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ABSTRACT. Infra-red radiative heat fluxand instantaneous rate of temperature change have beer compufed
for Indian_sub-gontinent for monseon season by making use of the numerical method developed for the purpose.
The offects of water vapour alone have been considered. It is found that the radiative beat loss near the surface is
minimum over the Western Ghats. Over northeast and northwest India, the radiative heat loss is relatively high. Algo,
the radiative cooling integrated from the surface upto 300 mb indicates 8 large cooling over northeast and northwest
India (>1°C per day) and relatively small cooling over the southern Peningula (<0-25°C per day). Analysis of the
day-to.day values of net flux and temperature suggest no eause-and-effect relationship, However, a good correspondence
has been noticed between net flux, tomperature and total moeisture content as far ng surface level is concerncd. The
doy-to-day values of not flux at higher levels follow very closely to those at the surface.

1. Introduetion

Until recently, studies on the distribution of
terrestrial radiative heat flux near the earth’s
surface and at various levels in the atmosphere
had received very little attention. The meteoro-
logical satellites afforded, for the first time, means
to study the distribution of radiative heat losses
on a global scale. The pyrgeometers, which
have been recently set up as part of the global
radiation network programme, provide another
means to study the configuration of radiative
heat flux with respect to space and time. Using
Angstrom Pyrgeometers, Mani, Chacko and Iyer
(1965) have presented the distributign of terrestrial
radiation over the Indian region. The pyrgeo-
meter, however, can only be used on clear nights
when the wind is light. Also it estimates the net
upward radiative heat loss only from the earth’s
surface. The satellite, on the other hand, esti-
mates the radiative heat loss from the earth-
atmosphere system as a whole, to outer space.
These techniques, therefore, provide no knowledge
about the radiative exchange processes operating
at the intermediate levels. The radio-meter-
sondes would overcome this diffienlty but unfor-
tunately, they have not been introduced on a
routine operational basis, with a network of
observations sufficient to facilitate the study of
the distribution pattern of radiative heat flux,
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It is possible to calculate the radiative heat
fluxes at various levels in the atmosphere by
indirect methods, such as the graphical methods
developed by Elsasser (1942) and Yamamoto
(1952). Using Elsasser’s graphical method, Godbole
(1963) had studied the distribution of radiative
heat flax with respect to mobile eyclone systems
in the North Atlantic. The graphical methods,
however, are time consuming and it is almost
impossible to use these to make a svstematic
study over large regions or over long periods
of time.

In the present work, a numerical method has
been developed and used in place of the graphical
method. Computations have been ecarried out
partly on IBM 1620 at the Institute of Tropical
Meteorology, Poona and partly on CDC 3600
at the Tata Institute of Fundamental Research,
Bombay. The Atmospheric radiation tables by
Elsasser and Culbertson (1960) have been used
for numerical integration. Infra-red radiative
heat fluxes in the upward and downward directions
have been computed at the earth's surface and
at standard isobaric levels for thirteen Indian
radiosonde stations for a fypical monsoon month,
namely, July 1962. The computations have
been carried out on a day-to-day basis so that the
influence of radiative processes on day-to-day
temperature fluctuations could be examined.
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Mean values of the net flux at the earth’s surface
and at 850, 700, 500 and 300 mb have been ana-
lysed. Only the effects due to the absorption
of water vapour have been considered, since our
interest has been confined, for the time being,
upto 200 mb in the vertical.

The presence of clouds has been taken into
account, For a cloud cover less than 100 per cent,
a prorated amount of flux is computed from the
flux for overcast and cloudless sky conditions,
The height of the base of the cloud needed in
the computation has been faken as reported.
However, the top of the cloud has been considered
at either 400 or 200 mb depending npon whether
cloud reported is medium or high.

2. Flux of Terrestrial Radiation

By solving the equation of radiative heat
transfer with the boundary condition that down-
ward long-wave radiation is zero at the top of the
atmosphere, the downward flux of radiation at
height Z due to any absorption band may be
expressed as —
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Also, assuming that the upward radiation at the
earth’s surface is equal to the black body radiation
at surface temperature, the upward flux of radia-
tion at any height Z may be similarly obtained
as —
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Here, T, is the temperature at the top of the
atmosphere, 7'z the temperature at any reference
height Z and Tg the temperature of the earth’s
surface. By is the monochromatic black body
flux, ¢ the Stefan-Boltzman constant, and »,
and v, are the band limits expressed in wave
number. 7y is the generalized transmission func-
tion representing a fractional transmission of mo-
nochromatic radiation through optical depth wu,
and &y is the absorption coefficient of water vapour
at wave number ».

Follwing Elsasser and Culbertson (1960), the
above equation can be written as —
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The net radiative heat flux at any height Z is
Ny Up Dy (6)

The net flux is, under normal circumstances, in
the upward direction at any height.

Values of R[w,T] defined above, have been
tabulated by Elsasser and Culbertson as functions
of temperature and effective optical depth. In
the present computational scheme, the optical
depth for each level with respect to the reference
level has been obtained. R [u,I'] is then inter-
polated for the corresponding optical depth and
temperature. The numerical integration of R [u,T']
with respect to T, i.e, [RdT would eventually
give either downward or upward flux.

The optical depth for any absorbing gas in a
layer of thickness AZ is given by —
Avw=pg AZ (1)
where pg is the density of the absorbing gas.
For water vapour considerations alone, pg is
replaced by pr, p being the density of air and
is the water vapour mixing ratio. Using the
hydrostatic relation, equation (7) may be rewritten
as —

1
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The optical depth is further multiplied by a pressure
correcting factor (p/py) to obtain the effective
optical depth given by —

1 .
Au=_ 1 AP (P/p) 9)

For computation of optical depth, the upper
limit of the atmosphere has been considered at
200 mb.  Above 500 mb, the optical depth is
obtained by extrapolation (sec Appendix).
3. Radiative cooling

If N, and N, are the net fluxes of radiative
heat at levels 1 and 2 respectively of a horizontally
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Fig. 1(a). Distribution of net radiative heat flux
(with clouds) at the surface

(Mean for July 1962)
Unit : 1072 ly per min

uniform lajer of thickness AZ, the net heating
rate is given by —

AQ

e (N:—No) AZ (10)
where AQ is the amount of heat accumulated in
a unit volume ip time Af. From the first law of
thermodynamics, neglecting pressure expansion,
we get —
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Here, p, and p, are pressures at levels 1 and 2
respectively. For the convergence of the flux,
N> N, AQIA t>0 and there is a radiative
warming. For N,<N, there is a radiative cooling
of the atmosphere,

4, Results and Discussion

Radiative heat fluz— Fig. 1(a) shows the distri-
bution of net radiative heat flux at the surface
taking into account the presence of clouds. Tt is
seen that the Western Ghats lose relatively small
amount of radiation (0-03 ly per min). High
value (0-1 ly per min) are found in the north-
west corner, with a ridge extending down to the
south. In the south central region, the gradient is
rather flat. On the whole, the pattern seems to
reflect the effect of continentality and topography.
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Fig. 1(b). Distribution of net radiative heat flux
(without clouds) at the surface

(Mean for July 1962)
Unit : 10~ ly per min

The distribution of net radiative heat flux dis-
regarding cloud is shown in Fig. 1(b). Here, the
flux values are uniformly high all over as compared
to those with cloud cover (Fig. 1a). This is obvious
because a cloud layer, acting like a black body,
keeps the atmosphere below it relatively warm.
The ridge of high values in Fig. 1(b) extends fur-
ther south, merging into a secondary maximum
(0-25 ly per min) located close to Bangalore.
The south central region is again characterised
by a flat gradient. The low values (0-2 ly per min)
on the east as seen in Fig. 1(b) are absent in Fig.
1(a). In order to understand these features, it would
be expedient to examine the distribution of such
parameters as surface temperature, wafer vapour
and cloud amount (Fig. 2).

Northwest India is characterised by high sur-
face temperature, low moisture content, and small
cloud amount as a result of which the radiation
loss at the surface is relatively high. Also, over the
west coast, the surface temperature is usually at
a minimum, the air is laden with moisture and the
total cloud amount is large; these conditions ac-
count for the low values of flux shown in Figs. 1(a)
and 1(b). The large radiation loss in the vicinity of
Bangalore (Fig. 1b)is seen to be due to low mois-
ture (Fig. 2c¢) and high surface temperature
(Fig. 2a). The centre of low flux values over Assam
in Fig. 1(b), i8 mainly due to the large moisture
content (Fig. 2¢). Although it is apparent that the
presence of cloud considerably decreases the flux
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Fig. 2(a). Distribution of temperature (°C) at the surface
(Mean for July 1962)
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Fig. 2(h). Distribution of cloud ameunt (in eighths)
(Mean for July 1962)

values all over the Indian region, its modifying

influence is clearly discernible in the vicinity of

Visakhapatnam (]“1"‘ 2b). Here, a patch of large
amount of cloud protrudes inland which tends to
create a similar protrusion in the radiative flux

pattern of Fig. 1(a).
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2. 2(c). Distribution of optical depths (gm ¢m—*) measured
from the ground

(Mean for July 1962)

The mean net radiative heat flux at 850, 700,
500 and 300 mb is shown in Figs. 3(a), 3(b), 3(c)
and 3(d) respectively. It is seen that the principal
regions characterising high and low values of net
flux at the surface remain more or less at higher
levels also.
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Fig. 8(d). 8300 mb

Fig, 8. Distribution of net radiative heat flux (with clouds) at 850, 700, 500 and 300 mb (Mean for July 1962)
Unit: 10~% ly per min

The magnitudes of the flux at 850 mb are slightly
smaller than at the surface especially over the
Peninsula. This decrease in the magnitude could
be accounted for mainly by the large amount of
cloud and low cloud base which is normally ob-
served over the southern Peninsula during early
monsoon.

The distribution pattern begins to change from
700 mb upward (Figs. 3b, 3¢, 3d). The ocean-
continent influences appear to become less notice-
able while the meridional gradient gains in strength.
This is clearly seen at the 300-mb level (Fig. 3d),
where the flux isopleths are more closely packed
and tend to be parallel to the latitudes.
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Fig. 4. Disiribution of radiative cooling in a layer
from the surface to 300 mb

Unit 2 °C per day

1t i8 interesting to note from Figs. 3(a) to 3(d)
that the net flux increases with height everywhero
except over a small portion of the west coast where
the lowest value (0-025 ly per min) persists at
all levels from the surface upto 300 mb. This
feature may be explained as follows. In a cloudless
atmosphere, under normal conditions (in which
the moisture decreages with beight), the net flux
increases with height. In the presence of clouds,
however, the net flux at any height inside the
cloud layer iz obviously zero. Over the western
coast. in addition to the clond anount being large,
the cloud layer is observed to be very deep in-
variably extending bevond 300 mb, This accounts
for the low values of the net flux over the west
coast at almost all the levels,

Radiative Coolipg — The integrated cooling from
the surface to 300 mb has been caleulated and
shown in Fig. 1. In this counection the values of
the net Aux (TMgs. 1o and 3a to 3d) at grid points of
five-degree latitude-longitude interval, have heen
considercd. Also, a proper weight factor for each
layer has been given.

1t is seen that cooling of as mneh as 1-1 to 1-2°C
per day takes place over the region of northeast
and northwest India. On the other hand, the
southern Peninsula exhibits a much smaller degree
of cooling which is 0-25°C or less per day. Since
the cooling pattern is actually derived from the
distribution of the net radiation at various isobavic
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Fig. 5. Rate of temperature rate (“C per day) along
the vertical for New Delhi and Trivandrum

levels it reflects what has already been discussed
in the foregoing section. High moisture content
and large amount of deep cloud layers in the south
tend to minimize the heat loss to outer space,
whereas high temperature and small cloud amount
seem to be mainly responsible for a large cooling
in the north.

The variation of rate of cooling with height is
shown in Fig. 5 for two stations, New Delhi and
Trivandrum. The effect of cloud has been taken
into account. It may be noted that the tempera-
ture changes shown are the mean of day-to-day
temperature changes (with cloud) for the month of
July.

1t is seen that at Trivandrum, there is a little
warming (0-5° C per day) which decreases with
height in the lower layers above the surface. In
other words, there is a relative cooling with height
in the lower layers. This is clearly due to the pre-
sence of clouds having very low base. On the other
hand, at New Delhi, the cooling rate decreases with
height, from 1-2°C per day to about 0-5°C per
day in the lower layers. This is because, at New
Delhi, large amounts of clouds do not oceur fre-
quently, and the clouds that form have a rather
high base (above 800 mb).

For a layer from 800 to 550 mb, the cooling rate
18 very small at both the stations; that at New
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Delhi being slightly large. The fact that cooling
rate at any level within the cloud layer is zero,
would give rise to such small cooling. The conspi-
cuous feature of Fig. b is the large cooling both at
New Delhi and Trivandrum at about 450 mb. The
cooling rate at New Delhi is considerably higher
(3-7°C per day) than that at Trivandrum (1-7°C
per day) which only means that the cloud top at
New Delhi loses black body heat at higher
temperature than that at Trivandram. Beyond
350 mb the cooling rate increases because of a rapid
decrease of water vapour mixing ratio with height.

Day-to-day variations — It would be interesting to
see how the general features discussed {above hold
good if considered on a day-to-day basis for indi-
vidual stations. With this objective in view, day-
to-day radiative heat fluxes at the surface have
been critically examined for two representative
stations, viz., New Delhi and Caleutta. Also, the
day-to-day flux values for higher levels as obtained
for New Delhi have been considered.

It is seen from TFig. 6 that the net flux varies
directly with temperature and inversely with opti-
cal depth. The net flux varies over a range of 190
to 290 ly per min at New Delhi in contrast with
the flux range of 190 to 225 ly per min noticed
at Caleutta. At New Delhi (Fig. 6a) the variations
in temperature and optical depth have large
amplitude as compared to those at Calcutta (Fig.
6b). Further it is of interest to note that the optical
depth at Calcutta undergoes more rapid fluctu-
ations than those at New Delhi, and this feature
has been rightly reflected in the variation of the
net flux at these stations.

The day-to-day variation of the net flux at
various levels in the atmosphere from ground upto
300 mb for New Delhi is shown in Fig. 7. The
striking feature of the diagram is the close cor-
respondence of the variation of the net flux at
higher levels in tune with that at the surface. This
immediately suggests, on the basis of Fig. 6, that
optical depth and temperature variations at higher
levels should follow a similar pattern. A cursory
examination of optical depths and temperatures
for various reference levels in the free atmosphere
for New Delhi for the period under question indi-
cated that the inference was valid for optical depth
but not for temperature, The analysis has not been
presented in the paper because thbis aspect of
study which has important implications calls for a
more careful examination on a rather compre-
hensive scale.

5. Conclusions

1t has been shown that the distribution of the |, as compared to that over the inland region (north-

flux nt.surface and at higher levels in the atmos-
phere is a consequence of the distribution of

7
NEW DELHI
5 3I5r
L / (a)
.q 310 ,/_\\ [
& 305t Vet g
=
w 300}
~ 278 /
£
E
3250
&l (b}
‘o
x 225
=
P |
w
200
o83 o
3 gof
E (©)
S 55t \/
x
5.0
£ . /
W 4.5+ ]
5 40fF
& 35}
O 3.0 e F ] J I T e, [, (T R [N [ e o
2 4 € B I0 12 14 16 1820 22 24 26 28 30
JULY 1962

(a) At New Delhi

CALCUTTA

s 3:D|— ()

< 305 H_/\/\/—/\/« B e
s \/"‘

= 300

¢ 30

W 2951

~
~
¥
1

FLUXCIO" by /min)

(b) J

~»

o

o
]

S
w
]

6.5 fc)

1 1 | 1 | | ! 1 1 L 1 L !
& B8 10 12 14 16 1820 22 2428 28 30
JULY [962
(b) At Caleutta

Fig. 8 Day-to-day values of (a) surface temperature,
(b) surface net flux and (c) optical depth above
the surface
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temperature, water vapour and clouds. Near the
coast where the moisture content of the atmos-

phere is high, the loss of radiative heat is small

west India) where the temperature is high and
moisture content and cloudiness is low.
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Fig. 7. Day-to-day values of net flux (without clouds)
at various levels from surface to 200 mb
at New Delhi

The day-to-day variation of the net flux at the
surface follows closely that of the surface tem-
perature and inversely that of optical depth above
the surface. Also, the variation of the net flux at
higher levels closely follows the surface net flux.

In the present investigation, the heat transfer
has been considered to be due to water vapour
alone, because in the troposphere, the contribution
due to water vapour is, by far, the largest. 1t is
intended to incorporate the effects due to carbon
dioxide and ozone in future studies.

In the computations, the height of the base of
low clouds has been taken as reported in the
Indian Daily Weather Report published by the
India Meteorological Department. These heights
are based only on visual estimates and hence to
that extent the correctness in the present compu-
tations is affected. Similar uncertainty exists in the
consideration of the height of the cloud top.

While examining the cooling curve for New
Delhi and Trivandrum in Fig. 5, it was found from
the daily radiosonde data that the difference in
temperatures at 400 mb for New Delhi and
Trivandrum is sometimes as large as 10°C. While
such a large temperature difference may perhaps

o
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Fig. 8. The atmosphere divided into 20 layers from the
surface to 200 mb
K—levels denote reference levels at which
fluxes are computed

be real, it may be noted that instruments used for
aerological soundings at the two places are of
different types.
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APPENDIX
Computation Scheme

We define

7 193 T
R (u, T)= f R(u,T)dT = J‘R (u, T) dT -+ fR (u,T) dT
0 0 . 1m
313
— R (4, 199° K) -+ R (u, T)-{-;?.(u, T—10) AT
T=203,10
where AT=10°K. Values of R’ (v,193°K) and R (u, T') for T=193°K to 313°K have been tabulated
by Elsasser and Culbertson.
We divide the atmosphere from the ground upto 200 mb into 20 layers as shown in Fig. 8 and define —
L=2k—1,k=1,11 (3)

where & is the reference level (k = 1 for the ground). Values of w;y, corresponding reference level & and
Ty, are defined for L =1, 21.

Clear sky— In the following the superseript ¢ stands for clear sky condition. The downward flux at
any reference level & is given by —

¢ 20 j - . Ipele :
¥  Le=2k-1 & y

k=110

The upward flux ab the ground is given by —

l; =0 T].‘ (5)
1 )

and at any reference level & —

4 2%-2
U°=0T— ¥ {RJ(M&EH,TL)*RJ(U&%M'_-FL’TL+I)}, k=2,11 (6)
E 1 L=l

The net flux is given by —
ﬁ = — f
! (1)

Overcast sky—In the following the superscript o stands for overcast sky condition. The downward
flux at any reference level & is given by —

o

D = , if k is above the cloud top (8)

k
o 4
D = o T , ifFkiswithin the cloud layer 9)
k 2k-1

Yor % below the cloud base —

LB"I
‘ ’J.tk[,-{-‘iln[, Ue. L +MEL 1
R:( g k, L41 ,T) Rr( s » +1,T 1)} I

2 2

L=2k-1

i { R ( e 1B + Vs BASE 4 ) _ ( Uk, LB -l-qm-. L5 TBM) } + o T'pase

2 2
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where, LB is the L-level immediately below the cloud base.

The upward flux is given by —

if £ 1s below the ecloud base

, if & is within the cloud layer
2k-1

For k above the cloud top

o 4 o
U= ol _{R'(M’TLT)_R'(MEPF,TTOP)}_
oP

Y
A T : 2

-

25—2

4 ' A s 5
Z ‘{ R ( Ug, L T‘:lﬁy L+1 , TL ) s, (?ﬁ_ﬂ__l; Uy JL+4-1, TL-{-I )}

S

Le=LT
Here, LT is the L-level immediately above the cloud top.

The net flux is given by—

Proraled flux — If n is the amount of cloud reported, the prorated net flux is —

(+] (]
& wNy 4 (8—n) Ni

N === o S

k

Similar expressions hold good for the prorated downward and upward flux.




