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Abstract. The thermodynamical and microphysical characteristics of monsoon
clouds in the Poona, Bombay and Rihand regions were investigated using extensive
aircraft in-cloud observations. The numter of clouds sampled at Poona, Bomtay
and Rihand is 2199, 169 and 104 respectively.

The temperatures inside the cloud are colder than its envirorment at Poona and
Rihand. The maximum difference is about 3° C at the cloud base level and the
difference decreased with height. At Bombay the difference is less than 1°C and
at some levels the temperatures inside the cloud are warmer than its envirorment.

The lapse rates of temperatures inside the cloud are slightly less than those in the
immediate environment of the cloud. The envirormental lapse rates are rearly
equal to the saturated adiabatic value.

The positive increments in liquid water content (LWC) are associated with the
increments in temperature inside the cloud. Similarly positive increments in temre-
ratures inside the cloud are associated with the increments in temperature of its
immediate environment at the same level or the layer immediately atove.

The maximum cloud lengths observed at Poona and Bombay respectively are 14
and 3 km. The horizontal cross-section of LWC showed a maximum numter of
13 peaks in clouds at Poona while only 7 peaks were observed at Bombay. The
location of maximum LWC in the horizontal cross-section is more or less at the
centre of the cloud. The LWC profile showed an increase with height from the base
of the cloud at Poona and Bombay. There is no marked variation of LWC with
height at Rihand.

The total droplet concentration at different altitudes at Poona and Bombay is in
the range 28-82 cm2. The size distribution of cloud droplets experienced a broaden-
ing effect with increase in height from the cloud base at Poona. The broadening
effect at Bombay is not as marked as that at Poona.

Keywords. Cloud liquid water content; adiabatic liquid water content; cloud
droplet size -distribution; lapse rate of temperature; monsoon clouds.

1. Introduction

The progress made in cloud modelling is very slow due to the deficiency in relating
the present theories to scanty in-cloud measurements of microphysical and dyna-
mical parameters (Simpson 1976). Even in regard to bulk properties such as
cloud liquid water content and temperature profiles, there is insufficient obser-
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Thermodynamical and microphysical aspects of monsoon clouds 217
2.3. Rihand

The region of measuremen’s is in the catchment area of Rihand located in north-
east India and is about 500 km from the coast. The area is in the zone of monsoon
trough. Weak to moderae southerly to southwesterly winds prevail in the
lower troposphere. The mean wind speed at the surface varies between 9 and
12 km hr!. Maximum clouding takes place during the mon.ks of July and
August. The cloud base level is most of.en between 2000 ft and 3000 ft. The
average rainy days are about 40 and receives about 95 cm rainfall.

3. Measurements and computations

The number and types of clouds sampled at each place and the periods of their
sampling are given in table 1. The aircraft flight altitudes corresponding to the
average cloud base level were noted from the daily aircraft flights and comgared
with the corresponding computed cloud base heights (lifting condensation level)
using the radiosonde data. The cloud diame:ers were estimated from the conti-
nuous re.ordings of the cloud liquid wa‘er conlent meier. The speed of the
aircraft and the difference between the time of aircraft entry into the cloud and
the time of exist were used for the evaluation of the cloud diameters.

The pressure at the cloud base, the height of the cloud base and the tempe-
ratures of the environment and the cloud-air at the cloud base level are given
in table 2. The above information is based on the data obtained from the radio-
sonde observations.

Cloud liquid water content (LWC) was measured using a Johnson-Williams
hot-wire device which measures the liquid waer contributed by cloud drops of
diameter < 30 um (McCarihy 1974). The output of the LWC meter was ampli-
fied using an electronic circuit consisting of an operational amplifier (Burr-Brown

Table 1. Dutails of observations made in the Poona, Bombay and Rihand

regions.
Place of Geograpl.ic Station Period of Total Total  Types of
observat.on co-ordinates  elevation observations  number number  clouds
ASL of days  of clouds
m of flig..ts sampled
Poona 18°32'N 559 June-Sept. 61 2199 Cu, Sc¢
73°51’E 1973, 1974 and
1976
Bombay 18° 51’ N 11 Sept. 1974 7 169 Cu
72° 49’ E . )
Rirand 24° 12’ N 311 Sept. 1974 2 104 Cu, Sc

83°03' E
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USA, Model 3234/15 FET) and recorded on a direct writing 0-1 mA strip chast
recorder (Easterline Angus, USA). The details of the electronic circuit used are
shown in figure 1. '

The temperatures of the cloud and cloud-free air were measured using a Weston
make (USA) military disposal (voriex type) aircraft thermometer. The accurasy
of the thermometer was estimated to be -~ 0-5° C in the temperature range 0 to
40°C (from the calibration of the Air Company). The temperature sensor of
the aircaft thermometer is provided with a suitable housing by the manufacturer
and it is designed to prevent the sensor from wetting by direct contact with cloud
and rain water. However in the present measurements, the error due to the
wetting of the sensor during aircraft penetrations into the clouds and the subse-
quent lowering of temperatures due to the evaporation in clear air will be minimum
since the environment during the monsoon season is nearly saturated with relative

Table 2. The mean values of cloud base (lifting condensation level) pressure and
height, environmental and in-cloud temperatures at the cloud base level for the
three places of obseivation. The maximum values of measured cloud liquid water
content (JW-LWC) and computed adiabatic liquid water content (W,) are also given.

Cloud base Cloud base In-cloud Environmental Maximum Adiabatic

Place pressure height temperature temperature JW-LWC LWC (W)
(mb) (ASL) at cloud at cloud
base base
(m) o)) ()] (gmm3) (gmm-3)
Poona 892:3 1073 19-6 20-2 30 63
Bombay 975-5 255 23-3 24-3 1-5 8-4
Rihand 950-5 416 23-8 24-5 3-0 89

Burr Brown(USA)
model 3234 15
Instrumentation
operationat amphitier

2200

Esterine
anqus recorder

Figure 1. Electronic circuit used for the recording of cloud liquid water content
(LWC). )
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humidities exceeding 809 at all levels up to 10000 ft above sea level. Also the
observations indicated that on the average, the temperatures in the environment
of the cloud (clear air) are warmer than the temperatures inside the cloud at all
levels in the three regions of observation. In such conditions the error due to
sensor we:ting, if any, would be to underestimate the temperatures of the environ-
ment. Hence this will not change the results of the present study.

The aircraft temperatures were not corrected for compressive heating of the
air due to aircraft speed (Ruskin and Scott 1974). However, sample compu-
tations were performed to understand the order of magnitude of the correstion.
The maximum correction for the temperature difference between any two levels
with an altitude differenze of 500 feet was estimated to be within 4 0-15°C.
The above correction was estimated as follows :

For an average true air speed of 120 miles hr? the temperature correction is
about 1-5°C. The estimated per.entags variations in the true air speed between
any two levels is about - 10%,. Hen:e the estimated correction to the tempe-
rature difference between any two levels is about 4-0-15° C. From the above it
follows that the magnitude of correction is negligible since the speed of the DC-3
aircraft used for measurements is about 120 miles hr'. Due to the above correc-
tion the maximum error in the dry adiabatic and saturated adiabatic lapse rates
is estimated to be within 4 109 and -+ 209 respectively.

A comparison of the air.raft and radiosonde temperatures was made using
simultaneous observations made on a number of days. The maximum differen-e
between the temperatures obtained from aircraft and radiosonde at any level is
within - 0-5°C. There is a very close agreement between the lapse rates obtained
from the aircraft and radiosonde temperature data.

From the above considerations, the aircraft temperature data were used for
the study of the thermodynamical aspects of monsoon clouds.

Also, another aircraft thermometer having continuous re:ording arrangement,
designed and fabricated at the Institute, wa: flight-te.ted on a few occasions
during the above experiments. The details of the instrument were described
elsewhere (Vernekar and Mohan 1975). The recordings of this instrument were
not considered in the present study except for the data relating to a single cloud
case shown in figure 9.

The cloud droplet size distrbituions were obtained using a spring loaded droplet
sampler and magnesium oxide<oated glass slides. The details of the instrument
were described elsewhere (Kapoor er al 1976).

Values of adiabatic liquid water content (W,) for different flight altitudes were
computed using the radiosonde temperature data. It may be mentioned here
that since the JW hot-wire meter is semsitive to cloud droplets of diameter
< 30 ym, as mentioned earlier, the measured values will not be representative
of the total water content of the clouds. For the growth of cloud droplets below
30 ym the condensation process is important. Hense the JW-LWC data may
be useful for evaluating the influen e of the heat release i during the condensation
of water vapour on the lapse rates of tempera‘ture inside the clouds.

Lapse rates of temperature inside the cloud and its immedia‘e environment
were computed using the temperature da‘a obtained from the Western aircraft
thermometer described above.
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4. Results

The observed aad comp:‘ed cloud base heights and other thermodynamical para-
meters -for Pooni, Bombay and Rihand are given in table 3.

4.1, Physz'cal characteristics of clouds

"The vertical profiles of mean LWC, mean temperatures insice the cloud and its
immed:ate environmen: for Poona, Bombay and Ritand are shown in figures 2,
3 and 4 respectively.

The standard devia ions of the LWC and temperatures, shown in figures 2 to 4,
are respestively within 1009 and 10% of their respective mean values for any
of the altitude in‘ervals. The maximum s‘andard devia:ion for any altitude
in erval is wichin 150 f;. Hen:e the temperature at any level and in particular
at the cloud base level d'd no: differ greatly from day to day. Thus the average
vertical profiles of tnmperatures above the sea level will be representative of the
average veriical profile of temperature above cloud base level.

Table 3. Observed and computed cloud base Leights and other parameters at
Poona, Bombay and Rihand.

Height of  Height of Adiabatic = Mean lapse rate ° C/100 m

Period of observation LCL observed LWC for
(m) cloud base maximum In-cloud Clouvd-free air
(m) cloud height
(gm/m?)
Poona
(Julv—September) 1012 823 6-37 —0-50 —0-54
1973
(Fuly-September) 980 655 523 —0-50 —0-58
1974
(July-S:zptember) 1140 1143 5-89 —0-44 —~0-52
1976
(Average) 1078 655 6-30 —0-54 —0-56
1973, 1974, 1976
(July) 1021 1006 5-79 —0-41 —0-47
1973, 1974, 1976
(August) 1027 1006 7-05 —0:54 —0-51
1973, 1976
(September) 1072 823 5-89 —0- 61 —0-60
1973, 1976 ‘
Bombay
(September) 137 686 4-33 —0-35 —0-54
1974
Rihand 7
" (September) 416 366 886 —0-49 —0-60

1974
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Cioud liqud water content (gm™3)
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Figure 2. Vertical profiles of average cloud liquid water content (LWC), tempe-
ratures inside the cloud and its immediate environment for Poona. The figures indi-
cate the number of observations.
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Figure 3. Same as figure 2 for Bombay.
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Figure 4. Same as figure 2 for Rihand.

The significance of the variations noticed in LWC and temperature from one
altitude to another was evaluated using the #-test which is applicable for small
samples (Siegel 1956). The mean, standard deviation and the number of obser-
vations for any two successive levels were utilised for computing the significance.
It was noticed that most of the variations in LWC and temperature are significant
at less than 57] level for Poona. For Bombay and Ritand due to small sample
size, the number of sign'fi.ant cases is less. The above results indicate that the
lapse rates of LWC and temperatures are representative of tke actual conditions.

At Poona the LWC showed a progressive in rease up to 9000 ft and thereaftey
decreased. At Bombay the LWC increased with height up to 5000 fi and tkere-
after showed no marked variaticn. At Ritand the LWC is more or less uniform
up to a heigit of 6500 ft and thereafter increased. Thus the LWC profile at
Rihand is distinctly different from those at Poona and Bombay.

4.2, Temperature inside the cloud and its immediate environment

At Poona, the temperatures inside tke cloud at all levels are colder than its imme-
diate environment. The temperature difference at the cloud base levels is as high
as 2°C. There is a tendency of narrowing of the temperature difference at higher
levels.

At Bombay, the temperature difference beiween tte cloud and its environment
is not very marked as in tke case of clouds at Poona. Thke maximum difference
noticed is less than 1° C and it is negligible at the cloud base levels. Also the
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temperatures inside the cloud at 5000 ft are warmer than those in its immediate
environment. These features are different from those observed at Poona.

At Rihand the temperatures inside the cloud at most of the levels are colder
than its environment as in the case of Poona. The maximum difference is as
high as 3°C at the cloud base level. However, at 4500, 6500 and 9000 ft levels,
the temperatures inside the clouds are warmer than its environment.

The colder temperatures (aircraft) observed inside the cloud compared to its
environment agree with the computed in-cloud and environmental (radiosonde)
temperatures (table 2) at the cloud base level (lifiing condensation level). The
above result also agrees with that obtained from the extemsive aircraft measure-
ments made using Rosemount thermometer over the Arabian sea during
MONEX-79. The data obtained during MONEX-79 also revealed that the
temperatures in the cloud are colder than in its environment up to 10,000 fi ASL
(IMD, 1979).

4.3. Lapse rates of LWC and temperatures inside the cloud and its immediate
environment

The lapse rates of LWC and the lapse rates of temperature inside the clouds for
Poona are shown in figure 5 as sample data. The lapse rates of temperatures
inside the cloud and its immediate environment for Poona are shown in figure 6.
Similar variations were noticed in the data obtained at Bombay and Rihand,

The significant variations in LWC and temperature from one to the successive
higher level are marked in figures 5 and 6. The results of the above statistical
analysis confirm that the variations of LWC in the vertical and the corres-

Cloud tiquid water content (g 3)
-12 -08  -04 0 0-4

i |
Poona (1873,1974,1976)

101~ —on LWC
—x—1n-cloud lapse rate ~t= ‘,‘;OS
o_ar’

SX ;

8 S "»s
s ><S &

»s

X

5 s ¢
% 6 /"3 R
= Sx ‘_)DS
3 \(\5 sac]
= ) S
X b
R4
X o
2r- .
{ ! | 1
12 -o08 -04 o 04

In-cloud lapse rate (°C/100m)

Figure 5. Vertical profiles of lapse rates of the cloud liquid water content (LWC)
and temperature inside the cloud for Poona. *S’ indicates that lapse rates of LWC
and temperature are significant at less than 5 per cent level.
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Environmental lapse rate (°C/100m)

-16 -1-2 -0-8 -04 O
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26—
R !
Q) i
©
2
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Figure 6. Vertical profiles of lapse rates of temperatures inside the cloud and its
environment for Poona.

ponding variations of temperatures inside the cloud and its environment shown in
figures 5 and 6 are real. Hence the results would be representative of the actual
atmospheric conditions existing in the three regions diring the monsoon season.

In general there appears to be some association between the lapse rates of LWC
and temperature. The positive increments in LWC are associa‘ed with the
positive increments in the temperatures inside the cloud. Similarly positive
increments in temperature inside the cloud appear to be associa‘ed with the incre-
men's in temperature of its immediate environment at the same level or the laye;
immediaely above. The lapse rates inside the cloud are slightly less than those
in its immediate environment. The lapse rates in the environment are nearly
equal to the saturated adiabatic value.

The steeper lapse rates in the environment compared to those inside the cloud
may be attributed to (i) the latent heat released d.uring the condensation of water
vapour which would reduce the fall in temperature inside the cloud making the
lapse rates less steeper and (ii) entrainment of warmer environmen:al air in:o the
cloud. Since the environment is warmer than the cloud-air, the en:rainment of
environmental air into the cloud would give rise to increase in temperature inside
the cloud and results in the decrease of the lapseraies. This anomalous result,
derived from the measurements made for the first time in monsoon clouds in Ind‘a
does not agree with the results reporied by others{(Malkus -1952; Stommel 1947)f
The latter results are based on the observations made in the environmen: which is
colder than the cloud air. In the present case the environment is warmer than
the cloud air. In view of the basic differen-e between the two cases the opposite
result obtained in the present study appears to be consis.ent.
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Also, the inves:igations of others (Malkus 1952) rela‘e to the clouds forming
out of hea‘ed thermal bubbles. These bubbles ascend and grow due to the excess
temperature of the cloud air over its environment. In all the cloud models, the
cumulus clouds were likened to buoyant plumes, jets, or bubbles with internal
circulations (Simpson 1976). In such clouds, entrainment of colder environmental
dry air results in s‘eeper temperature lapse rates.

In the case of monsoon cloud systems, cloud development takes place over vast
areas due to forced lif.ing of air (Colon 1964; Miller and Kestava Muarthy 1967;
Bunker and Ctaffee 1968). These clouds form in a nearly saturated environ-
menral conditions. For.ed lif.ing of air in a satura:ed environment gives rise to
colder in-cloud temperatures at the cloud base levels as explained in § 5.1.
The cutrent observa.ions were undertaken for the firs: time in monsoon clouds
and would be of value for the unders:anding of the monsoon sysiems from the
cloud physics point of view. The anomalous result obtained in the present
study should not be attributed to instrumen:al errors and the results might be of
value for future investigations.

4.5. Cloud drop size distributions

The cloud drop size distributions for different altitudes for Poona and Bombay
are shown in figures 7 and 8 respectively.

At Poona, the total droplet concentration varied between 28 and 82 cm3. The
conceniration of bigger drops (diameter > 50 um) varied between 0-18 and
0-71 cor3. The concentration of the bigger drops increased rapidly with height
above the cloud base i~dicating that the size d’s ribution experiences a broadening
effect with increase in dis:ance from the cloud base. The width of the drop size
dis:tibution increased progressively with height and it is maximum at 7000 ft.

At Bombay, the concentration varied beiween 28 and 75 cm~3. The concen-
tration of the bigger drops (diameter > 50 um) varied beiveen 0-05t00-74 cm3,

The percentage con'ribution by the drops with diame. er < 30 um to the total
LWC was computed using the data presented in figures 7 and 8. It comstitutes
only 209 at Poona and 309, at Bombay to the total LWC. The computed LWC
due to the drops of d’ameier < 30 um is an order of magnitide less than that
measured by the JW-LWC meter. Hence it appears that the collection efficiency
of the cloud droplet sampler (Kapoor et al 1976) may be low especually for the
drops in the smaller size ranges. This is also seen from the very low concen-
tra‘ions of drople:s. However, the drop size specirum may be of some use for
evalua:ing the collision-coalescence growth of cloud dro s of diameter > 30 ym.
The broadening of the drop size spectrum observed with height from the base
of the cloud leads to the conclusion that the collision-coales’ en~e growth is more
effective at higher levels in the cloud. The JW-LWC also showed an increase
with height from the base of the cloud. The collision coales ence process is a
function of mean droplet size and the liquid water content (Johnson 1978). The
clouds at the time of observation were in the non-raining stage. It is to be recog-
nised that the concentration of larger drops alone is not the only critical condition
for ran initiation (Johmson 1978; Takahashi 1976).

The lower lapse ra‘es observed inside the cloud compared to those observed
in the environment of the cloud (§ 4.3) is due to the heat of condensation of
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Poona
- (1973 ,1974)
B 9000 (n+ 45 cni3)
8000 (n= 33 ¢m3)
100-0 —
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] | j | | 1
0 100 200

Cloud droplet diameter { um)

Figure 7. Cloud droplet size distributions at different aircraft altitudes for Poona.
The ordinate scale is shifted by one order. The total concentration (n) of the cloud
droplets is also shown for each level.

water vapour. The increases in the JW-LWC could be faken as a measure of
water condensed since the JW-meter measures the liquid water contributed by
drops of diame.er < 30 ym which are generally formed by the condensation of
Water vapour.,

5. Discussion

The temperatures inside the cloud are in general colder than its immediate environ-
ment. The maximum difference in some cases at the cloud base level is up to
3°C. The difference narrowed with height above the cloud base. One of the
possible reasons for the observed colder in-cloud temperatures is discussed in th:
following. '

5.1. Colder in-cloud temperatures

During the monscon season the lapse rates in the environment are almost equi-
valent to saturated adiabatic value. When the air is lifted due to meso-scale
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Bombay
{1973 ,1974)

9000 (n=70gn3)
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Figure 8. Same as figure 7 for Bombay.

convergence the parcel of air ascends following the dry adiabatic lapse rate till
it reaches the lifting condensation level (cloud base level) and then follows the
saturated adiabatic lapse rate. Hence it is expected that in-cloud temperatures
at the cloud base levels are colder than those of its environment. The above hypo.
thesis is further corraborated from the following. The in-cloud temperatures
at the cloud base level (lifting condensation level) as computed from the radio-
sonde data are also found to be colder than the temperatures of the environment
in majority of the cases (table 3). These results are consistent and agree with
the temperature data recorded by the Weston aircrafi thermometer.

The difference in ihe temperatures inside the cloud and its environment decreases
with height and in some cases, at higher levels, the temperature inside the cloud
becoming warmer than its environment. This could be due to the release of the
latent heat of condensation inside the cloud. The above observation is consistent
with the measurements made in warm tropical cumuli (Byers 1968 ; Cunningham
and Glass 1965). Also, Wallace and Hobbs (1977) pointed out that the prevailing
lapse rate in tropics is very nearly moist adiabatic so that the lifting of saturated
air does not result in large temperature changes even when the rate of ascent is
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Figure 9. Temperature recording showing the horizontal cross-section obtained
during aircraft penetration through an isolated cumulus cloud in the Poona region.
The aircraft altitudes is also shown.

sufficiently large. 1t is seen from figares 5 and 6 that the positive in‘rements in
LWC give rise to posiiive inremens in temperature, which may be attributed to
the condensation of wa:er vapour during the ascent of the air parcel and the
rejease of latent heat of condensaion. This feature sugges:s that the temperatures
recorded inside the clouds and their immedia‘e environment are reliable.

5.2. Interaction between cloud and cloud-free air

A close examination of the vertical profiles of the temperatures inside the cloud
and i's environmen: (figires 5 and 6) shows that the changes in the temperatures
inside the cloud are seen reflected in the immedia'e environment of the cloud.
This suggests that possible detrainment of cloud air into the immediate environ-
ment at any given altit.de. From the above observazions the s:ructure of these
clouds may be inferred to be made up of short therma!s (bubbles) which ascend
on one side and descend on the other. The ascent gives rise to condensation of
water vapour. The latent heat released during the ascending thermal will partly
be carried away to the immediate environment from the descending side of the
thermal.

The above simple conzepiion of the cloud model may be substantiated from the
horizontal cross-section of the temperature structure ins‘de the cloud shown in
figure 9.
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6. Conclusions

A study of the thermodynamical and microphysical characteristics of monsoon
clouds undertaken using ex:ensive aircraft in<loud observations made in several
hundreds of clouds in the Poona, Bombay and Rihand regions suggested the
following :

(i) Tke temperatures inside the cloud are colder than its immediate environ-
ment at Poona and Ritand. The maximum difference is about 3° C at the cloud
base level and decreased with height from the base of the cloud. At Bombay
the difference is less than 1°C and at some levels the in-cloud temperatures
are warmer than the environment.

(ii) The lapse rates of temperature inside the cloud are slightly less than those-
in the immed‘ate environment of the clouds. The lapse rate of temperature in
the environment is, in general, nearly equal to the saturated adiabatic value.

(iii) There appears to be some association between the lapse rates of cloud liquid
wa‘er conten: (LWC) and the temperature. The positive increments in LWC
are asso.iated with positive increments in temperature inside the cloud. Simi-
larly the posi.ive increments in temperature inside the cloud are associated with
the increments in temperature of its immedia‘e environment at the same level or
the layer immed’a‘ely above. This observation suggests the possible detrainment
of the cloud air in‘o its immediate environment. These clouds may consist of
short thermals (bubbles) which ascend on one side and descend on the other.
The ascent gives rise to condensation of water vapour and the latent heat released
will be partially carried away to the immediate environment from the descending
side of the thermal. The above hypothesis is also corroborated from the hori-
zontal cross section of temperature structure inside clouds.

(iv) The LWC profile showed an in-rease with height from the base of the
cloud both at Poona and Bombay. There are no marked vaiiations of LWC with
height at Rikand.

(v) The total cloud droplet concentration at different altitudes at Poona and
Bombay are in the range 28-82cm™3. The size dis:ribution of cloud droplets
experienced a broadening effect with increase in distance from the cloud base at
Poona. The broadening effect at Bombay is not as marked as that at Poona.
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