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Some high Sounding Balloon Ascents and Upper
Air Temperatures upto 35 km over India
P. R. KRIFHNA RAO
Regional Meteorolcgical Centre, Madras
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ABSTRACT. Data from 34 sounding balloon ascents over India reaching 30 km and above have been collect-
ed and the seasonal mean temperatures derived from them are briefly discussed. Temperatures at 30 and 35
km shown by the e data, of the order of 2207 to 230 °A, have beea compared and found to agree reasonably well
with temperatures at same heights over similar latitudesin other parts of the world. It isshown that Koteswaram’s
estimates of temperatures over Central India at these heights are very high and that up to 36 km the sounding
balloon data do not show any large inerease of temperature with height above 26 km, Using means of
sounding balloon data over B stations in Indin up to 1940, a diagram showing the distribution of upper air
temperatures over India up to 35 km in summer and winter has been drawn and presented. The chief features of
the variation of the height and temperature of tropopause and of the lapse rate, the annual range and the horizontal
gradient of temperature have been stated and briefly discussed.

The outstanding points which emerge from the study are—(i) The summer tropopause over India is higher
and cooler than the winter tropopanse.  The transition from the tropical type to the polar type stratosphere
oecurs at 30°N in winter and at latitudes north of India in summer ; (i7) Maximum lapse rates in the troposphere
up to 30°N oceur at 12-14 km in summer and 9-11 km in winter. The region of high lapse rates shows a variation
similar to the height of tropopause ; (i77) In the lower stratosphere, counter-lapee rates increase with height above
the tropopanse up to 19-21 km after which they decrease. The counter-lapse rates are generally higher in summer
than in winter. Above 25 km, the counter-lapse rates are of the order of 0-5 to 1°C per kilometre ; (iv) Summer
temperatures are higher than winter temperatures up to 14 km above which the reverse happens up to 20 km.
Above 20 km again the summer temperatures are higher than winter temperatures. The annual range of tempera-
ture is maximum at 8 to 10 km and deorcases rapidly thereafter with height., The renge is large over North India
and very small over South India and () In th : troposphere, the horizontal gradient of temperature is positive in
summer except between 4 and 11 km north of latitude 27°N where it is negative. In winter, it is negative below
11 to 12 km and positive above. The temperature gradient is rather small south of latitude 15°N. In the lower
stratosphere between 16 and 20 km, it is positive and steep in the lower latitudes south of 13°N and decreases with
latitude north of it.

1. Introduction reaching 30 km and above, in order to obtain

an idea of the temperatures and pressures at
those heights and utilise them along with the
more numerous data for the lower levels from
a large number of stations to get a picture of
the normal temperature distribution in sum-
mer and winter up to 35 km over India.

2, Data
Complete data for all the ascents in ques-

Sounding  balloon ascents with  Dines
meteorographs were made by the India
Meteorological Department from  various
stations in India up to 1940 inclusive. Of
these ascents, 34, mostly during the yvears
1939 and 1940, reached heights of over 30 km
and 8 of them reached heights exceeding
34 km. The highest ascent which went up

to 36-54 km was at Ahmedabad on 24 July
1939, the pressure and temperature at that
height being 4 mb and 224°A respectively.
Means of Indian sounding balloon data so far
published or discused give temperatures
only up to 256 or 26 km and it has been gene-
rally assumed that very little information
is available for higher levels from sounding
balloon ascents. It is the purpose of this
paper to collect together the data obtained
from the 34 high sounding balloon ascents

tion are included in the Upper Air Data,
Volume X111 —Part B for the relevant years
published by the India Meteorological De-
partment. Table 1 gives the pressures and
temperatures for the 34 ascents for heights
from 10 km upwards. Table 2 gives the
height and type of tropopause and the
highest point reached with the correspond-
ing pressures and temperatures for each
ascent. Moat of the ascents were made in the
evening after 1700 IST with a view to avoid




TABLE

INDIAN JOURNAL OF METEOROLOGY AND GEOPHYSICS [ Vol. 3. No. 3

Pressure and Temparature of the atmosphere from 10 km upwards

Date

Time of ascent (IST)

36 km
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222-5  226-0 2220
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222-0 225-5 222-0
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CALCUTTA (23°32°N 8-°20°E)

10 Oct 25 Nov 24 Jun 25.Jun 25 Jun

»
1934 103) 1940 1940 1940

1705 1651 1626 0457 2035

506
224-5
65
224-0
7-6 7:6
294)-{) 2249
8-9 8-9
219-0 224-0
10-5 10-5
218+5 223-0
12+5 12-5
2080 2215
14:5 14-5
21850 219-0
17-0 17-0
217-5 22 218-4
20-0 20 20-0)
2170 22. 2174
23:5 24-5 23-0
216G-5 2215 216-0
275 28-5 27-0
215-5 22005 213-4
325 335 32-0
213-5 2185 211-0
35-0 30-0 375
2115 2170 2105
45-0 460 445
207-0 214-0 2000
53-5 a0 5340
245 2080 1980
6G3-5 t4-5 63-5
m9-0  211-0  199-0 1900
75:5 T4-0 T6-5 760
1955 203-0  193-0 1835
90-5 88-0 91-5 al-5
-0 1880

110
1950

131
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TABLE 1—{contd)

Pressure and temperature of the atmosphere from 10 km upwards
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CALCUTTA—contd
(23°32'N 88°20'1%)

AHMEDABAD
(23°02'N 72°36'E)

30Jun  1Jul 13 Nov 15Nov 30Nov| 24Jul 3Aug 2Nov 13Jun 1 Dee 9 Dec Date
1040 1940 1940 1940 1940 1939 1939 1939 1940 1940 1940
1323 2342 1400 1436 1516 1856 1905 1800 1905 1758 1800 (Time of as-
cent (IST)
4-4 36 km
2235
G0 5-1 35
234°0 223-5
59 601 6-0 5-1 34
2320 22715 223-4 216-0
6-8 71 7-0 5:9 33
2305 227-6 | 224-5 216-0
79 8-3 8-1 7-0 32
229:0 227:6 2250 2160
9-2 9:7 9-5 10-5 82 90 31
227-0 227-5 224-5 231-5 215-5 223-5
11-0 10-5 10-5 11-5 11:5 11-0 10-5 12:0 9-7 10-56 30
224-5 217-5 224-5 225-5 227-0 223-5 215-5 231-5 213-5 222-0
12-5 12-0 12-5 13:5 13-0 13-0 12-0 14-0 11:5 12:5 29
223-5 217-5 224-0  225-0 226-0 223-0 2155 231-0 212-5 221-0
14-5 14-5 14-5 15-5 155 15-0 14-0 16-0 13-5 14:5 28
221-5 217-0 2235 224-5 2255 292.-5 215-5 230-0 211-0 220-5
75 17-0 17-0 18-0 18:0 75 16-5 19-0 16-0 170 27
290.0 2170 2230 2240 225:0 | 221-5 2154 229-0  209-5 219-5 |
2040 19-5 20:0 21-0 21-0 205 19-5 22.0 19-0 19-5 0 26
2185 21r-0  222-5 2235 2240 2200 2I5-5 228-5 2080 218-5
236 23-0 23-5 245 245 24-0 230 23-5 22-5 23-0 26
217-5 216-5 219-5 2230 2230 217-5 2130 . 227-0  206-0 21840
28-0 27-0 27-5 29-0 285 28-5 27-0 () 30-0 26-5 27:0 24
216-5 216-0 217-0 222-0 22145 215-5 211-5 -0 225-5 203-5 217-0
33-0 32-0 32-0 34-0 33:5 335 32-0 2-0 34-5 315 32-0 23
2145 214-5 214-0  220-0  220-0 216-0 209-5 -5 223-5 2020 216-0
38:5 37-5 38:0 30-5 395 39-5 38:0 -5 40-5 375 37-5 22
210-5 212-0 210-5 217-0  217-5 215-0 2080 0 221-0  200-0 21545
455 44-5 44-5 47:0 46-0 46-5 45-0 au 47-5 44-5 44:0 21
206-0 208-0 207-0  210-0 215-0 200-5 204-5 80 2180 197-0 2100
54-0 52-5 530 55:0 545 55-0 53-0 2-5 560 53-0 520 20
201-5 203-0 2010 205-0 2110 205-5 202-5 q-5  215:-0  195-0  204-0
64°5 625 630 0655 640 65-0 635 240 66G-0 635 62-0 19
196-0  197-0 197-0  203-0 207-0 | 201-5 199-0 9-5 211-5 194-5 201-0
770 75-0 75-5 775 76-0 77-5 755 -0 78:0 76-0 735 18
191-0 191-0 194-0  203-0 203-0 197-5 193-0 c5 207-0  198-0 199-0
2-0 89-5 90-0 92-0 90-5 92:5 90-5 5 92-0 90-0 87-5 17
193-0 192-0 194-0 204-5 203-0 191-5 191-0 0 201-0 200-5 201-0
110 107 108 110 107 111 108 ] 110 107 104 16
200-5 196-5 197-0 205-0 204-0 196-0  195-0 95-0 197-0 204-0 203-0
130 128 128 130 127 132 129 2 131 127 124 15
208-5 203-0 205-0 2090 207-5 205-0 202-5 197-56  201-0 209-0 2070
153 151 152 152 150 156 153 151 155 150 146 14
217-0 210-5 212-0  214-0 212-0 214-5 210-5 202-5 210-0 214-0 210:0
180 178 178 178 176 183 180 178 182 175 173 13
295.5 218-5 219-4 221-5 2180 224-0 219-5 212:5 220-0 219-0 215-0
209 208 208 207 206 213 211 200 213 205 202 12
232.5 226-5 2275 23000 224-5| 232.5 2290 2235 2285 225:5 22140
243 242 242 242 240 247 245 243 246 239 236 11
241-0 235-0 2360 238-0 2325\ 240-5 237-0 232.0 237-5 232-5 2280
279 280 280 279 278 284 282 282 285 276 274 10
249.0 244-0 242.5 244-5 240-5| 248-5 2440 240-0 246-5 238-0  235-5
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Pressure and Tampaeratur: of the atmosphere from 10 km upwards
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TABLE 2
[ AGRA CALCUTTA
| (27°08'N 78°01'E) (24°32' N 88°20°E)
Date — -
l 16 Sep 19 Nov 20 Apr 17 0ct | 20 Jul 10 Oct 25Nov 24 Jun 25 Jun 25 Jun
Time of 1937 1938 1939 1940 | 1939 1939 1939 1940 1940 1940
ascent (IST) [
0809 1735 1917 1656 i 1535 1705 1651 1626 0457 2035
He (km) 11 1 w10 1 I I I I I
16:38  17-42 | 16-64  16-43 17-05  16-76  16-06 17-47  17-40 17-94
18-96
Pc (mb) 104 790 94:0 100 90-0 93:0 104 84-0 830 770
630
To (°A) 206-0  196-0  201-0 202-5 | 185-5 192-5 190-5  192-5 1930 183+5
2000
H (km) 300 36-00 0 30-58  32-06  30-70  32-56 31-24 34-04  30-70 34-76
|
P (mb) 11-5 40 100 80| 100 7-0  10-0 6-0  10-0 50
T (°A) 250-5 9285 230-0 2220 2275 220-5 245-0  230-0 241-0 225-0
CALCUTTA—contd AHMEDABAD
(23°32'N 88720°E) (23°02'N 72°35°E)
Date 30Jun | Jul 13 Nov 15 Nov 30Nov | 24Jul 3 Aug 2Nov 13Jun 1Dec 9 Dec

1940 1940 1940 1940 1940 1939 1939 1939 1940 1940 1940
Time of
ascent (IST) 1323 2342 1409 1436 1516 1RG6 1905 1800 1905 17568 1800

1 1 1T 11 1 I 1 Il I 1 1
He (km) 17-76  17-91  16-42 15-57 17:71} 16-58 1703 16-50 15-61 18-15 17-91
Pe (mhb) 800 76-0 100 118 80-0 100 90-0 97-0 118 62-0 750
i Te (°A) 1505 191-00  194-0 [ 206-5 203-0 192-0  180-5  193-5 197-0 194-0 1990
l H  (km) 35-06 30-80  30-41  30-82  34-13 36-54  30-15  32-44  31-17  34-10  31:73
P (mb) 50 9-0 10-0 100 6-0 4:0 10:0 70 10-0 50 80
T ("A) 234-00 217-6  225-0  226-0 227-0 224-0 215-5 218-0 232-0 2160 224-5
SAMBALPUR POONA MADRAS BANG ALORE
(21°2R8’N 83°58'E) I8°32'N 73°51’E| (13°04'N 80°15’E) [12°58'N 77°36’E
Data 27 20 23 11 23 24 11 14 20 9 9 25 4
Mar  Nov Nov Jan Feb May | Dee Dee Oct Nov  Dee Feb Doe
1930 1930 1939 1940 1940 1940 1940 1940 1940 1940 1940 1938 1939
Time of ascent
(IST) 1610 1750 1750 17580 1840 1845 1540 1500 1720 1738 1700 1746 1802
I v I I I 1 I I 1 I 1 v 1
He (km) 16-21 14-57 16-50 16-62 16-57 16-71) 18-41 17-41 17:42 18:30 18-00 | 17:25  16-09
_ 17-76 1900
i Pe (mh) 00 135 95-0 93-0 92-0 95-0 | 760 83-0 | 820 74-0 75-0 | 85-0 100
h 77-0 62-0
Te (°A) 202:0 202-0 1945 196-0 201-5 191-0 | 194-5 201-5 191-5 197-0 187-0 |196-5 192-5
193-5 195-5
H (km) 30-08 30-50 33-76 30-38 3033 30-47) 32-76 32-44 31-54 31-72 30-00 | 33-67 34-768
P (mb) 11-0 100 6.0 10-0 10:0 100 70 70 80 ®’:0 10:0 60 0
T ") 202-5 2240 229-0 227-5 2215 226-5 | 226-0 220-0 | 219-5 217-0 220-0 |227-0 228-0
|

Note—He, Pe, Te-—=Height (km), pressure (mb) and temperature (“A) respectively at the tropopause ‘
H, P, T=Highest point reached and pressure (mb) and temperature (°A) at that level

1, IL, ITL, IV—Indicate the typ» of tropopause. When th= tropopause is of type IV the height (km), |
pressure (mb) and temperature (*A) corresponding to both the transitions have been given
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errors due to direct insolation. A few as-
cents were made earlier in the afternoon or
in the morning. In such cases, a specially
designed cage was used to prevent insolation
affecting the meteorograph. It is seen that
the ascents are distributed over seven stations
in different latitudes between 137 and 27°N
and over all the months of the vear. Fig, |
shows the height-temperature curves for the
ascents at each of the stations separately.

It 1s seen that the ascent at Agra on 16
September 1937 shows very high tempera-
tures at all heights.  This ascent was made
i the morning at 0804 IST and although a
special cage was used for protecting the me-
teorograph from insolation, it appears pro-
bable that the instrument was aflfected by
direct solar insolation thus causing the high
temperatures. A depression centred near
Agra the day previous to the ascent was
breaking up against the Himalayan foot hills
to the north. It is not elear il the abnormally
high temperatures were in some way contec-
ted with the special weather situation. Omit-
ting the above ascent and grouping the other
ascents into two seasons, summer (April to
September) and winter (October to March),
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the seasonal mean temperatures for six sta-
tions are given in Table 3. As Madras and
Bangalore are in the same latitude and the
upper air temperatures over these stations do
not differ appreciably, their data have been
combined to give a single mean.  For Poona
and Madras-Bangalore, means can be worked
out enly for winter as there were no high
ascents in o summer.  The means in Table 3
are also plotted in Fig, 2 as seasonal height-
temperature eurves.  The nwnber of ascents
is too few to determine montlily means.
3. Discussion of resulis

It is seen from Table 3 and Fig. 1 that the
inerease of temperature with height above the
tropopause is well marked up to 20 or 21 km
with a counter-lapse of 4 to 6° C km—?! in
summer and 2 to4°C km ! iy winter. The
counter-lapse of temperature decreases with
height and is of the order of 3°C km—1in
swmmer and 27 ¢ km 'in winter between
21 and 26 km. 1t is of the order of 1°C km 1
ahove 26 km with no appreciable seasonal
variation.  There i1s a latitudinal variation

in the lapse rate of temperature both in the
lower stratosphere and in the troposphere as
discussed in Section 4.

240
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TABLE 3
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Height

‘,\'ummvr Winter

AGRA

CALCUTTA ‘:\Il.\ﬂ'ﬂ,\li:\l) SAMBALPUR

Summer

Winter|Summer Winter

Summer Winter

POONA l

MADRAS—
BANGALORE

Summer Winter|Summer Winter

a

(km) - - 1‘ ) ) . L

N IR . ‘ i 9293.5 1 |

36 285 | | 223 | 1

35 228-0 | 234-0 223.5 ]

34 997.5 | 228.8 227 ‘,] 223.5 216-0 ‘ o ‘ 229-0
33 ‘ 227-0 | 2278  227-5 " 224-5  216-0 | 1900 L ‘ 5
32| 224-0 | 227-0 2237 | 225-0  217-0 12044 - e
3l 2035 | 226-0 2275 | 228:0 219-0 2285 & 2212 | 222.5
30 | 208.5 223-3|225.2 224-3|223-5 2181|2260 2243 190.2 -
) ! 227-0 2227 ‘ 224.2 223-7 I 223.2 217-9 | 225:0 2238 | 219-3 | 990-8
28 996.0 222-3 | 222.0 223-3 | 222.7 217-3 | 2245 2235 ‘. 218-7 | —
27 | 596-5  222-0 | 222-0 222-7 | 222.0 2167 | 223-5 223-1 — -
26 924.5  220-7 l 991.3 222-0 | 221-3  216-0 | 222.5  223.0 917.2 | 217-9
25 ‘ 223-00 218-5 I 20-1  220-9 | 219-2  214-0 | 220-0 222-] 215-8 i 916-1
24 | 221:0  217-0 i 2189 210-5 | 217-5 212:0 | 217:5 2210 514-2 | Sid:3
23 | 219-0 n5-2 | 2167 217-3 | 216:3 2107 | 215-0 2196 ~ 212-7 213-0
22 | 915.5 212-8 | 213-3  214:5 | 214-7  209-3 l 2130 2176 10-5 206:8
21 2110 2099 ‘| 2093 2103 | 2107 20567 ‘ 200-0 2156-2 2080 ' 205-8
20) . 204+5  204:7 | 206-5 2043 ‘ 2077 202-0 | 2040 2106 206+0 | —
19 2005 '-’”:"f\ 197:0  201-7 | 204-0  198-6 | 199-0  205-9 202-0 197-0
15 [ 202-5 199-7 ! 100:3  198-1 | 199:2  196-5 | 194:5 2025 | 108-2 1915
17 | 201-5 1993 L 190-5  196:0 | 194-5 1963 | 191:5 199-8 200-0 105-1
16 | 204-5 203-3 | 1964 1977 | 196:0 109:3 1925 1999 2095 -
15 E 207-0  206-5 | 204-5  203-5 | 2028 202:7 | 201-0  204-1 | 2053 | 202-3
14 213-0  210-2 | 213-1 'In-.‘»‘| 2117 207-3 | 211-0  208-9 200-3 | 208-6
13 260 215:5 ' 999.3  218-2 | 221-2  214:7 | 221-6  214-7 | 2157 216-5
12 | 221-0 22007 | 2305 2258 ‘ 930-0 2234 | 2280 920-8 | gy -
11 997.5 2202 | 238-7 234-5 | 238-3 231-1 | 236-0 2267 230-5 231-4
10 | 936-0 237-6 | 247-3 242.7 | 246-3  238-3 | 245-5  233-7 385 | Sas.5
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Table 3 also shows that while temperatures
are higher in summer than in winter upto 14
km the position gets reversed at higher levels
up to 20 km with winter temperatures be-
coming higher than summer temperatures.
Above 20 km again, the summer temperatures
appear to be higher than winter temperatures.,
This feature is examined further in Section 4.
Atheights above 30 km the summer tempera-
tures appear to he higher by 2 to 57( as com-
pared to winter temperatures at stations in
the northern latitudes of India. There does
not appear to be any appreciable latitudinal
variation of temperature at these hich levels.

It will be interesting to compare the tem-
peratures at heights of 30 and 35 km shown in
Table 3 with those observed in other coun-
tries. Scrase! has tabulated temperatures
at 100,000 £t (30 km) in winter and sununer
at 7 stations in different latitudes. Similar
information for Indian stations at 30 and 35
km from the available sounding balloon data
1s given in Table 4,
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TABLE 4
Temperature Temperature
at 30 km at 35 km
Station Lati. ———— ——a
tude Sum- Win-  Sum-  Win-
mer ter mer ter
A A \ A
I Agra 2771 — 228
Calentta 24°N 234
223 —

b Sambalpur  21°N
5 Poon:
6 Madr

N
2 N
3 Alhmedabad 23°N
N
N
N

It is interesting to note that the summer and
winter temperatures at 30 km over Agra
(27°N), viz.,, 229° and 223°A are about the
same as those over New Mexico (32°N),
viz,, 2337 and 224°A and sumimer temperature
of 232°A at 30 km over Bermuda (32°N) also
agrees with the summer temperature over
Agra,

Goldie® has constructed a diagram showing
distribution of temperature in the upper air
up to 45 km on the basis of available means
of sounding balloon and radiosonde data,
temperature data from sound propagation
experiments in England during the War
and from certain physical considerations,
Temperatures at 30 and 35 km in summer
and winter at latitudes 10°, 20° and 30°N
picked out from Goldie’s diagram are given
in Table 5 below.

TABLE 5

Temperature

Temperature
at 35 km

at 30 km

Latitude ——n oy g R o
Summer Winter Summer Winter
°A A °A A
10°N 223 216 229 219
20°N 221 214 228 216
30°N 218 210 220 213

(‘omparing these temperatures with those in
Table 4 it is seen that Goldie’s diagram shows
57 to 10°C lower temperatures than those
from Indian sounding balloon data.

In Fig. 3, the temperatures and pressures
at heights of 30 km and above from indivi-
dual ascents are plotted. A mean curve for
the year as a whole has been drawn which
may be taken to represent the conditions over
Central India. It is seen from this curve




Jul 1952 ]

that the mean temperature and pressure at
30 km are 224°A and 10-8 mb and at 35 km
298°A and 4-9 mb. It is interesting to com-
pare these figures with the values of tempera-
tures and pressures over Central India
deduced by Koteswaram®. His values for
30 km are 267°A and 11-4 mb and for 35 km
299°A and 3-7 mb. 1t is seen that while
the pressure values more or less agree, the
temperature values are widely different,
Koteswaram’s temperatures being higher by
about 43°C at 30 km and by about 65°C at
35 km. It is believed that temperatures
and pressures from sounding balloon records
being direct measurements are more reliable
and should be taken to represent the true
conditions. It may be noted that even in
the Agra ascent on 16 September 1937 re-
ferred to in Section 2, which showed abnor-
mally high temperatures at all levels, the
temperature recorded at 30 km was only
950-5°A which is about 17°C less than the
temperature deduced by Koteswaram. It
should be remarked here that the tempera-
tures from the sounding balloon ascents re-
present conditions in the late evening or early
night. There is, however, no reason to think
that the mean diurnal variation of tempera-
ture in the lower stratosphere at heights of
30 and 35 km is appreciable. It is seen that
information available from high sounding
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balloon ascents over India does not show up
to a height of 35 or 36 km any large increase
of temperature with height.
4. Upper Air Temperature distribution over India in

Summer and Winter

Sounding balloon data are available for a
number of stations in India between latitudes
34°and 13°N, although the period and volume
of data are not the same for all stations. It
would be useful at this stage to have a picture
of the latitudinal variation of upper air tempe-
ratures over India upto the highest possi-
ble height. Accordingly, a diagram showing
upper air temperatures over India up to 35 km
in summer and winter has been drawn (Fig. 4)
utilising the means of sounding balloon
data for 9 stations (viz., Peshawar, Jacoba-
bad, Agra, Jodhpur, Ahmedabad, Calcutta,
Sambalpur, Poona-Hyderabad and Madras-
Bangalore) worked out at the Upper Air
Section of the Poona Meteorological Office
and the data from the 34 high sounding bal-
loon ascents. The mean of June and July
has been taken to represent summer (mon-
soon) conditions and mean of December and
January to represent winter conditions.
Tsopleths of temperature have been drawn at
intervals of 10°A in the tropopause and at
5°A intervals in the stratosphere. The
isopleth for 273°A and the mean height of
tropopause are also shown.
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Sounding balloon data reaching the tropo-
pause are not available for latitudes south of
Madras-Bangalore (13° N) except for one
ascent at Trichinopoly (10749’ N 787 42" F)
on 14 December 1940. In this ascent the
tropopause was reached at 15-61 km where
pressure and temperature were 112 mb and
197°A respectively. The ascent reached
22-98 km at which height pressure and teni-
perature were 33 mb and 227°A respectively.
Radiosonde ascents made from Trivandrum
(8729 N, 76° 57" K) since 1947 have reached
the tropopause only on a few oceasions and
the data are’insufficient for obtaining any
monthly or seasonal means. In view of the
paucity of data from Indian stations in the
latitudes south of 13°N, Batavia (6° §) mean
temperature data which have been compared
with Poona-Hyderabad data by Ramana-
than? have been utilised in drawing the iso-
pleths of temperature over the low latitudes
taking it to represent approximately the
conditions over India at 6°N.

Although the general latitudinal variation
of upper air temperatures is known from
Ramanathan’s® and Goldie’s? diagrams, the
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Fiz. 4. Upper air temperatures over India

diagram in Fig. 4, which iz based on data from
a number of Indian stations at different lati-
tudes, shows some interesting features which
are indicated and briefly discussed below.

(/) The lowest temperatures in the atmos-
phere over India occur at a heicht of 165
to 17 km at the tropopause over latitudes
south of 27°N in summer and at the tropo-
pause at a slightly lower level (16 to 16-5 km)
over latitudes south of 15°N in winter., It is
interesting to note in this connection that
the lowest temperature ever recorded in
the sounding balloon ascents was 181°A
(—133-6°F) at 16-1 km at Agra (27°N) on
4 October 1928, The lowest temperature re-
corded over South India was 182-5°A at
17-0 km at Bangalore on 12 March 1940.

(#4) In summer, the height of tropopause
which is about 15 km at latitude 34°N in-
creases with decrease of latitude and is about
[6-8 km over Agra. As we go further south
in latitude there is a slight decrease in the
height of tropopause. Between Agra (27°N)
and Madras (13°N) there is a decrease of
only about 0-5 km in the mean height of the
summer tropopause. In winter, the tropo-
pause height over Peshawar (34°N) is 12 km
and thisinereases rapidly with decrease of lati-
tude to 15-7 km over Avra and there is no
appreciable latitudinal variation in the height
aswe go southwards.  On the mean, the sum-
mer tropopause is higher than the winter
tropopause over the Indian latitudes and this
is obviously connected with the larger con-
veetion in the troposphere in summer than in
winter. This appears to be true in general
both in the northern and southern latitudes®.

The occurrence in winter of a low tropo-
pause (12 km) over Peshawar and a much
higher tropopause at Agra, only 7° south of it
in latitude, shows that the transition from the
tropical to the temperate latitude (or polar)
stratosphere in winter oceurs over India some-
where between 27° and 34°N (probably at
about 30° N).  In summer, this transition
oceurs, as we know from Ramanathan’s
diagram, at 40-45°N.  In winter, Peshawar
i mostly in polar continental air while Agra is
mestly in tropical air with its characteristic
high tropopause. However, it is known that
on a number of occasions in winter, Agra is
invaded by polar air masses with low tropo-
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pause (11 to 12km) at the rear of western
disturbances moving a-ross northern India.
(it) Fig. 5 shows the distribution of the
lapse rate of temperature with latitude and
height in summer and winter. Isolines of
lapse rate have been drawn at intervals of
9°C km—L It is seen that high lapse rates
oceur between 1 and 2 km over latitudes 10°
to 20°N. In winter, inversions or low lapse
rates oceur frequently in the first one kilo-
metre. Above 2 km the lapse rate decreases
with height up to 5 to 6 km in summer and up
to 3 to 4 km in winter. These heights are
7to 8 kmin summer and 1 to 2 km in winter
in the northern latitudes above Agra. Lapse
rate increases with height thereafter and in
the region south of latitude 27°N reaches a
maximum of 9to9-5° C km 1 between 12and
14 km in summer. In winter it rcaches a
maximum of 7-5 to 8-5°C km 1 between 11
and 13 km south of latitude 20°N and between
9 and 11 km at higher latitudes. North of
latitude 27°N, the maximum lapse rate of
7°C km—1 occurs at 11 to 13 km in summer
and of 8°Ckm—1 at 6 to 7 km in winter. Itis
seen that the height of the region of maximum
lapse rates in the troposphere shows a lati-
tudinal variation similar to the height of
tropopause. As has been pointed out by
Ananthakrishnan?, the region of high lapse
rates forms the “ Emission layer ” and the
tropopause occurs at a higher level if the
“ Bmission layer ” is at a higher level. In
summer, generally higher lapse rates occur
between 18° and 27° N than over the lower
latitudes. In winter, generally higher lapse
rates occur over the lower latitudes south of
18°N than over the higher latitudes.
Ahove the region of maximum lapse rates,
the lapse rate decreases rapidly with height
to zero at a height of 16 to 17 km, which is the
region in which the tropopause occurs,
except at Peshawar (34°N) where the tropo-
pause occurs at 15 to 16 km in summer and at
11 to 12 km in winter. The zero lapse rate
over Peshawar oceurs at about 17 km in
summer and at about 11 km in winter.
Above the tropopause, lapse rates are
generally negative, i.e., temperature increases
with height, except in winter over Peshawar
where the lapse rate is negative between 11
and 13 km, positive and of small magnitude
above it up to 17 km and then nearly zero
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20 10 20 30
Latitude
Winter
Fiz. 5. Lapse rate of temyorature °C/km
at higher levels. This is more or less the
characteristic lapse rate distribution in the
polar stratosphere of temperate latitudes in
summer so that Peshawar can be said to
have the polar summer stratosphere in winter
and tropical stratosphere in summer.
Immediately above the tropopause the
negative lapse rate (or counter-lapse) which,
on the mean, is small in the first one kilometre
increases with height and reaches a maximum
between 19 and 21 km, the value being about
6°C km 1 in summer and —4°C km~1 in
winter. Above 21 km, the rate of counter-
lapse decreases with height and becomes
less than -2° C km ! above 23 km. The rate
of counter-lapse of temperature in the lower
stratosphere between 16 and 23 km
shows a slight latitudinal variation. In
summer the counterlapse rates are higher
over north India (18°-27°N) than over south
India while in winter they are higher over
sonth India than over north India. At
heights above 25 km up to 35 km, the counter-
lapse rates are of the order —1° to ~0-5°C
km ! with a tendency for higher lapse rate
in summer than in winter,
(iv) Temperature is higher over north
India than over south India in summer up to
16 km while in winter temperature is higher

30
£ alitude
Summer
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over south India than over north India up to
11 km with a reversal at hicher levels,  1n
the lower stratosphere,
generally higher over north India than over
south India.

temperature 15

In the 1'I'H|mﬁ;1|:|'1'1‘. the lorizontal vradient
of temperature in summer is positive (i.c.,
temperature increases with latitude) except
between 4 and 11 km north of latitude 27°N
where it is negative. This negative oradient
1s because in summer (monsoon) there is a
ridge of higher temperatures hetween 187
and 27°N in the troposphere up to 14 km
due to the warming of air by the latent heat
released from the condensation of water
vapour in the monsoon. In winter, the
horizontal gradient of temperature is newa-
tive below 11 to 12 km and positive above,
The horizontal  temperature eradient is
rather small in the lower latitudes south of
I5°N. Steep positive horizontal temperature
_',,"]'il(]il'!]l":-tlli' 1-3tol- !"{'}N'I‘ deoree latitude
occur between 8 and 11 km over latitudes
187 to 22°N in swmmer. Steep  negative
horizontal temperature gradients oceur in
winter between  22° and  341°N
6 and 11 km, the steepest values being 11 to
1-5°C per degree latitude hetween 8 and 10
km over 27° to 34°N.

At and near the
16 and 20 km, the horizontal gradient of
temperature is positive and steep, the values
being 1 to 1-5°C per degree latitude in the
lower latitudes helow 13°N, decreasing with
latitude up to 25°N and inereasing again to
1 to 1-3°C per degree latitude hetween 25
and 35°N,  The steepest horizontal tempera-
ture gradients in the lower stratosphere oceur
at 17 to 18 kmm  over the region south of
latitude 13°N. It is at these heights which
correspond to the tropopause that tha easterly
winds reach their maximum strength and
decrease in speed with height at higher levels.
It 1= interesting 1o note that going from the
upper troposphere to the lower stratosphere,
there is no change at the tropopause in the
Hig_ln of the horizontal temperature aradient
but only a change in its maonitude. At
heights above 20 km the horizontal tempera-
ture gradients are negative below latitude
15°N and positive at the northern latitudes.

botween

tropopause, hetween

(v) Temperatures are higher in summer
and lower in winter in the troposphere up to

INDIAN JOURNAL OF METEOROLOGY AND GEOPHYST(S

[Vol. 3 No. 3

4 km. At higher levels, in a region

;||miIT

of about 6 km. about 3 km on either side of

the tropopause, the I\-wi']ul: vets reversed
with winter temperatures heing hicher than
swmmer temperatures.  In Fig, 6 the differ-
ence between summer and winter tempera-
different latitudes arve ])iutrml
height,  The Caleutta,
H;l:|1|'|:l|]1li!‘ and Ahmedabad has heen taken
latitude 22°N.

tures for the
auninst mean  of

to represent conditions at

The diagram shows the following charae-
1l'l'ih'il‘h

(H') l!] 'ﬂll‘ ll'llpll.\]llwr'l! ]n-]u\\' ]l ]{!n
the ammual range of temperature,
e, the difference of temmperature
between  summer  and  winter, s
fairly large at latitudes north of 27°N
and decreases rapidly with latitude
heing markedly less in lower latitudes.

[t is very small at the latitude of
Madras-Bangalore (13°N). At 10 km,
where the annual range 1s maximum,
the range #t Poons (18°N) is less than
onLe fourth the range at Peshawar
(34°N) while the range at Madros is
about one tenth the range at Peshawar.

It should be remarked here that
the maximum temperature i the
vear does not occur in June-July at all
heights or at all the latitudes nor
does  minimum  temperature occur
everywhere in December-January.
Therefore, the range of temperature
shown in Fig. 6 is not exactly but
only approximately the annual range,
:\]l("\'i;l-“l\' helow 3 or 4 km where the
maximum temperature in the year
cceurs in April-May and the annual
range would he greater than that shown.

() The annual range of temperature
decreases  slightly from the surface
upto 4 or b km and thereafter in-
creases rapidly with height up to 10 km
where it is maximum.  Above 10 km,
it decreases very rapidly with
height reaching nearly zero at a
height between 14 and 15 km where
there is very little or no seasonal
variation of temperature. At higher
levels, the annual range of temperature
becomes  negative, i.e., the winter
temperatures are higher than summer
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temperature are clogely related to the
Km X, : _
variation of lapse rate of temperature
in the troposphere and lower strato-
sphere. As we have already noted
carlier, the lapse rate of temperature
shows similar variation  being maxi-

7 Peshawar mum at 9 to 10 km and a minimum

2 Agra at 15 km. The negative lapse rates

3 Sombaolpur-Calcutto- above the tropopause reach a maxi-

o Ahrmicdabad mum value at a height of 2 to 3 km

i 4.1 :mn'f above it a.nddr-c_n_s-l.sc to a minimum at
5 Madras about 21 km. Summer temperatures

6. Batavia are lower than winter temperatures

between 15 and 21 km because of the
larger lapse rates of temperature in
the upper troposphere in summer than
in winter resulting in a higher tropo-
pause with lower temperature in
gsummer than in winter. Above the
tropopause, the counter-lapse rate of
temperature is higher in summer than
in winter and the lower temperature
of the summer tropopause is made up
in a height of 5 to 6 km so that at 21
km the temperature is neatly the same
in summer and winter.

1

I ) - It is proposed to discuss in a later paper

e -'5- d s 10 15 20 25A the distribution of pressure and potential
: y ; temperature in the upper air over India
e A (Summer-Winler) e OVEL SOk

Annval Rang ( as also the distribution and relation of hori-
Fig. 6 zontal pressure and temperature gradients in

; : : yper air wi » oeneral circulati )

temperatures and increases in magni- upper ;“ with th} F{f”' ral circulation of the
i i mosphere ove a.
tude, reaching a maximum at about atmosphere over lIndia
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