9-6 5-9 3-7 2-4 1-7 1-5 166-8
7-0 3-9 2-1 1-3 0-9 0-7 132-0
4-3 2-2 1-1 0-6 0-4 0-2 91-0
2-3 1-0 0-5 0-2 0-1 0-1 54-8
1-1 0-4 0-2 0-1 0-1 — 29-0
0-4 0-2 0-1 — — — 13-4
0-2 0-1 — — — — 5-6
0-1 — — — — — 2-0
— — __ — _ 0-6
_____ — — 0-2

56-1 37-6 26-3 19-8 16-2 14-6 1000-0
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TABLE XXVIII

<f> 
VIVK

0-0-0
0-4-0
0-8-1
1-2-1
1-6-2
2-0-2
2-4-2
2-8-3
3-2-3
3-6-4
4-0-4
4-4-4
4-8-5
5-2-5
5-6-6
6-0-6

4
8
2
6
0
4
8
2
6
0
4
8
2
6
0
4

All speeds

0-20

1-8
6-2

10-6
14-3
16-3
16-3
14-7
12-0
8-8
6-0
3-7
2-1
1-1
0-5
0-2
0-1

114-7

20-40

1-8
5-9

10-0
13-2
14-7
14-4
12-7
10-1
7-3
4-8
2-9
1-6
0-8
0-4
0-2
0-1

100-9

40-60

1-8
5-6
9-0

11-3
12-1
11-4
9-6
7-3
5-0
3-2
1-8
1-0
0-5
0-2
0-1
—

79-9

60-80

1-7
5-1
7-8
9-2
9-3
8-3
6-6
4-7
3-1
1-8
1-0
0-5
0-2
0-1
—
—

59-4

80-100 100-120

1-7
4-6
6-6
7-4
6-9
5-8
4-3
2-9
1-8
1-0
0-5
0-2
0-1
0-1
—

' —

43-9

per mille
1-6
4-2
5-6
5-8
5-1
4-0
2-8
1-8
1-0
0-5
0-2
0-1
0-1
—
—
—

32-8

120-140

1-6
3-8
4-8
4-7
4-0
2-9
1-9
1-1
0-6
0-3
0-1
0-1
—
—
—
—

25-9

140-160

1-5
3-6
4-4
4-1
3-3
2-3
1-4
0-8
0-4
0-2
0-1
—
—
—
—
—

22-1

160-180 All directions

1-5
3-5
4-1
3-8
2-9
2-0
1-2
0-7
0-4
0-2
0-1
—
—
—
—
—

20-4

30-0
85-0

125-8
147-6
149-2
134-8
110-4
82-8
56-8
36-0
20-8
11-2
5-6
2-6
1-0
0-4

1000-0

TABLE XXIX

40 <r/FB =2-64

"""-\ <£
VIVB \^

0-0-0-
0-6-1-
1 -2-1 •
1-8-2-
2-4-3-
3-0-3-
3-6-4-
4-2-4-
4-8-5-
5-4-6-
6-0-6
6-6-7
7-2-7
7-8-8

6
2
8
4
0
6
2
8
4
0
6
2
8
4

All speeds

0-20

2-7
8-5

13-6
16-6
16-8
14-5
10-9
7-3
4-3
2-2
1-1
0-4
0-2
0-1

99-2

20-40

2-6
8-4

13-0
15-5
15-3
13-0
9-6
6-2
3-6
1-9
0-8
0-4
0-1
—

90-4

40-60

2-6
7-8

11-8
13-5
12-9
10-5
7-5
4-7
2-6
1-3
0-6
0-2
0-1
—

76-1

60-80

2-5
7-2

10-4
11-3
10-2
7-9
5-4
3-2
1-7
0-8
0-3
0-1
—
—

61-0

80-100 100-120

2-4
6-6
8-9
9-2
7-8
5-7
3-6
2-0
1-0
0-4
0-2
0-1
—
—

47-9

per mille
2-4
6-0
7-7
7-5
6-0
4-1
2-5
1-3
0-6
0-2
0-1
—
—
—

38-4

120-140

2-3
5-6
6-8
6-3
4-8
3-1
1-8
0-9
0-4
0-2
0-1
—
—
—

32-3

140-160

2-3
5-3
6-2
5-5
4-0
2-5
1-4
0-7
0-3
0-1
—
—
—
—

28-3

160-180 All directions

2-2
5-1
5-9
5-1
3-7
2-3
1-2
0-6
0-2
0-1
—
—
—
—

26-4

44-0
121-0
168-6
181-0
163-0
127-2
87-8
53-8
29-4
14-4
6-4
2-4
0-8
0-2

1000-0
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TABLE XXX
q == 30 ajVK = 3-68

V;VB ~

0-0- 0
0-6- 1
1-2- 1
1-8- 2
2-4- 3
3-0- 3
3-6- 4
4-2- 4
4-8- 5
5-4- 6
6-0- 6
6-6- 7
7-2- 7
7-8- 8
8-4- 9
9-0- 9
9-6-10

10-2-10
Over 10

^ 0-20

6
2
8
4
0
6
2
Qo
4
0
6
2
8
4
0

•6
•2
•8
•8

All speeds

1-5
4-4
7-2
9-4

10-6
10-9
10-2
8-9
7-2
5-4
3-8
2-5
1-6
1-0
0-5
0-3
0-1
0-1
0-1

85-7

20-40

1-4
4-3
7-1
9-1

10-2
10-3
9-5
8-2
6-6
4-9
3-4
2-3
1-4
0-8
0-5
0-2
0-1
0-1

— -

80-4

40-«0

1-4
4-2
6-7
8-5
9-3
9-2
8-4
7-0
5-5
4-1
2-8
1-8
1-1
0-6
0-3
0-2
0-1
—
—

71-2

60-80

1-4
4-1
6-3
7-7
8-3
8-0
7-1
5-8
4.4
3-1
2-1
1-3
0-8
0-4
0-2
0-1
0-1
—
—

61-2

80-100 100-120

1-4
3-9
5-8
6-9
7-2
6-7
5-8
4-6
3-4
2-4
1-5
0-9
0-5
0-3
0-2
0-1
—
—
—

51-6

per mille
1-3
3-7
5-4
6-2
6-3
5-7
4-7
3-6
2-6
1-8
1-1
0-7
0-4
0-2
0-1
—
—
—
—

43-8

120-140

1-3
3-6
5-0
5-7
5-6
4-9
4-0
3-0
2-1
1-4
0-9
0-5
0-2
0-1
0-1
—
—
—
—

38-4

140-160

1-3
3-4
4-8
5-3
5-1
4-4
3-5
2-5
1-8
1-1
0-7
0-4
0-2
0-1
—
—
—
—
—

34-6

160-180 All directions

1-3
3-4
4-7
5-1
4-9
4-2
3-3
2-4
1-6
1-0
0-6
0-3
0-2
0-1
—
—
—
—
—

33-1

24-6
70-0

106-0
127-8
135-0
128-6
113-0
92-0
70-4
50-4
33-8
21-4
12-8
7-2
3-8
1-8
0-8
0-4
0-2

1000-0

TABLE XXXI

w^ ^ ^_
0- 1
1- 2
2- 3
3- 4
4- 5
5- 6
6- 7
7- 8
8- 9
9-10

10-11
11-12
12-13
13-14
14-15
15-16

All speeds

0-20

1-7
5-2
8-1

10-0
10-7
10-1
8-7
6-9
5-0
3-4
2-2
1-2
0-7
0-3
0-2
0-1

74-5

20^40 40-60 60-80 80-100 100-120 120-140 140-160 160-180 All directions

per mille
1-7 1-7 1-7 1-7 1-7 1-6 1-6 1-6 30-0
5-1 5-0 4-9 4-7 4-6 4-4 4-4 4-3 85-2
8-0 7-7 7-3 6-9 6-6 6-3 6-0 6-0 125-8
9-8 9-3 8-7 8-1 7-5 7-0 6-7 6-5 147-2

10-3 9-7 8-8 8-0 7-3 6-7 6-3 6-1 147-8
9-7 9-0 8-1 7-1 6-4 5-7 5-3 5-1 133-0
8-3 7-6 6-7 5-8 5-0 4-5 4-1 3-9 109-2
6-5 5-8 5-1 4-3 3-6 3-2 2-9 2-7 82-0
4-7 4-2 3-5 2-9 2-4 2-1 1-9 1-7 56-8
3-1 2-8 2-3 1-9 1-5 1-3 1-1 1-0 36-8
1-9 1-7 1-4 1-1 0-9 0-7 0-6 0-6 22-2
1-1 0-9 0-8 0-6 0-5 0-4 0-3 0-3 12-2
0-6 0-5 0-4 0-3 0-2 0-2 0-2 0-2 6-6
0-3 0-3 0-2 0-1 0-1 0-1 0-1 0-1 3-2
0-1 0-1 0-1 0-1 0-1 — — — 1-4
0-1 0-1 — — — — — — 0-6

71-3 66-4 60-0 53-6 48-4 44-2 41-5 40-1 1000-0
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TABLE XXXII

^">\ -/>
v/vf ^ ̂

0- 2
2- 4
4- 6
6- 8
8-10

10-12
12-14
14-16
16-18
18-20
20-22
22-24
24-26
26-28
28-30
Over 30

All speeds

0-20

1-7
5-0
7-6
9-2
9-4
8-7
7-3
5-6
4-0
2-6
1-6
0-9
0-5
0-3
0-1
0-1

64-6

20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180 All directions

per mille
1-7 1-7 1-7 1-7 1-7 1-7 1-7 1-7 30-6
5-0 4-9 4-9 4-8 4-7 4-7 4-6 4-6 86-4
7-6 7-4 7-2 7-1 6-9 6-7 6-6 6-6 127-4
9-0 8-8 8-5 8-2 7-9 7-6 7-5 7-4 148-2
9-3 9-0 8-6 8-2 7-8 7-5 7-3 7-2 148-6
8-5 8-2 7-8 7-4 6-9 6-6 6-3 6-2 133-2
7-1 6-8 6-4 5-9 5-5 5-3 5-0 4-9 108-4
5-5 5-2 4-8 4-4 4-1 3-8 3-6 3-5 81-0
3-8 3-6 3-4 3-1 2-8 2-6 2-4 2-3 56-0
2-5 2-3 2-2 1-9 1-8 1-6 1-5 1-5 35-8
1-5 1-4 1-3 1-2 1-0 0-9 0-9 0-8 21-2
0-9 0-8 0-7 0-6 0-5 0-5 0-5 0-5 11-8
0-5 0-4 0-4 0-3 0-3 0-3 0-2 0-2 6-2
0-2 0-2 0-2 0-2 0-2 0-1 0-1 0-1 3-2
0-1 0-1 0-1 0-1 0-1 0-1 — — 1-4
0-1 0-1 — — — — — — 0-6

63-3 60-9 58-2 55-1 52-2 50-0 48-2 47-5 1000-0

TABLE XXXIII

Vja

0-0-0-2
0-2-0-4
0-4-0-6
0-6-0-8

0-8-1-0
1-0-1-2 
1-2 1-4 
1-4-1-6

Frequency 
for 

20° range

per t 
2-2
6-1
8-6
9-5

8-9
7-2 
5-3 
3-5

All directions

wile 
39

109
155
171

160
131 
96 
63

VI"

1-6-1-8
1-8-2-0
2-0-2-2
2-2-2-4
2-4-2-6
2-6-2-8
2-8-3-0

All speeds

Frequency 
for 

20° range

per i 
2-1
1-1
0-6
0-3
0-1
—
—

55-5

All directions

wile 
38
20
10
5
1-8
0-7
0-2

1000-0



700 mb. DEC.-FEB.

CONTOURS
Height of isobaric surface is given in hundreds of feet

58



DEC.-FEB. 700 mb.

land over 10,000 ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

59



700 mb. MAR.-MAY

CONTOURS

Height of isobaric surface is given in hundreds of feet

60



MAR.-MAY 700 mb.

land over 10,000 ft

CONTOURS

Height of isobaric surface is given injhundreds of feet

61
(89462)



.700 mb; JUNE-AUG.

CONTOURS
Height of isobaric surface is given in hundreds of feet

62



JUNE-AUG. .700 mb.

100° 120" I4O° I6O I8O°

land ,over 10,000 ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

63



700 mb. . SEPT.-NOV,

CONTOURS
Height of isobaric surface is given in hundreds of feet

64



SEPT.-NOV. 700 mb.

land over 10,000 ft.

CONTOURS
Height of isobaric surface is given in hundreds of feet

65



500 mb. DEC.-FEB,

CONTOURS
Height of isobaric surface is given in hundreds of feet

66



DEC.-FEB. 500 mb.

land over 10,000 fr.

CONTOURS
Height of isobaric surface is given in hundreds of feet

040:!)

67



500 mb. MAR.-MAY

CONTOURS

Height of isobaric surface is given in hundreds of feet

68



MAR.-MAY 500 mb.

land over laooorl:

CONTOURS

Height of isobaric surface is given in hundreds of feet

,89462)

69



500 mb. JUNE-AUG.

CONTOURS
Height of isobaric surface is given in hundreds of feet

70



JUNE-AUG. 500 mb.

land over 10,000 ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

71



500 mb. SEPT.-NOV

CONTOURS
Height of isobaric surface is given in hundreds of feet

72



SEPT.-NOV. 500 mb.

IOO° I6O° KO° IZO° IOO'

land over 10,000 Ft
100° I4O° I6O° I8O° I6O" I4O" 120° 100"

CONTOURS
Height of isobaric surface is given in hundreds of feet

73



300 mb. DEC.-FEB.

CONTOURS
Height of isobaric surface is given in hundreds of feet

74



DEC.-FEB. 300 mb.

296
land over 10,000

CONTOURS
Height of isobaric surface is given in hundreds of feet

75



300 mb. MAR.-MAY

CONTOURS
Height of isobaric surface is given in hundreds of feet

76



MAR.-MAY 300 mb.

IOO' I8O' iocr

larvd over lo.ooorl:
100- I4O" I6O' ISO' I6O- I4O' I2O- IOO

CONTOURS
Height of isobaric surface is given in hundreds of feet

77



300 mb. JUNE-AUG.

CONTOURS
Height of isobaric surface is given in hundreds of feet

78



JUNE-AUG. 300 mb.

l&rvd over 10.000 t

CONTOURS
Height of isobaric surface is given in hundreds of feet

79



300 mb. SEPT.-NOV.

CONTOURS
Height of isobaric surface is given in hundreds of feet

80



SEPT.-NOV. 300 mb.

100° IEO- I4O" I6O° ISO- 160' 140' IZO' IOO'

CONTOURS
Height of isobaric surface is given in hundreds of feet

81



200 mb. DEC.-FEB.

CONTOURS
Height of isobaric surface is given in hundreds of feet

82



DEC.^FEB. 200 mb.

^
L-4J

^
^ larvd over 10,000 fr.

6

IOO- I£O° I4O" I6Q' ISO' I6O- I4O* I2O' IOO*

CONTOURS
Height of isobaric surface is given in hundreds of feet

83



200 mb. MAR.-MAY

CONTOURS
Height of isobaric surface is given in hundreds of feet

84



MAR.-MAY 200 mb.

larxd over 10.000 Ft1.

CONTOURS
Height of isobaric surface is given in hundreds of feet

85



200 mb. JUNE-AUG.

CONTOURS
Height of isobaric surface is given in hundreds of feet

86



JUNE-AUG. 200 mb.

lar\d over 10.000 Ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

87



200 mb. SEPT.-NOV.

CONTOURS
Height of isobaric surface is given in hundreds of feet

88



SEPT.-NOV. 200 mb.

100° 120 I4O° I6O" ISO' 16O C 140" \2.o°_____IOCT;

lar\d over 10,000 Fr.

CONTOURS
Height of isobaric surface is given in hundreds of feet

89



130mb. DEC.-FEB.

CONTOURS
Height of isobaric surface is given in hundreds of feet

90



DEC.-FEB. 130mb.

liana over 10,000 h

CONTOURS
Height of isobaric surface is given in hundreds of feet

91



130mb. MAR.-MAY

CONTOURS
Height of isobaric surface is given in hundreds of feet

92



MAR.-MAY 130 mb.

ana over 10,000 Ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

93



130 mb. JUNE-AUG,

!OO°

CONTOURS
Height of isobaric surface is given in hundreds of feet

94



JUNE-AUG. 130 mb.

.and. over 10,000 ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

95



130 mb. SEPT.-NOV.

CONTOURS
Height of isobaric surface is given in hundreds of feet

96



SEPT.-NOV. 130 mb.

land over 10,000 ft

CONTOURS
Height of isobaric surface is given in hundreds of feet

97



700 mb. DEC.-FEB.

STANDARD VECTOR DEVIATION (knots)

98



DEC.-FEB. 700 mb.

'/I/////M land over 10,000 ft

STANDARD VECTOR DEVIATION (knots)

99



700 mb. MAR.-MAY

STANDARD VECTOR DEVIATION (knots)

100



MAR.-MAY 700 mb.

Wlh land over 10,000 ft

STANDARD VECTOR DEVIATION (knots)

101



700 mb. JUNE-AUG.

STANDARD VECTOR DEVIATION (knots)

102



JUNE-AUG. 700 mb.

land over 10,000 ft

STANDARD VECTOR DEVIATION (knots)

103



700 mb. SEPT.-NOV.

STANDARD VECTOR DEVIATION (knots)

104



SEPT.-NOV. 700 mb.

IOO* I2O' |4O° I6O

22E3 land over 10,000 n.
100 100-

STANDARD VECTOR DEVIATION (knots)

105



500 mb. DEC.-FEB.

STANDARD VECTOR DEVIATION (knots)

106



DEC.-FEB. 500 mb.

V <^ -^t> ——— — - • • • 1- - — - —

nd over

—— — . — 

1 0,000 fr.
IOO" I2O' I4O° I6O' I6O° I6O* I4O* I2O* IOO°

STANDARD VECTOR DEVIATION (knots)

107



500 mb. MAR.-MAY

STANDARD VECTOR DEVIATION (knots)



MAR.-MAY 500 mb.

100° \oo'

7O

land over 10,000 rr.
100- ioo-

STANDARD VECTOR DEVIATION (knots)

109



500 mb. JUNE-AUG.

STANDARD VECTOR DEVIATION (knots)

110



JUNE-AUG. 500 mb.

land over 10,000ft.

STANDARD VECTOR DEVIATION (knots)

111



500 mb. SEPT.-NOV.

STANDARD VECTOR DEVIATION (knots)

112



SEPT.-NOV. 500 mb.

land over lo.ooofr

STANDARD VECTOR DEVIATION (knots)

113



300 mb. DEC.-FEB.

STANDARD VECTOR DEVIATION (knots)

114



DEC.-FEB. 300 mb.

V^ </
afAdover

^--^, 

- IOPOO Fh
IOO' i£O° 4O' I6O' I6O° i6O° I4O° I2O" IOO°

STANDARD VECTOR DEVIATION (knots)

115



300 mb. MAR.-MAY

1C O* 8

V /
> '

^:,
O' 6

r- 
s

o° * c' z O" C)• IO' -4 O' 6 0°

STANDARD VECTOR DEVIATION (knots)

116



MAR.-MAY 300 mb.

lar\dover 10,000 fh

STANDARD VECTOR DEVIATION (knots)

117



300 mb. JUNE-AUG.

STANDARD VECTOR DEVIATION (knots)

118



JUNE-AUG. 300 mb.

•cl

I
j

|T"liar\dov<sr
O° I6O* I4CT I2O

lopoof-r
•1OOlOO' I4O' IcO"

STANDARD VECTOR DEVIATION (knots)

119



300 mb. SEPT.-NOV.

STANDARD VECTOR DEVIATION (knots)

120



SEPT.-NOV. 300 mb.

STANDARD VECTOR DEVIATION (knots)

121



200 mb. DEC.-FEB.

STANDARD VECTOR DEVIATION (knots)

122



DEC.-FEB. 200 mb.

larxd over loooorr.
IOO*

STANDARD VECTOR DEVIATION (knots)

123



200 mb. MAR.-MAY

STANDARD VECTOR DEVIATION (knots)

124



MAR.-MAY 200 mb.

larvd over 10,000 ft

STANDARD VECTOR DEVIATION (knots)

125



200 mb. JUNE-AUG.

STANDARD VECTOR DEVIATION (knots)

126



JUNE-AUG. 200 mb.

IOO*

STANDARD VECTOR DEVIATION (knots)

127



200 mb. SEPT.-NOV.

STANDARD VECTOR DEVIATION (knots)

128



SEPT.-NOV. 200 mb.

larxd over 10.000 Ft-.

STANDARD VECTOR DEVIATION (knots)

129



130mb. DEC.-FEB.

STANDARD VECTOR DEVIATION (knots)

130



DEC.-FEB. 130mb.

lard over to.ooofh
I4O' I ZO' IOO

STANDARD VECTOR DEVIATION (knots)

131



130 mb. MAR.-MAY

STANDARD VECTOR DEVIATION (knots)

132



MAR.-MAY 130 mb.

lard cwtr ic.ooofr.

STANDARD VECTOR DEVIATION (knots)

133



130 mb. JUNE-AUG.

STANDARD VECTOR DEVIATION (knots)

134



JUNE-AUG. 130 mb.

larxd.over 10,000 ft.

STANDARD VECTOR DEVIATION (knots)

135



130 mb. SEPT.-NOV.

STANDARD VECTOR DEVIATION (knots)

136



SEPT.-NOV. 130mb.

lar\d over 10,000 ft

STANDARD VECTOR DEVIATION (knots)

137











500 mb. DEC.-FEB.

500 mb. MAR.-MAY

r no stream-lines shown 
-5 kt: dotted stream-lines 

IIIIIII 5-10 kt. full stream-lines

STREAM-LINES IN THE INTERTROPICAL BELT

142



DEC.-FEB. 500 mb.

MAR.-MAY 500 mb.

land over IO,OOO Fr.

IO-I5 kr. Full stream-lines 
12222 15-ZOkl: Pull steam-lines 
I 1 >2O kr. Full stream -lines

STREAM-LINES IN THE INTERTROPICAL BELT

143



500 mb. JUNE-AUG.

500 mb. SEPT.-NOV.

I l<2kkr. no stream-lines shown 
ES324-5 KH doffed sfream-lines 
[film 5-10 kr. full srream-lines

STREAM-LINES IN THE INTERTROPICAL BELT

144



JUNE-AUG. 500 mb.

SEPT.-NOV. 500 mb.

land over IO.OOO Fr.

^F=§ IO-I5 kt full stream-lines
is»og 15-ZO kr. full srream-lines
f ] > zo kr. full stream-lines

STREAM-LINES IN THE INTERTROPICAL BELT

145



300 mb. DEC.-FEB.

300 mb. MAR.-MAY

I ka^kr. no stream lines shown 
ES3a%-5 kr dorred srream-lines 
EUD 5-10 kt full srream-lines

STREAM-LINES IN THE INTERTROPICAL BELT

146



DEC.-FEB. 300 mb.

100-

IOO' IOO'

MAR.-MAY 300 mb.

land over lO.OOOfr

^^ IO-I5 kf. full srream-lines
feSSSI 15-ZOkr full stream-lines
C J >zo kf: Full stream-lines

STREAM-LINES IN THE INTERTROPICAL BELT

147



300 mb. JUNE-AUG.

300 mb. SEPT.-NOV.

2fcknno sfream-lines shown 
! Z-k-5 kr. dorted stream-lines 

III 11II 5-lo kr. Pull stream-lines
STREAM-LINES IN THE INTERTROPICAL BELT

148



JUNE-AUG. 300 mb.

SEPT.-NOV. 300 mb.
I2O" I6O ISO' I6O'

IOO" \za* 120- ioa

land over IO.OOO fr.

E=j IO-I5 kr. Full srream-lines 
fe&3 !5-2Okr. full sPream-lines 
L_J > 20 kr. full stream-lines

STREAM-LINES IN THE INTERTROPICAL BELT
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DEC-FEB.
4OV. 8O°E.

Westerly decreasir\q sourKwards

ZOO mb.
MARrMAY 

I6O-W. 4O°W. 8O°E

10°-

5.
15°-

ZO

Z5°-

Licht easre-ly
or 

variable

Westerly decreasirxq northwards

y. Westerly 25-4Okr.
/// / / / s /*s //////SS///

I6O°W.

LJi^Ki- easterly 
; or 
; variable

Westerly decreasing'

Westerly 25-5O kr.

10°

- 5°

- O°

- 5°

15°

25°

JUNE-AUG. 
0 40°W. 80°E. I6O°W.

N.

5°-

Westerly ',

sourKwardV

easterly
or 

variable

Variable 
or

Wesrerly/

xiWes;eHy/
decreasirxq/ / / / ~
sourtxwards

Easherly x 
\. \ \ v y.\ 
\l5-25\ 
\\ ,\. \ \

LigKh 
easl-erly

or 
variable

SEPT.- NOV. 
4O°N. 80°E. !6OeW.

Wesrerly 
/decreasirvq 
/sgu rhwyds,

•West- e' "r ". I' 
'O-.^O kh

T—i ' ' ——I ~Y 25~35 M.'y
Westerly v,,. ,,,//,

[soutKwand^

Licpt easl
or 

variable

ferly

7774 , ,.,
Westerly aecreasirq nortKwards

" y j j f ~f~y 7 j . / s s 1̂  r s s y J s s s

'//7/7///,
Westerly 4O-6O kr.v/////////////////,

25° 

20° 

15°
N.

- 5° 

0° 

5°

-IO"

2£>°

WIND SPEED AND DIRECTION IN THE INTERTROPICAL BELT
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