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R. .l;zan%akri'c‘knq}n :
(Received 11th Aprit 1942)

Summary.—The paper contains a detailed analysis of thé therma™WPHEEure Bf the atmosphere
over Agra based on the results of sounding balloon ascents earried out during the years 1929-38. The
vertical distribution of lapse-rate with height in the different months of the year has boen considered
at fome length on the mean as well as by a study of the frequency of occurrence of different values
of lapse-rates at various heights from 0.5 to 26 gkms. In the lower ttoposphere, a level of minimam
lapse-rate is noticed in all the months which lies between ¥ and 2 gkins. in the winter months and
between 5 and 6 gkmns. in the summer months. Above this level, the lapse-rates generally increase
with height in all the months, but the increase stops abruptly at about 11 gkms. in the months
November to April.  In thesc ionths, the lapse-rates are generally smaller above 11 gkms. and
chango sign between 16 and 17 gkins.  In the months June to September, the lapse-rates continue
to increase up to 14 gkms. and decreasc rapidly- above 15 gkms. Between 11 and 15 gkms.
lapse-rates often approach and at times exceed 10°C/gkm. in thcse months. The close copnection
between the levels of sharp changes of lapse-ratc and the levels of maximum frequency of inversions
and isotbermals in the troposphere is pointed out. It is found that the invorsions and isothermals
in the troposphere over Agra can be divided broadly into two systems. One system confined to the
lower troposphere is present in all the months of the year. The other systemn confined to the upper
troposphere is present in the'wonths October 1o May but is absent in the months Junc to September.

Mean wonthly temperatures at standard geodynamic levels up to 26 gkms. have been worked
out with the help of the mean monthly lapse-rates and the mean monthly temperatures at
1 gkin. The annual range of temperature over Agra exhibits two maxima, onc between 7 and
11 gkmas. and the other between 17 and 19 gkms.  Between 15 and 20 ghms., there is o reversal of
seasons over Agra, the winter months being the warmest.

"T'he sharp changes of lapsc-rate, inversions and isothermuls of the lower tropuspherc are
essentially connected with anticyclonic subsidence in the winter inonths and with thermal convection,
turbulence and clouds in the summer and monsoon months.

It is suggested that the radiative cooling of the “emission laycr” discovered by Albrecht in the
upper trovosphere is the principal factor controlling the lapse-rates in the middle and upper tmpoﬁbem
over Aura during the months Novemnber to April, while coudensation of water vipour and the conse-
quent vertical convection from below is the main controlling agency during the months June to
September. The ernission Jayer is assumed to lie between 8 and 11 gkms. du‘:ipg the non-monsoon
mouths and between 11 and 14 gkms, in the monsoon months, Barving the lowest levels affected
by thermal convcetion and turbalence, the highest lapse-rates in all the months oceur in and below
the eminsion layer. Above the top of the emission layer, the atmeosphere tonds to attain radiative
equilibriurn. In the monsoon months, thoe convection currents ponctrate some two or three gkms.
above the top of the emission layer therchy destroying tho radiative equilibrium at those levels. Im
the non-monsoon months, the sharp decrease of lapse-rate at about 11 gkms. marks the top of the
emission layer. Above this height, the atiosphere tends towards radiative equilibrinm.  Meridional
advection of air from lower towards higher latitudes, however, tends Lo upset this. The layer of
decreasing temperatures above the lower transition in tho months November to April wppears Lo be
the combined effect of advecotion.and radiation.

* This paper was got roady for the press in April 1943 but could not be printed earlier due to war-time restriotions.
8 830



1)/ R. ANANTHAKBISHNAN

1. Introduction

In Vol. XXV, Part 5 of the Momoirs of the India Meteorological Department,
Dr. Ramanathan has discussed the results of sounding balloon ascents made at Agra
during the period July 1925 to March 1928. B8ince then, s considerable volume of
data has accumulated as a result of the intensive and systematio soundings ocarried out
from the Upper Air Observatory, Agra, which render possible a closer study of the
thermal conditions obtaining in the frec air over that station and their variations month
by month. Such a study has been attempted in the present paper.

The present investigation is based on the results of 563 successful eteorograph
ascents during the ten.years 1929 to 1938. The data of the individual ascents have
been published in the departmental publication “ Upper Air Data, Part 14" for the
years 1929 to 1935 and in “ Upper Air Data, Part B’ for the remaining period. The
monthly distribution of ascents during the different years and the heights reached by the
ascents during the different months are given in Tables T (a) and I (d).

TasLe I (a)

Distribution of Ascents

| | '
LT _“thonah. | Jan. l Feb, Mar. | Apr. ! Muy.; June.{ July.| Aug. | Sep. Oct.'l Nov. | Dec. Total.
Your. e S R | ) e L ) b
— e Ty | f |
1999 ] 50 64 8| 8| 3| 2] 3| 8 i TLT| 5 6 81
1930 Loe ] e i sl 6| 5| 6| 1| 4 4 IR l 5 19
! | : | .
1931 L9 | a1 f1s 1w | 18| 9| 7| e 2| 51 5 i 118
: | ' I
1932 s L2 i 8| 8| 8| 4+ 6 . 7 51 4. 6 50
1998 s oal el s o3l 3 s o1l s e 15
. { \ ! ' H )
1934 b 10 3;255 s 1 18 4 2l o1 s ©
! | o
1985 4 2| 1 1] 2l 8] 6, 2 2ai 1] 38 3 35
i ! s [ | .
1996 ...;8.3}4 1 5 (,:4;313.314 i
i | I N
1937 Jls el a2 1| 3 6 i T2 6| 1] s 41
! ! ; : i {
1938 T U e N IR I R N BRI N A g 70
] L L S S Y A N
i i | . ' ! i
Total ... 67 f B84l 44 38 49 | 45 . 55 | 99 ‘ 4 | 98 ! a1 553
. 1 | | :
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Taewe I (b)
Distrebution of Ascents

%"g)‘ ’ Jan. i Feb. Mar. 1 Apr. i May. ' June. | July. ; Aug. | Bept. i Oot. ' Nov. | Deo.
- . B g TR TSRt S - y - —_—
30 n s 1 8| 1 0] n 6 10 7 16 1 1"
20 W ow | e, o w| 1| 7| n 8| 8| 1! 15
19 35 26 27 ‘ 29 | 18 91 11 16 18 31 2 a1
18 41 29 34 94 24 29 16 28 23 34 2 90
17 49 39 35 . 98 6 32 23 48 27 38 46 83
16 51 36 37 , 29 28 83 8 33 a7 39 29 94
15 53 % 98 | 39 81 88 20 97 19 29 %0 85
14 58 k] 0 i 8 | 8 34 32 39 30 39 30 5
18 s 0] sl w0 ! s | s| 82| wl wm C 0| w0 | e
13 58 11 38 : 43 ; 83 36 33 39 38 1 80 35
1 60 41 88 1 48 | 93 36 85 40 82 41 30 85
19 60 44 39 44 32 96 87 ad 98 a ;3 35
9 61 45 39 1 44 33 87 37 44 sy & 30 85
) 61 16 0 | 44 83 87 37 % 84 “ 30 38
7 6l 48 | 40 4, 38 87 40 47 98 & 83 87
6 62 52 41 i it ! 38 4 “ ] % ! a4 s 87
5 o 52 | .« 41 | 44 38 47 42 50 a8 “ | 3 39
4 o7 58 sl 4[ 44 38 47 14 59 a8 45 i 86 ©

3 67 83 41 1 4| 38 48 14 53 39 5 86 41

2 87 53 41 | M ‘ 38 49 40 55 39 4 ! 36 41

1 07 53 4 M 38 49 45 55 39 ' 4 a8 41
Burface, 67 53 41 44 ; 38 49 45 56 39 l‘ 45 | 36 41

2. Mean Monthly Lapse-rates

From the published values of temperature at geodynamic levels the lapse-rates for
the lvyers 0-5-1-0, 1:0-1-5, 1°5-2-0, 2:0-2°5, 2'5-3°0, 3-4,4-5........ 26-27 gkins. were tabulated
for tho individual ascents. The mcan monthly lapse rates for the various layers were
then worked out by summing up the individual lapse-rates and dividing by the total
number of observations in each layor. The values of tho mean monthly lapse-rates thus
calculated arc given in Table IT. The last columu of this table gives the annual sange
of lapse-rates in the different layers. It will be seen that the variation of lapso-rate is
least betwoen 4 and 10 gkims. while above 10 gkms. and below 4 gkms. there is a sharp
increase in the seasonal variation of lupse-rates. Tho table also brings out that on the
mean, the lapse-rates betwoen 4 and 10 gkms. do not exceed 8°C/gkm., while lapse-rates
exceeding this value oceur between 10 and 15 gkms. in the months June to September,
and below 4 gkms. during the months March to June and October-Noveniber. Up to
4 gkms. the maximum values of lapse-rate occur during the months March to May and
the minimum values in the wintor or monsoon months. Between 4 and 10 gkms. the
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lapse-rates on the mean are maximun in March-April und minimum during the period
Junc-8eptember.  Above 10 gkms. and up to 17 gkms. the hbighest lapse-rates occur in
July or August and the lowest values during the months December-Maroch.

TasLe I1

Mean Monthly Lapse-rates over Agra (°C/gkm.)

‘g’i’;f) Jau.  Feb Mar. | Apr. I May. i June. l July. ; Aug. f Sept. | Ook. Nov. | Dec. {Rnngc
46-97 0w o I -1.5 l ) ' -1.0 l ;-1.5 0.8 |
2526 | -1.5 1.3 :..9-0 ; 1.5 | | -15 | 95!
v | 20 10 00 | -2 | 2. l |10 | -4 | -18 i-so -2.3
4324 2.0 4.0 ! ) 05 ' - t.0 | -1.7 i 30 I -1.5 -3.7 -1.7 ; -9 ¢ -1.8 '
B2 | %6 2.0 -05 3.8 R TE B i 1.0 | =87 | <84 | <17 | s | -u.8 |86
4192 ; La . -26  -18 13 . 45 E--m Poso | -as | .35 B 'e6 | -sa s
041 | 4.0 12 8.4 Y e -4m |86 ] 47 | o8] 32 s | -26 8.2
1090 | .2 2.1 1.9 Bd T Eh | -BT | 62 | -8.0 -11; 7 . -31 23 .41
15-19 ' 1.9 3.4 3.6 1 - 3.4 449 | =52 bel b7 6:-4 | -5-1 2.7 ~9.6 4.5
s | 0w 08 OO I T P I R - I VI . S T I A U
1617 1 0 14 1 1.9 2.5 2.8 2.6 . 3.8 1y 1.1 0.4 | 1.2 ; 0.4 8.4
1516 | 2.4 JERNINE IR 5.8 f 6.7 ! 7.2 | 62 | 6.6 : 40 | w0 i w2 's.0
RIS S 3. bl 5.5 60 ' 80 ; 87 | 87 W Lo boa boae g
1414 I PO R a9, 0, 85 | 94 9.2 9.4 7-4 i s |41 g
131 pa am D oar o1 er bogs | 00| 91| a7l 7 | o6 | by 5
N2 i bt A B Sl 6 83 { g5 | 81 DB | 1T loeT | 63 ae
1011 ! 60 b 7 e 6T 1T B0 | 83 , 7a | v | ot | e ER
a0 | G 6.3 . 66 ! 80 . T3 ' 7.3 69 | T4l 74 7.3 } 5.0 11T
N-0 70 i 7.0 651 7.9 6.8 ' 05 “t 68 ' 7.9 71 ' T4l T C1.5
T C ey 7.6 0 10 ' 6.0 | 570 60 6.3 | o, T 7.0 1.9
6r T T1Te 7.4, 6 49 | B5 o Bb o BE | 68 6 bt g
b6 6y Gen 68 7.0 B bed 49 ' 50 ' 59 b6 ‘ 6.9 6.4 E:g.s
-5 [ t c.2 E 7-2 ' 70 6.8 6.0 { 5.d . 5.4 | el 6-7 ‘ 6.7 ' 6.5 '!1.9
4.1 e 6 T4 6 . 82 G0 | 4y | 48| 531 0 | B2 S 84
4530 € - T | k5 0 8.8 , T3 E Lo 1 14 'l 5.4 ‘ 6.4 5.6 1 BD 44
9095 o ' e ¥y 9.0 4.4 7.6 " 5.7 4.0 | 5K T "o b8 14.‘.’
1.5.9.0 © £, 62, 8D g8 -4 | 7.6 56, 53 62l st SRR
1.0-1.4 | 1 0 6.6 g0 | 9.0 | N1y 83 { 7.0 i -8 ; L ll 66 z 63 | 44 54'9
031.0 6 T8 9.1 Ywg towo T ;7o 1o : 7-6 ' g0 92 7l iﬂ-'l
A L . |

During Jannary there is a layer of well-marked minimum lapse-rate botween 1 and
9 gkms. above which the lupse-rate increases with height at first tapidly and then slowly
attaining a steady maximum value of about 7°Cjgkm. between & and 11 gkms. Above
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this height there is at first a rapid . decrease of lapse-rate for the next two gkms. after
which the decrease becomes gradual, the lapse-rate changing sign above 17 gkma.

Conditions in February are similar to those in January. It will, however, be seen
that the minimum between 1 and 2 gkms. is less conspicuous than in the former month,
while higher up the lapse-rate has commenced to decrease above 9 gkins,

With the advance of the hot season, the lapse-rate minimum between 1 and 2 gkms,
is completely obliterated and in the mnonth of March we find a layer of high lapse-rates
extending up to 2'56 gkms. Above this height there is a sudden decrease of lapse-rate
after which there is a gradual fall up to 10 gkms. A sharp decrease of lapse-rate again
occurs ab this height and thereafter the mean lapse-rate remains nore or less constant
up to 156 gkms. from which height thero is a rapid fall to a negative value above 17 gkms.

From March to April the important change is the stecpening of the lapse-rate in the
lower levels, the layer of high lapse-rates’ now extending up to 8 gkms. An incipient
layer of minimum lapse-rate is noticed between 4 and 6 gkins. above which there is a
gradual increase to a waximun value of 8°C/gkm. between 9 and 10 gkms. The sharp
fall of lapse-rate at 10 gkms. is even moro conspicuous than in the previous month and
the layer of steady lapse-rate up to 16 gkms. is still noticeable.

From April to Muy there are some important changes. While tho lower layer of
high lapse-rates now extends up to 4 gkms. with a flat maximum between 2 and 8 gkms.
a pronounced minimum of lapse-rate has appeared between 5 and 6 gkms. Above the
latter height the lapse-rate has a more or less steady value np to 14 gkms. from whence
the fall to a negative value above 17 gkms. commences.

A fundamental change in the distribution of lapse-rates with height occurs from
May to June. While in the lower lovels up to 3 gkms. the lapso-rates are loss than in
the provious month, the lapse-rate minimum in the 5-6 gkm. layer (4'4°C/gkin.) is sharper
and morc conspicuous than in the month of May. The essenfially new feature is, how-
ever, the gradual increase of lapse-rate from 6 gkms. Lo 4 maximum of 8:5°C/gkm. between
12 and 14 gkms. The lapse-rate commences to fall above the latter height and changes
sign above 17 gkins.

The variation of lapse-rate with height is more or less identical in the monsoon
months of July, August and September, A layer of high lapse-rate confined to the first
1'5 gkms. is followed by a layer of decreasing lapse-rates up to 4 gkins. A slight inoreaso
in lapsc-rate between 4 and 5 gkms. followed by a minimum in the next gkm. layer is a
featuro in all the three months. Above 6 gkms. the lapse-rates increase with height
reaching a maximuin between 13 and 14 gkms. Tho lapse-rates begin to fall above
14 gkwms., gradually up to 16 gkms. and rapidly thercaftor, reaching o negative maximum
of the order of —6°C/gkm. between 18 and 20 gkms.

The post-mnonsoon month of October differs from the retreating monsoon month of
September in respect of the variation of lapse-rates with height. The lapse-rates up to

3 gkms. are higher than in the previous month. although in both these months the values
8 830—8
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decrease with height. A pronounced minimum of lapse-rate occurs between 8 and
4 gkms. after which the values increase with height and show a flat maximum between
10 and 14 gkms. Above the latter level the lapse-rate rupidly decrcases with height to
nogative values above 17 gkms.

With the setting in of winter conditions inthe lower layor of high lapse-

rates in the preceding month is very much contracted, while the sharp minimum between
3 and 4 gkms. is replaced by a layer of minimum lapse-rates extending from 1°5 to
4 gkms.  Above this the lapse-rate increases up to 11 gkmns. and commences to fall gbove
that lovel.

The essential change from November to December is a contractioh and lowering of
the layer of minimom lapse-rate which now extends from 1 to 2/ "gkms. Lapse-rates
gradually rise above this and attain more or less u steady vnlue bgtween 6 and 10 gkimns.
after which the values fall off with height.

In the region of negative lupse-rates above I7 gkms., we scc that the lapse-rates have
a nogative maximum between 18 and 21 gkins. which is well pronounced in the months
April to October. From the available observations which fall off rapidly in number
above 20 gkms., it appears that above 22 gkins. the increase of temperature with height
or nogative lapse-rate is of the order of 2° to 3°C/gkn. for the noxt few gkms. in all the
months.

Img. 1 gives the curves of mean wonthly lapso-rate against height for the individual
months. Fig. 2 gives the corresponding isopleth dlag,rmn

3. Frequencies of Lapse-rates

In order to get a closer insight into the nature of the variation of lapse-rate with
height in the different months, the lapse-rates for the different gkm, Juyers were classified
as :hown in the Tables 11T to XIV below. These arc complementary to Table 11 and
bring oul many interesting features.

In the following discussion, we shall usc the term “high lapse-rates” to mean lpse-
rates greater than 7°C/gkn. -

In the month of Tinuary high lapse-rates are conmnon in  the lowest layer
5-1°0 gk, Between 1 and 2 gmks. we see o very large seatber of lapse-rates, all values
ranging [tom -—3°C/gkw. Lo 10" C/gkm. having been recorded in this layer.  Above 2 gkms
there is a gradual decresse in tho sealter of the individual values and o general shift in
the direction of high lapse-rates.  The scatler is least beoween & and 7 ghius, and
reladivily smaller between 4 and 10 gkis. as compared with the levels above and bolow
this layer.  High Inpre-rates occur ab all levels up to 15 ghkims., although their frequency
is small above 12 gkins.  The frequency of high lapse-rates exceeds 50 per cent between
0-5-1-0 and between 7-10 gkms.  Above 11 gkms., the table shows that a sudden shift
towards lower values bakes placo in the frequency distribution of lapse-rates. Above
17 gkms. the number of occasions on which positive lapse-rates have becn observed

is small.
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TasLe IV—FRBRUARY
Frequencies of Lapse-rates over Agra

e

Range of Lapse-Rates (‘Olg.km.) .
Layer |~ [ R P A Total No.
(Qkm.) ~5.0,-8.9-2.9/-1.9-0-990-1 1.1 /2.1 }8.1}4.1}5.1/6.2]7.1]8.1]9.1 of Obans.

<<~6.0[ to | to | to [to | to | to | to  to | to | to| to|ta | to|to]| to>10.0
|—4-ol-a-0—2-0—1-0! oo0fl1.0/|2.0/3.0 4-0|5-o 6.0{17.08.0/9.010.0

.35-36 1 f 1 } 5 i ;M
24-95 1 R BB | s
23-24 1111 2 ’ | 4
22-33 1 2 1 | ‘
21-99 2 t 1|18 | | 8
20-41 1 8 |14 i1 5 | 10
19-20 g9 |aa|lalals], 1 | } 15
18-19 6 4 (4! 2 {4alg}f1 1| i i a8
1718 | 1 g |5 {0 |s8]1!l1]3 ;’ 11 a7
16-17 1 s 1 lalale sl 89
16-16 e v e e s 6| 8] 4|1 38
14-15 1 als e s’ .81 7] 2 95
1814 1 i3fe 8|2 e |16ty a’ 38
12-13 | 1 2 | 3 i 24 6|4 |6 f8 13 96
1112 i21 1| E‘z ;slsssssgl 88
10-11 |1 1311is 2 | ;1555814 40
9-10 1 ! |8 4,8 "' & 1 2 7 {12 | 4 42
3-9 R 151‘1 4 | 7 ]18 101 2 4
7.8 1}1}9311 TRERE a
6T : : i ! 12 | 9 117 4 42
5.8 | 1 l! 2 9 |18 15 1 1 47
4-5 8 | 7-]17 |14 6 | 4 50
4.4 1 1 | 11} 4 12 {189 | 4 51
2.5.3.0 1 {1{a2 |48 f10f1a]s|s8]|1]|1 48
2.0-3.5 1 1 2 b] ‘ 7 7 9 8 6 ] 45
1.5.2.0 1 21811 9 8656|910} 4! 2 4
1.0.1.5 S R T - LI RO B AR B 55
0.5-1.0 |i 2 38 3 ; 2 1 9 5 |16 2 42

The broad features shown by the frequency table for February are similar to those
of the previous month.  We notice, however, that the scatter in tho lower layer is not so
pronounced as in January, while there is a definite shift towards higher values at all
heights up to 2'5 gkms. Once again we see that the scatter of lapse-rates is least
betwoen 5 and 7 gkms. and that high lapse-rates are more frequent between 0°6—1'0 and
6-10 gkms. than at other levels. It will be secen that an increase in scatter and a dis-
placement of the frequency figures in the direction of Jower values set in above 8 gkms.
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TaBue V- Marcu
Frequencies of Lapse-rates over Agra

Range of Lapse-Rates (°0/gkm).
Layer | (T A U T A D 1Y)
(Gkm.) -5.0/-8.9-3.9'-1.9/.0-90 0.1 jL1i21:81/61!85.1°6107.1"81 9.1 of Obsns.
<59 to | to °°"°i'~° to 1 th . to to | to | to | to ta  to >10.0
-4-0‘-3‘014-0;—1-0‘ 0:011.0 /3030 4.0 | 6:0 | 6:0;7.0{8.0:9.0 10.0!
| t 1 | i H M ) 1 i
R S Rt e L S - Ce
25-26 I T ! Lo ; :
24-25 ! ! ; ; | . i ‘ : ,
‘ TS P o
28-24 | P o - S
| i ' ! | ] i | i
292-28 ' | . 1 I i . ' i . ] Py
| . 1 ' . . '
21-22 ‘ 1 i L, P2 1 % ! ) 5
| ! !
20-41 3 ‘ 12 i1 a ’ | ' 8
| ‘ l
19-20 4!5;2{.")‘ 5 k g i m
: X ! ' \ i
18.19 7 16,5 "3 .3 3 | | ; | a7
17-18 2]9;.4210'543»3 . : ! 33
t
16-17 i S T I SR S R st
i ) |
5-1 , ' 1 1} s o6 8 t 7 4 ! ' 35
15-16 i , |
14-16 ! ' i ' 1 s+ 6 6 13 312 o1 37
13-14 . 1 IR P 37
12-18 ‘ 1 v a5 a1 8 |e ' 3
11-12 : S S ) Y4 T A S S A a7
| .
10-11 ' E R I 3 ) a 2 0 8 6 3 ' g 38
0.10 f i | 1 1 | 5 ) d 5 s . § ! ™
§-9 : , 2 8,2 3 'I LT N ' 36
| .
7-8 | ‘ ! 1w i o le T3 . 36
6.7 . TR T I IFTR ' 36
) 1 !
5-6 . i ' 1 4 i 1h B 5 39
|
4.5 | ? 1 LI R L 41
e T A T T S 37
2.0-10 ¢ ! 1 ;! KR S g 3 I
2.0-2.4 ! i | : ; D 8 9 10 16
| | , '
1.6-2.0 f ! ! 2 | el owou 39
' ! .
1.0-1.5 ; | ' b Pl s o1 T | 3 39
; . k i |
0 5-1.0 l i ' ' ' 1 LI I R 9 8 1 6 a5
i ; . , ' ! [ | {
| !

In March high lapse-rates occur at all levels up to 12 gkms.. their frequency being
very large in the first 5 gkms. The scatber of lapse-rates in the lower levels is now
much less than in February, but a definite shift in the frequencies towards lower values
is noticeable above 2'5 gkms. The luyer between 5 and T gkms. is churacterised by least
seatter in this month as well, while the individual lapse-rates show = rapidly increasing
soatter sbove 8 gkins. The very pronounced soatter between 1O and 14 gkms. is

noteworthy.
S 830—8
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TasLe VI—ArpriL

Frequencies uf Lapse-rates over Agra

Range of Lapse-Rates (°C/gkm.)
Lu)er ' ,-————“’_—— s T !,_ r ’| __.!__.._-__ 7] Total No,
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<5o' to to | to | to | to it to  tol tof to| to| to {>10:0
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The table for April brings out the large frequency of ocourrence ot high lapse-rates
up to the first 5 gkms, 1 this month, the values often reaching and at times exceeding
the dry adiabatic lupse-rate up to the first 3 gkis. We also see from the table that bar-
ring isolated instances, tho lapse-rates up to 10 gkms. are greater than 4°C/gkm. at all
levels in April. It is, however, seen that above 2'5 gkms. a sudden shift in the frequencies
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towards low values takos place up to 6 gkms, Between 6 and 10 gkms. a shift in the
opposite direction takes place, and this layer also shows the least soatter of Iapse-rates.
Above 10 gkms. a sharp change in the frequenay distribution occurs, the lapse-rates show-
ing a very large scatter at all higher levels, and partioularly so in the three gkms. imme-
diately above. '

TasLe VII—May P Sl
. 6
Frequencies of Lapse-rates over Agra —
Range of Lapsc-Rates (°C/Gkm.)
Layer ! | ’ T - [ N A 17 71777717 7777 Total No.
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While lapse-rates continue to be high up to the first 4 gkms. iu the month of May,
lower values are also occasionally encountered in this layer particularly between 1 and
2 gkins. A striliing shift in the frequency figures towards lower values takes place above
4 gkms. which persists for the next two gkms. Although there is a tendency towards
higher lapse-rates above this height, there is appreciable soatter at all levels, particularly
between 10 and 12 gkms.

TaBLE VIII—Juxe

Frequencies of Lapse-rates over Agra

Range of Lapse-Rates (°C/gkm.)
Layer | | ‘ I D T "",‘ o © "} Total N»,
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0510 ] \ | xltlisls.“ 14|83 99
; |



THBBMAL STRUCTURE. OF THE ATMOSPHERE OVER AGRA 3

w7

High lapse-rates up to 3 or 4 gkms. are froquent in June, but lower values are more

common than in the previous month. Above 4 gkms. there is a sudden shift of frequen-

cies towards the side of lower lapse-rates, and this persists up to 7 gkms. Above 7 gkms.

-the frequencies shift towards the side of higher values. It will be seen that barring one

or-two isolated instances, lapse-rates less than 6°C/gkm. have never beon noticed between

'10 and 15 gkms., while between 12 and 15 gkiws. lapse-rates can be as high as 10°C/gkm.
ormore. The frequencies show the least scatter between 8 and 15 gkms,

TasrLe IX—Jony

I'requencies of Lapse-rates over Agra

Rang of Lapse-Rates (°0/Gkm.)
Layer e S S S S Bl SR o === | Total No.
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Tastg X-—AUGUST

Frequencies of Lapse-rates over Agra

Rauge of Lapse-Rates (“0/gkm.) '
Layer i P T Total No
(Gkm.) -5.0-8.9/-2.9~1.9-0.91 0.1 1.1/9.1/8.1 41[51|6.1}7.1]8.1]9.1 of Obans.
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8-9 " { . 1 {12 e | 9 i 2 ' : 43
7-5 C bo s fiepa ] 41
61 . ‘ TR P P | 15
56 | | O IO AE RN VRN - I U N A R 43
15 5 1 PR TR RTON I PR ' 43
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The frequency distribution of lapse-rates is very similar in the monsoon months of
July and August. High lapse-rates occur up to about 2 gkme., hut the frequencies are
comparatively small.  From 2 to 8 gkins. lapso-rates seldomn excecd 7°C/gkm., values as
low as 3°C/gkw. being not uncommon between 2 and 4 gkms. 'I'he rapid increase and
remarkable stcadincss of the lapse-rates between 8 and 15 gkms. is noteworthy. Between
10 and 15 gkms., lapse-rates of 10°C/gkm. and more are quite common in both these months.
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Tasre XI—SgeTRMBRR

Freque}wies of Lapse-rateg.over Agra

Range of Lapse-Rates (*0/gkm.)
Layer | | | ’ T Y T YT T} Total No,
(Gkm.) ~5:0-8.9/-2.9-1.9-0.940.11.1|%91]8.1 41 '81|6.1}7.1}81]|9.1 of Obsns,
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2298 | 1 R T : ‘ ‘
g198 | 1 | 1 1 1 4
90-21 8|1 ({1}|1 6
1920 | 2 | s g 7
1819 | 7 14|21 _ 1
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56 ! : ! f 1)1 6w s s}l 37
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1.5-2.0 11 8 6 | 4 3 6 P] b] 37
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Whiie showing a striking resemblance to July and Angust, the frequency tuble for
September shows a greater percentage of high lapsc-rates in the lower layers up to
3 gkms. Between 3 and 7 gkms. lapse-rates seldom exceed 7 °C/gkwn., while lapse-rates
as low ag 3°C/gkm. or even less are occasionally met with between 2 and 6 gkms, Above
7 gkws., the frequencies shift towards higher values as in the previous two months,
Adiabatic and superadiabatic lapse-rates are most frequent between 12 and 15 gkms.
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Comparing the frequency figures between 7 and 16 gkms. with the corresponding figures
in the previous two months, wo see a definite tendency for the downward extension of
high lapse-rates. The remarkable steadiness of the values between 8 und 15 gkms. is
again noteworthy.

TasLe XII—OQcroBER

Frequencies of Lapse-rates over Agra

Range of Lapse-Rates (°C/Gkm.)
Layer | l | : Total No,
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11.19 1|4 |6 ]16 | 6|5 8
1011 1 1 {8 fwli3]1]n a7
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1.59.0 . 4 l‘ s i
L5 2|1 8 ['16 ({18 | & 48
Lo i Vs (| o|e |
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In October high lapse-rates up to 8 gkms. are much more frequent than in September.
Above this height, there occurs, as in the previous month, a definite shift of the frequen-
cies towards smaller values for the next 3 or 4 gkms. It is also seen that high lapse-
rates occur at all levels up to 16 gkms., but their frequency is least between 3 and 7 gkms.
Above the latter height, there is a general shift of frequencies towards higher values.
Although adiabatic lapse-rates occur between 12 and 14 gkimns., their frequency is smaller

TaBLE ‘(III-—N OVEMBER

Frequencies of Lapse-rates over Agra 459 [d’&\ N /
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than in September.
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Also compared to September, the frequency distribution at all levels
between 8 and 15 gkms, in Qotober shows a general shift towards smaller values.

TasLe XIV-—DgoeMBER
Frequencies of Lapse-rates over Agra

Range of Lapsre-Rates (°C/gkm.)
Layer ! >3 TV 1T 11 77| etal No.
@m)] | op0-80-dg-1o-0g o1 L 318 et et 6Tl iea o1 ot Obis
-4-0/~3.0/-2-0{-1.0/ 0.0] 1.0 { 2.0 { 3.0 { 4.0 | 6.0 | 6.0 [ 7.0 | 8.0 | 9.0 [10.0
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| | | |

A pronounced scatter of lupse-rates between 1

and 4 gkms. is noticed in the month

of Novewnber. High lapse-rates occur at all levels up to 16 gkms., but they are most
frequent in the lower levels up to 3 gkms. and higher up between 7 and 13 gkms. Above
11 gkms., the frequency figures show a drift towards decreasing values.
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The general features in December are more or less the same as those in January.
Attention may be drawn to the large scatter of lapse-rate in the lower levels up to about
3 gkms. and the tendency for the occurrence of high lapse-rutes in the layer between
7 and 13 gkms.

‘ 4. Seasonal Mean Lapse-rates ard Percentage
Frequencies of Lapse-rates
The year at Agra may be divided into four seasons :—
(1) Winter—December, January, February.
(2) Summer - -March, April, May.
(8) Monsoon—June, July, August, September.
(4) Transitional-- October, November.
TaBLr XV—DgeceEMBER, JANUARY, FEBRUARY

Percentage Frequenocies of Lapse-rates over Agra

Range of Lapse-Rates (°O/gkm.)
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{Gkmy -5.0/-8.9-2.9 --1-9{-0.9| 0111|2181 ls1|6.1 61]v.381]9.1 Lapse-rate.
< 5.0, to | to | to | to . to § to  to | to | o | to | to | to | to "to | to [>10.0
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2.0-2.6 I 1| 1] 1| 1} 2 4 ! 9| 18 | 12 18 AR 6 ‘ 2| 1 5.6
1.8-2-0 L1 1| 1| s8] 5| 5|10 10] 15 18  20] 9| ¢ 3 5.2
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_Tanes X VI—Magor, Apsir, May

-@%ntage Frequencies of Lapse-rates over Agra

.

N h)

K Rango of Lapse-rates ("C/gkm.)
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Tasiz XVII—Juxw, JoLy, Aveust, SRpTEMBER

LA
A

Percentage Frequencies of Lapse-rates over Agra },Jw‘( w

Range of Lapse-rate ("C/gkm.)

- .- - - - Lo- . - - kem
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Tables XV, XVI, XVII and XVIII give the percentage frequencies of lapse-rates at

various gkmn. steps from 005 to 23 gkms. in the four different seasons.
in each table gives the seasonal mean values of lapsc-rate.

by these tables will be clear from the discussions in the preceding scctions.

The last column
The general features shown

Fig. 3 gives a diagramatic representation of the seasonal variation of lapse-rates

over Agra.

In this figure, the percentage frequencies of different lapse-rates (or the vari-

ous layers are plotted as ordinates un tho horizontal lines appropriate to the layers and
the points are joined by a smooth curve. The scale is s0 chosen that the distance

8

880—6.
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TasLe XVIII—Qcrosen, NOVEMBER

Percentage Frequencies of Lapse-rates over Agra .

Range of Lapu-natu (’O/gkm)
LI{O! - ! . oy 1 TTTTTTY 1 T M“n
(Gkm) < 50 -eso 039 ')l -3l «): -Gy ot-ol | 1@1 21181 411851161 7;01 | at 1191 ll>1oomm'm°'
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20-91 21 | 21 l 0|14 11, ‘ s | : | | ‘ i | -3.9
1990 | 28 262518 | 7 ; s | 8 P b -11
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80 ! . ’ BRI I ' 23| 44 2! 7.2
7-8 S TR © s s 7o so)lusi22 71
67 oo ! Leo3 m 2 | 24 s 6.6
58 T 1, 4' 10 9525225 0T 6-2
| ' |
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1-5-2-0 1 : I . i 1] 1 i ‘ 9 1 9] 19 ; 28{ 8 1 7.0
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between the horizontal lines of adjacent lovels corresponds to 50 per cent. Percentage

frequencies of lapse-raties greater than 10°C/gkm. are plotted against 10°*5 abscissa, (9°1
to 10) C/gkm. against 9°3,
than -5°C/gkm. against -5’ 5 respectively.

Iapse-rates.

........

(=50 to -4'0)°C/gkm. against— 45, and lapsc-rates less

The thick dots represent the scasonal mean

The tigure brings out clearly the following points :—

(1) "The large scatter of lapse-rates above 8 gkms. and below 4 gkms. in the
winter months and lhe comparative steadiness of lapse-rate between these two levels,
(2) Tho sharp decrease of lapse-rate above 3 to 4 gkms. in theé summer months
and the large scatter of lapse-rates between 10 and 14 gkms. in these months.
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. (8) The ptogreqswe increase und rewarkable steadiness of lapse-rates between
6 a.nd 14 gkmns. in the monsoon months. :
(4) The nature of the transition from the monsoon to the wmter conditions

which is accompanied by n displaceinent of the lapse-rate frequencies towards lower
values above 10 gkms. and towards higher values helow that level.

5. Inversions and Isothermals

Records J{f sounding balloon meteorographs often show the existence in the tropo-
sphere of regions where the tempcrature instead of decreasing with height cither remains
constant (isothermal) or increuses (inversion). If ‘inversions and isothermals occur at
random, their effect will be to cause a gencral decrease of lapse-rate at all levels when
the results of a large number of ascents are averaged. On tho other hand, if they
occur nwore frequently at certain levels than at others, then the inean height-
lapse-rate curve would exhibit fairly sharp changes of lapse-rate at these levels.
In the preceding section, we have already drawn attention to the fact that sharp and
sudden changes both in the mean lapse-rate as well as in the frequency distribution
‘oceur at certain levels which are not the same in all the months. In the departmental
publications of sounding balloon data already referréd to, the levels at which changes of
lapse-rate occur including the thickness of the layer$ in the csse of ‘inversions and
isothermals, and the magnitude of the temperature changes in tho case of inversions ure
separately given. \the published data, the inversions and isothermals observed in
each gkm. layer frow the surface up to 15 gkms. were tabulated for each month for all
the ascents during the ten-year period under discussion.  Using the number of observations
at each loevel given in Table 1 (), the percentage frequencies of oceurrence of inversions
and isothermals in the various gkm. steps were worked out for all the months, January
to December.  Thoe results are given in Table XIX,

'RGCO."A/S (‘ W TasLe XIX @ ’ @

1—’ercentuge‘l€‘equ,nues of Inversions and [sothermals over Agra.

' I | ¥ —
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1415 : o g)"' TR @‘ @ 3 3 ' .: 19 a1 .; 28
114 g 22 W zl o, on | 0 L2 13 31
12-11 ! 26 20 ! AR ! 23 ' @ ] ) : " 2 16 ’l 11
wae |21 w8 L 36 - © B ;\y/, |10 ' a0
10-11 12 20 45 | 36 : @ 5 ' | 3 17
0.10 7 w0 u G 5 éi't‘j i s 10| e
8y 7 noyo2 7 @ 8 8|S | 7 L
s 8 4 50 (D w3 | | n 7! 8
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2.3 a1 | 13 17 1 ® e} 2| w| s2| w! i
1-2 56 i 40 7 | @ 8 ‘ 13 11 10+ 7 42 k 50

Burfsce—1.0 25 8 7 7 @, ., 8 4 5 ; 6 " 27
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The table shows that the inversions and isothermals in the troposphere over Agra
may be broadly divided into two classes. The first system confined to the lower half of
the troposphere (up to about 7 gkms.) is present in all the months of the year. The
second system confined fo the upper half of the troposphere (7-15 gkms.) is observed during
the months Ooctober to May, but is completely absent in the monsoon months.

In November, Deceniber, January and February, inversions of the first class are
most frequent between 1 and 2 gkins, We have already seen that in these months the
mean lapse-rates arc minimum in this layer and also that the individaal lapse-rates
show large scatter. In March, the layer of maximum frequency of inversions and
isothermals lics between 3 and 4 gkms. in. April, between 4 and 5 gkins. and in May and
June botween 5 and 6 gkms.  In July and August, inversions and isothermals are most
frequent between 2 and 5 gkms., while in September the layer of maximum frequenoy
lies between 6 and 6 gkms.  In the latter montb, inversions and isothermals are also.
quite comnnon between 2 and 4 gkms. In October, the layer of maximum frequenoy is
seen to lie between 3 and 4 gkms, As might be expected, the layers which are charaoter-
ised by maximum frequency of occurrence of inversions and isothermals generally
coincide with the lower minima in the mean height lapse-rate curves. (Vide dotted
curve in I'ig. 1.)

Considering the inversions in the upper troposphere, we see that these occur in the
months October to June although the frequency in the last month is very much smaller
corupured with the other months. Inversions of this class are most frequent between
13 and 15 gkms. in October and Novenber, the percentage frequency being much greater
in the latter month. From December to May, inversions and isothermals are very
common between 10and 15 gkms. and oceur with lesser frequency between 8 and 10 gkins.
It is noteworthy that from November to March there is a definite tendenoy for the
{nversions and isothermals iu the upper troposphere to descend to lower levels and to
ocour with increasing frequency in the layer between 10 and 11 gkms.  In March, April
and May, this layer appears to ho characterised by the maximum frequency.

Tables XX to XXXI give the inversions and isothermnls observed hetween the
surface and 15 gkms. in cach month clagsified according to depth.

It will be seen that the inversions and isothermals of the upper troposphere are
generally deeper than those of the lower troposphere. On the aggregate, inversions and
isothermals whose depths lie hetween 0-2 and 0} gkms. predominate in all the months.

In general, isothermals are fur more common than inversions and this appears to be
a natural consequence O6f the fact that both these are only more and mmore advanced
stages of a local decrease of lapse-rate brought about by one or other of a variety of
causes. ['ig. 4 gives isopleths of percentage frcquencics of inversions and isothermals
over Agra. I%g. & gives the height-temperature diagrams of some selected ascents
showing inversious and isothermals.
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Taste XX-—JANUARY
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Tapue XXI1—Mazos
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6. Mean Monthly Temperatures

91

In order to get the mean monthly temperatures at standurd geodynamic levels, the
mean monthly temperatures for 1 gkm. based on the individual ascents were worked out

for all the months.

Using the lapse-ratee given in Takle II, the tewperatures at all
heights from 06 to 26 gkms. were then caloulated. The results are given in Table XXXII.
The annual range of temperature at cach level is given in the last column of this table,

TasLr XXXII
Mean Monthly Temperatures over Agra* (°4)

Hoight 5o | b, | Mar. | April | May | June | July | Aug. i Sep. | Oct. | Nov. | Des, (“m“-)
(ST VA IS RO IR S N B A
B f 'i
28 im.o g1.5 ‘ : X ' 34.9 45-8 | 93-9
95 | 184 {202 | | 202 | 97.7 ":m.u | 20:5 474 | 313 | 338 1197
94 '516.4 19.2 120.2 | 252 | 199 Im-s 19-5 ‘.nn-v 19-8 | 30-8 | 174
28 i“’" 162 1 13.0 1197 1202 182 [13.8 118:0 1 19.0 | 181 | 174 | 156 8.2
g8 |18 | 148 134 [164 [18.9 | 164 [12:8 | 14:3 | 156 [ 164 | 15-3 |13.3 71
a1 104 |10.6 |11 ém.x ;‘14-4 13:5 07.8 | 108 fm-1 ilﬂ-ﬁ 09-7 | 10-1 66
90 | 07.4 |07 ‘07.3 |07-2 1 086 | 03.7 Eo;-z 06-1 : 08.7 i!lO-B 049 | 075 6.4
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1 ‘028 |ora u9d 1978 {967 206l fysa [93:9 i9gs (06T [UTT OIS | 9
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15 105.2 059 'io4.9 §04.o %04.". j od-4 {041 | V2.0, 0g.5 |OL-1 |01:9 | 041 ! 5.1
1 ":08‘8 | 094 !lw.o "I09.5 "105 124 112.8 |10.7 Q9.2 i 0T-4 | 062 ;97'3 ; 66
1 12:5 118.6 }15.-, e 11T s 0y l22.2 1 10:9 184 1148 | 12:0 : 14 ; 10-8
12 U26-3 |10 0.4 1493 200 3 SL2 W0 2id | 2t 18 (1 1
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05 %0-3 |93.9 |00.4 |05.56 [07-8 ;oew. 02.4 | 0009 |o1.8 | 012 |65 [90¢ | ars
ol

* The hundreds figure has been omitted in all cages.
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Up to 2 gkms. January is the coldest month; between 2and 10 gkms., the lowest
temperatures occur in Febraary, while botween 10 and 14.gkms. the mean temperatures
bave minimum valaes in January, December or November. Above 14 gkms. and ip to
21 gkms. temperatures are lowest in July or Septeinber. Above 21 gkins., the numbers
of obscrvations in the individual mouths are far from being comparable and so it is
not possible to draw definite conclusions. Up to 2 gkws., the maximum temperatures
occur in the month of May, between 2 and 3 gkms. in June and above this up to
14 gkms. in the wnonth of July. Between 14 and 18 gkms.. Janunary or February appears
to be the hottest month and above that October or May.

The wnnual range of temperature decreases froin the surface to 8 gkms., above which
it progressively increases to a maximum at 9 gkms.  Above 12 gkms., there is a sudden
drop in the annual range of temperature, but there is a secondary maximum at 18 gkms,
Fig. 6 gives the annual variation aud the annual range of temperature up to 23 gkms
over Agra. '

7. Tropopause

It is diffieult to give a strict definition of tropopause which will cover all the differ-
ent types of transition fromn the troposphere to the stratosphere actually met with. In
the departmental publications of sounding balloon 'data, the usual types met with in
India are classified under four major heads and designated as Types I, IT [II and IV,
Ramanathan and Ramakrishnan® have drawn attention to certain limitations of this -
classification and have suggested an alternative method. For the discussion of mean
onthly conditions we might consider bwo heigits, one above which the lapse-raie is Jess
than 2°C gkm. and the other above which the lapse-rate is negative. 1f we denote these
two heights by Hel and He2 and the corresponding temperatures by Tol and To2, then
the values of these quantities for the diiferent months are as given in the following table;

TasLe XXXIIIT

. s T ' | |
Month. l Jan,  Fob. Mar. ‘ Apr. ' May. | Junc. ! July. i Aug. | Sept. i Oct. Nov. Dec,
| ! L S |
e e e e *l—‘“"_ T TV T ! R
Ho,@emy 1 1671 11| 18| 173 | 71| 17.0) 176 19-0| 16.7. 16.5| 17.0| 16.7
Tc, (A) " gog.3! 201.a| 199.8| 197.3| 196.8| 195.1 | 193.2| 193.0 | 193.0] 196.4| 197.7 | 2014
2 , ) :
He, @km) | 167 | s e ‘ 167 165| 166] 170 16.5| 1600 | 183] 160 1.7
1 1 ' H
Te, (*A) " 208.8 | 202.0| 201.0 | 197-9 ;| 1974 | 1956 | 1931 | 194-2\ 198-3@’ 198.7 | 202.8
! : : i - 1 -

Tho values of Hel and He2 have been picked out from the mean monthly height-
lapse-rate diagrams given in Fig. 1. The figure shqws !ahat l?oth Hol and He? lie on a
part of the curve which is nearly linear, i.e., in a region in which the lapse-rate decreases
uniformly with height. 'There are, however, certain levels in the upper troposphere at
which there is a sharp decrease of lapse-rate with height. Tho approximate heights (H)
of these levels as obtained from Hig. I are given in Table XXXIV below.
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The geographical situation of Agra (Lat. 27°08' N., Long. 78°01’ E.) as well as the
fact that practically all the sounding balloon ascents considered in the present paper were
made generally between 17 and 19 hrs. have to be borne in mind in order to understand
the variations in the thermal structure of the atmosphero over the station from month to
month. In the winter months, the station comes under the influence of the vast Asiatic
anticyclone in the lower layers and the temperate latitude westerly circulation in the
upper layers. With the advance of sminmer and the shifting of the thermal equator to-
wards the north, solar radiation becomes more and more abundant. Consequently sur-
face temporatures become very high over Northwest India and adjoining areas and these
regions gradually become the seat of the lowest pressure in the world. Conditions éfé
thus rendered favourable for the onset of the southwest monsoon which breaks over the
south of the peninsula by about the end of May, and cxtending slowly northwards holds
its sway over the country for the whole of July and August giving copious rainfall.
The monsoon begins to withdraw from the country in September and by the end of this
month the whole of northwest India and the United Provinces is well outside the influ-
ence of the monsoon current. In October, the monsoon retreats further south and
pressure gradients are generally weak over the country. Thereafter, winter conditions
set in with prossure deoreasing from north to south.

We shall now consider the significance of the seasonal variations in the thermal
structure of the atmosphere over Agra described in the preceding seotions.

(a) Lower Troposphere (Surface to 7 gkms.).—During the months November to
February, both the duration and the intensity of solar radiation are the lowest and the
effects of ground heating do not extend above 1 gkm. The large number of inversions
and isothermals in the lower troposphere in these months with maximum frequency be-
tween 1 and 2 gkms. appear to result primarily {from the subsidence of air from higher levels.
It is well known® that when an air mass with stable lapse-rate subsides, its lapse-rate
tends to recede more and more from the dry adiabatic lapse-ratc and the diminution of
lapse-rate is acoentuated, when subsidence is accompanied by horizontal divergence.
Thus if a sampleof air with a lapse-rate of 6'C gkm. deseends from 600 mbs. to 800 mbs.
its lapse-rate would be reduced to 4'7°C gkm. if there is no horizontal divergence. If in
the process the samplo of air under consideration spreads out over an area of twice its
original cross section, then instead of the original lapse-rate of 6°C gkm. an inversion of

0'7°C gkm. would result.
8 880—9
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An examination of the humidity values recorded by the sounding balloon ascents
shows that in a number of cases where inversions and isothermals are observed in the
months of November to February, there is a rapid decrease of relative humidity between
1 and 3 gkms. Theinversions and isothermals are observed in both clear and cloudy
weather.

Besides subsidence and divergence, many other factors, such as turbulence, varia-
tions in the moisture content of air with height and radiation, can give rise to sharp
decrease in lapse-rates or inversions.

From February to March, theré is a rapid increase in the surface temperature at
Agra. There is a corresponding increase in the lapse-rates up tc 25 gkms. which
presumably marks the limit to which thermal convection and turbulence extend during
the afternoons in this month.

The net upward flux of heat per unit area in the atmosphere due to eddies is given
by —-KrC, (%': + I') where ?,: is the prevailing lapse-rate and I7is the dry adiabatio
lapse-rate’. This oxpression shows that when tho existing lapsc-rate is less than/", eddy
transfer of heat in the atmosphere will be downwards and we should expeet a fall of
temperature at the top of the column affected by turbulence. This appears to be the
explanation of the inversions and isothermals between 3 and 6 gkms. in March, which are
particularly well marked on cleat days.

Surface temperatures continue to rise in Apriland May and there is a4 corresponding
increase in the depbh of the lower layer with high lapse-rates. In April und May, this
layer extends to 4 gkins. and the next two gkms. are characterised by the largest number
of inversions and isothermals.  On account of the high lapse-ratcs in the lower layers, it
is clear that very litble encryy is required for the vertical travspori of wir through the
Jower layers of the atmosphere, and conditions are very favourabl: for the oceurrence of
conveetive phenomena such as duststorms and thunderstorims. Along with the rise in
temperature, thore is a progressive increase in the moisture content of the atmosphere,
and clouding aud thunderstorms increase with the advance of sunmer.  While the invex-
sions and isothermals which are wmost frequent between 4 and 6 gkms. in April and May
generally mark the limit of convection and turbulence in these mwonths, it is probable
that some of the inversions and isothermals observed at lower levels m May are associated
with cloud tops.

From May Lo Junc, there is a fall in temperatures up to 20 gkms. as well as a
decrease of lapse-rate ab all levels in the lower troposphere. Results of sounding balloon
ascents show a large increase in the moisture content of atmosphere from May to June.
at all levels. The frequency of thunderstorms also shows a curresponding increase’. As
has been pointed out by Ramanathan®, the fall in temperature of the lower layers is
caused by cooling due to the thunderstorm rains and the latent heat liberated above the
level of condensation is responsible for the rapid increase of tempcerature in June above
2:0 gkws. ns compared with May. The marked lapse-rate minimuin betweenGan.ngkms.
and the large number of inversions and isothermals between 4 and 7 gkms. again appear
to mark the limit to which turbulence brought about by insolation extends in this month,
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-Since the effect of turbulence is in general to cause intermixing of the air between lower
and higher levels, we should expeet to find an increase of relative humidity from the
surface to the top of the layer atfected by turbnlence and a sudden decrcase of relative
bumidity above that height." This will be readily understood when it is remembered that
in an air mass which is completely churned up, humidity mixing ratio will not vary
with height so long as there is no condensation, whereas the decrease of Lemperature at
the dry adiabatic lapse-rate would cuuse the relative humidity to inerease with height.
Mean monthly relative humidities over Agra in the month of June show a gradual-
increase with height up to 5 gkins. above which there is a sudden decrease of relative
humidity. It is well known that conditions of stability demand a sharp decrease of
lapse-rate or even an inversion at the interface between two air masses of which the lower
one has the higher moisture content. It is, therefore, probable that the sharp decrease
of lapse-rate above 5 gkms. in June is often accentuated by sharp humidity disconti-
nuities at this level, 2,616 :{ﬁ‘cga

In this connection the results of aeroplane ascents made at Peshawar, Lahore and
Ambala in the months of May and June are of interest, These ascents which were
generally made in the early mornings show on many days that above u ground inversion
of small depth, lapse-rates approach the dry adiabatic value up to ubout 5 gkms. and
show « sharp decrease ab that height.  Above the level of ground inversions and up to
the level where the decreasc of lapse-rate scts in, the 8. T. grams practically follow the
saturation adiabat (vide Fiy. 7). This type of structure which is presumably typical of
the whole of northwest Indin in the summer months is the result of thorough mixing of
the lower atmosphere brought about by turbulence in the summer afternoons. The
cffect of ground cooling by radiation at night is propagated only to & very small height
whereas the effect of ground heating alfects a considerable depth of the lower atmos-
phere.  Conscquently the high lapse-rates in the lower layers are observed oven in the
curly morning above the shallow Lliyer of ground inversioun. ,25 P ,—d-o/ e _~

—

The inversions and isothernmals obsceved in the lower troposphm\ durmfr the mon-
soon wonihs of July and August cun be diie w humidity discontinuities, turbulence or
radiation. 'Lhere appear to be two layers of maximum frequency of inversions eamed
isotherinals in this month, one between 2and 3 ghins. and the other between 4 and
5 gkms. Low, medium and high clouds in varying amounts were present (m practically
all the days of sounding balloon ascents in these months. J oF ‘) 2 — Shat

In September, there is a deercuse of relative humidity abow 5 gkms. and this is
perhaps one of the reasons for the sudden decrease of lapse-rate and for the largo number
of inversions and isothermals between 5 and 6 gkms in this month. It is also probable
that anticyclonic subsidence, characteristio of the winter months, has a.l}‘eady set in ak
Irigher levels in 8eptember und slowly descends to lower levels in October.

In October, on account of the decreased clouding consequent on the withdrawal of the
monsoon, surface tomperatures are slightly higher than in the previous month and lapse-
rates incroase in the lower levels up to 3 gkms. 'The sudden decreaso of lapse-rate at
this level and the large number of inversions and isothermals at and above this height;
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are presumably due to turbulence in the lower layer and antioyclonio subsidence in -the-
upper layer heralding winter conditions.

() Upper Troposphere (7 to 15 gkms.). ~The sudden decrease of lapse-rate (very
often an inversion or isothermal extending sometimes over a depth of one to two gkms.)
near about 12 gkms. shown by the records of sounding balloon ascents at Agra during.the
months November to May has been recognised to be in the nature of a trgnsition from
the troposphere to the stratosphere.  Above this there is, in general, again a layer of
decrensing tomperaturcs terminating invariably in an inversion at about 17 gkms. In
the departmental publication of sounding balloon data, this type of double transition
from the troposphere to the stratosphero is designated as tropopanse of type IV,
Ramanathan and Ramkrishnan’ have pointed ont that this type of structure in g less
conspicuous form is also shown by the records of sounding balloons let off from Poona
(Liat. 18°32" N., Lony. 73°51’ E.) during the months November to April.

In & note published in Nature® Ramanathan and Ramkrishnan cxplained this type of
structure as being brought about by the meridional advection of air in the upper tropo-
sphere. According to them, the air above 12 gkms. over tropical latitudes which is
colder than the air at the same level over higher latitudes tends to spread towards higher
latitudes and to compensate for this an opposite movement of air from higher to lower
latitudes takes place below this level. According to this picture, the tropopause in
temperate latitudes will have a “folded structure’” and will show a double transition
from the troposphere to the stratosphere, the lower transition corresponding to the tropo-
pause of higher latitudes and the upper ono to that of lower latitudes. Venkiteshwaran®
and Chiplonkar® have also considered some aspects of this question.

While mieridional advection does give a plausible explanation for the double transition,
it does not by itself provide an anwer as to why the lapse-rates above the lower transition
are only of the order of 3° to 5°C/gkm. while the tropical troposhere is characterised by
high lapse-rates (8° to 10°C/gkm.) between 10 and 15 gkms. It is also a fact of obser-
vation that the inversions which characterise the transition from the troposphere to the
stratosphere in the tropics are very much more pronounced than the eorresponding
inversions observed in the non-monsoon months over Agra. An examination of Tables IT
to XIV of the present paper brings out that if we exclude the lower levels affected by
thermal convection and turbulence, the highest lapse-rates in the troposphere over
Agra in the months November to April -occur between 7 and 11 gkms. One of
the most striking changes that follows the retreat of the monsoon in September from
northwest India and the west United Provinces is a fall jn the lapse-rates above
10 gkms. and an increase in the lapse-rates for the next few gkms. below thig
Jevel. While the lapse-rates between 6 and 10 gkms remain more or less constant
during the months November to May, we see that therc is a progressive decrease
in the lapse-rates above 11 gkms. from October to January, a slight increase from
January to April and a more pronounced increase from April to May. Between 6 and
156 gkms., the lapse-rates practically follow the saturation adiabat in the months June to
September. The monthly distribution of reinfall and the number of rainy days (N) at
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Agra in the different months of the year are of interest in this connection and are given
in the table below: — -

Month. Jan. Peb. Mar. Apr. May. [ June. July. Aug. Sap. Oot, { Nov. l Deo.

Rainfall (in.) .| O-5¢ 0-48 0.86 0.2¢ 0.47 ' 9.8 9.08 9.95 l 4.0 0.96 0.13 ! 0.7

- . - !

N | 1.8 1.0 1.0 o-1{ 1.4 3.8 | 11.4 10-2"[ b4 0-8 0.3 0.7

During the months June to September, the trend of lapse-rates in the middle and
upper troposphere over Agra suggests that the condensation of wator vapour is by far the
most important factor controlling the lapse-rates at these levels. The question naturally
arises, what is the effect of cutting off this source of heat supply as actually happens
when the monsoon withdraws from northwest India and west United Provinces in
September ?

Some years ago F. Albrecht' drew attention to & result of fundamental importance
that follows from a consideration of the flux of long-wave radiation at different heights in
the atmosphere. Ho found that practically the entire contribution to the outward radi-
ation to space from the utmosphere comes from a layer in the upper troposphere between
heights corresponding to eflective water vapour contents of 0'1 gm/m® and 001 gm/m".
According to Albrecht, when the atmosphere is highly humid this “ Amission Layer” lies
roughly between heights corresponding to 233°A and 213°A and when tho moisture content
of the atmosphere is small between 243°A and 223°A.

For wean annual conditions, Albrecht’s emission layer lies between 5 and 9 gkms.
at the poles; the height of the layer increases as we proceed towards lower latitudes and
at the equator it lies between 9 and 12 gkms. According to Albrecht, the top of the
emission layer marks the limit of the troposphere in polar and temperate latitudes. In
the tropics, the strong vertical convection currents penetrate the emission layer so that
the tropopause lies appreciably above the top of this layer. Consoquently, as has beon
pointed out by Bjerknes, * the top of the tropical troposphere is cooled below the temperature
corresponding to radiative cquilibrium with the rosult that it absorbs more radiant cnergy
fromn the lower layers of the stratospbere thau it emits. This results in a cooling of
the lower layers of the tropical stratosphere below the radiative cquilibrium temperature
themagnitude of the cooling decreasing rapidly ‘with height above the tropopause.
The temperatures in the lower stratosphere in the tropics do not therefore correspond to
conditious of radiative equilibrium. Only at a height of about 26 gkms. does the tropica]
stratosphere attain the unperturbed radiative equilibrium temperature. This picture of
the transition from the troposphere to the stratosphere in the tropics gives a natural
explanation of the rapid increase of temperature for the first few gkms. above the
tropopause in the tropics.

One of the most interesting consequences that follows from Albrecht’s work is that
the absence of any external source of heat supply would result in a direct cooling “of the
middle and upper troposphere by radiation leading to a diminution of lapse ratein the upper
troposphere and an inorease in the middle troposphere. As has been pointed out by Brunt,™
there should, on thig account, be a very definite difference in the vertical temperature
distribution in regions of condensation and those of continued olear weather.

B 830—10
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Over Agra, the thermal structure of the atmosphere in the months June to S8eptember
is practically identical to that observed in the tropics. The latent heat of oondensa.ﬁioﬁ
is the most important source of heat supply to the atmosphese in these months. With
the retreat of the monsoon in September, this source of heat supply is cut off and solar
radiation also becomes less and less abundant. We should, therefore, expect to find the
effects of radiative cooling of the atmosphere® to manifest themselves more and more
prominently. If we assume that the emission layer lies between 213°A and 233°A in the
months June to September and between 223°A and 243°A in the months November to
April, then the position of the layer will be roughly between 11 to 14 gkms. in the former
months and between 8 and 11 gkms. in the latter. We shall now examine the changes
which we should expeoct to find in the thermal structure of the upper troposphere as o
result of radiative cooling only, following the retreat of the monsoon.

The radiative cooling of the emission layer between 11 and 14 gkms. would slowly
begin to assert itself and at-the same time this layer would tend to descend because of
the decrease in the moisture content of the atmosphere. The emission layer would give
rise to downward convection which would tend‘to set up high lapso-rates in and below the
layer. Since the cooling decreases very rapidly above the emission layer, the top of the
layer will be characterised by a sudden decrease of lapse-rate or an inversion. Absence
of penetrative convection from below would -tend to restore conditions of radiative
equilibrium above the emission layer,ic. a decrease in the rate of fall of temperature
above the layer and in the rate of rise of temperature-in the lower stratosphere. In
ghort, the atmosphere would tend to pass over to a condition in which the top of the
emission layer [orms the upper limit of the troposphere. That the tropical stratosphere
and substratosphere when left to themselves under the sole action of radiation without
further supplies of moisture from below would tend to get to the condition of those of
temperate latitudes has also been pointed out by Dr. Ramanathan' . 1t is clear that
all disturbing factors which cause a change in the heat and moisture content of the
atmosphere will tend to distort and modify the purely radiational effects outlined above
o that the actually observed thermal gtructure will be some sort of cquilibrium

condition.
An examination of Tables 1I to XXVIII suggests that radiation plays a very

jmportant role in bringing about the progressive changes in the thermal structure of the
upper troposphere over Agra. In the months June to September, the lapse-rate
decreases above 14 gkms. (top of the emission layer) and changes sign above 17 gkms,
Between these two levels, convection tends to establish dry-adiabatio lapse-rate while
radiation tends to establish nearly isothermal conditions. The rapid decrease of lapse-
rate with height in the first 3 or 4 gkms. of the lower stratosphere shows the increasing
control exercisod by radiation with increasing height above the top of the emission layer.
The tendenay for super-adiabatic lapse-rates in the upper troposphere between 11 and
14 gkms. (cmission layer) is noteworthy. Convection tends to establish practically dry
adiabatic lapse-rate in this layer; the radiative cooling of the emission layer which is
continually in action operates in a manner such a8 to cause an increasing cooling effect
from the base on the op of the column. It is clear that if an air column with dry
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adiabatio lapse-rate is cooled continually by progressively increasing amounts from
boftom to top, super-adiabatic lapse-rates can be temporarily established in it.

Table XXXII and Fig. 6 show that after September thero is a fall of temperature
in the troposphere over Agra below 14 gkms. and a rise of temperature in the upper
troposphere and lower stratosphere. These features are essentially connected with the
retreat of the monsoon and with it the cutting off of the most important source of heaf
supply, viz., condensation of water vapour which is also the primary agenocy responsible
for the penetrative convection extending throughout the troposphere in the months June
to September. We also netice the extremely interesting and significant result that
between 15 and 19 gkms. there is almost a complete reversal of seasons over Agra, the
winter months being the warmest. This is presumably due to the partial restoration of
conditions of radiative equilibriam in this layer following the retreat of the monsoon
Table XXXII shows that the annual range of temperature over Agra shows a double
maximum, one between 7 and 11 gkms. and the other between 17 and 19 'gkms,
Starting with the thermal conditions obtaining in the monsoon months, we can interpret
the first of these as the layer of maximum cooling and the second as the layer of maxi-
mum heating in the winter months. The former coincides with the emission layer in the
non-monsoon months and the latter is the layer of maximum deviation from radiative
equilibrium in the monsoon months.

It is interesting to note that the decrease of lapse-rate, inversions and isothermals
in the upper troposphere set in first above 14 gkms. and descend to about 10 gkms.
Equally significant is the tendency for the downward march of tho region of high
lapse-rates in the upper troposphere beginning from September. Both these facts as
well as the features mentioned in the preceding paragraph appear to furnish direct evidence
of the cxistence of the emission layer and the seasonal variation ofits altitude depending
upon the motsture content of the atmospkere. Indeed, under the action solely of
radiation, the tropopanse over Agra during the months November to April should be
reached ut a height of about 11 gkmns. with practically isothermal conditions above that
height. In fact, records of some soundings over Agra in the winter wmonths do show
this type of thermal structure (vide F'ig. 5, dated Tth January 1938). The more common
structure is, however, a sudden decrease of lapse-rato (often an inversion or isothermal) “at
about 11 gkms. and a layer of small lapse-rates above that height merging gradually into
an inversion at about 17 gkms. This type of “composite” tropopauso is to be cxplained
as a combined effect of advection and radiation, the latter tending to establish nearly
isothermal conditions in the air with high lapse-rates moving from the low towards high
latitudes above tho level of the tropopause of high latitudes as pictured by Ramanathan
and Ramakrishnan. The persistence of this structure in a more or less conspicuous form
during the entire period November Lo April and 1ts gudden di_sappeumnce in June would
appear to emphasise the important role played by the radiative cooling of the atmosphere
in maintaining the stability of this type of structure. The remarkable changes from
April toc May and from May to June signify the increasing control exercised by the
latent heat of condensation.

The author’s thanks are due to Dr. K. R. Ramanathan and Mr. A. K. Roy for
some interesting discussions. 4
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