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ABSTRACT : A budgetary method to appraise the various shortwave attenuation processes in the atmosphere js
deseribed. The method is based on observed global and diffuse radiation from sun and sky, given separately for olear
days and all days with average cloud cover. New Dolhi was selocted as o case study because cloudiness, precipitable
water, and aerosol content of the air show pronounced annual variations. 1t is shown that the monsoon period does not
produce radical changes in aerosol absorption. More significant is a decreaso in the intensity of aerosol seattering. This
may be interpreted as a change in particle ecomposition and size distribution, While the monsoon rains remove most
of the mineral dust, enough hygroscopic nuclei remain in the air over New Delhi so that attenuation by absorption

decreases only slowly after the rains have stopped.

The total heating by all absorbers in the atmosphere varies from 0-54°C/day in January-March to 1:23°C/day in
July-September. Acrosol contributes about 30 per cent to the total heating.

1. Introduction

Since 1963 the Rajasthan desert of northwestern
India has been investigated jointly by scientists
from the University of Wisconsin and the India
Meteorological Department to determine whether
this desert might possibly be man-made. In the
course of these studies Bryson (1963) suggested
that radiation attenuation due to dust and haze
(nerosol)—so prevalent over India during the pre-
monsoon months—ecould be a contributing factor
to the subsidence of air and consequently, to the
aridity of the area.

In the following study, the use of existing
climatic data for a quantitative determination of
aerosol effects on the radiation budget at New Delhi
is attempted. A budgetary method to appraise
the various attenuation processes quantitatively
in the atmosphere above a given locality has been
described recently by Lettau and Lettau (1969),
under consideration of total energy of the solar
spectrum, within the framework of upper and
lower boundary conditions. This approach can be
applied to a local radiation elimate and permits
one to discuss how the climate will be affected by
natural or man-made changes of environmental
factors. This method employs conventional ground-
based radiation measurements, but also permits
one to include external data from satellites. The
physical relationships between attenuation para-
meters and variables to be considered are sum-
marized in Section 2.

New Delhi was solected as a case study for several
reasons. The method requires climatic data on

diffuse radiation from the sky, in addition to
global radiation. This information is available
from New Delhi since 1957, measured with a
Moll-Gorezinski  solarimeter equipped with a
shading ring. First-class climatological observa-
tions are also recorded, and the geographical
location is not far from the extensive desert area
which is of special interest.

Humidity and aerosol content in the air over
New Delhi increases from wintor to summer. A
marked break oceurs at the onset of the monsoon
rains. Thus, an investigation of the annual trend
of attenuation parameters seems to be most re-
vealing with respect to the objective of this study,
namely to determine the effects of aerosol on
radiative heating in the atmosphere.

8 Summary of Budget Equations

It is convenient to express the mathematical
relationships of shortwave attenuation in dimen-
sionless form. This will be achieved by dividing
any energy flux-density by the extra-atmospherie
irradiance, J, cos v = I, which is the insolation
intercepted horizontally by one em? area at the top
oi the atmosphere (» = zenith angle of the sun).
To guarantee a reasonable degree of completeness
and detail, no less than nine variables must be
considered. These can be divided into three groups;

2-1. Non-dimensional values of shortwave fluzes

A ="“top albedo”, or fraction returned to space
at the top of the atmosphere;
G* = reduced global radiation, or fraction received
at ground level from sun and sky;
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SHORTWAVE RADIATION BUOGET of the ATMOSPHERE --- BASIC SCHEME of EL
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Fig. 1. Shortwave Radiation fluxes : Schematic illustration and notations

D* = reduced diffuse radiation, or fraction re-
ceived at ground level from sky alone;

H* = relative solar heating in the air, or fraction
absorbed in the atmosphere; and

a = energy albedo of the lower boundary of
the atmosphere; thus, (1-a)G* = fraction
absorbed by the ground.

9.9, Contributions to attenuation of non-dimen-
sional direct solar (beam) radiation

o—attenuation due to scatterers in the air,
a= attenuation due to absorbers in the air.
2-3. Cogfficients of the scallering process

p=fraction describing effective outward scat-
tering to space; or (l-p) = fraction of
effective downward scattering to tho lower
boundary,

K—fraction deseribing backward scattering of
that part of shortwave radiation which has
been reflected at least once by the lower
houndary.

Fig. 1 illustrates the basic scheme as specified in
Section 2. Equation (1) to (5) can be deduced from

this scheme. Physical relationships between the
nine dimensionless variables produce only five
equations, Equation (1) expresses the budget of
shortwave radiation energy. The fraction not
reflected to space must be equal to the sum of
absorption by the ground (l-e) G* and by the
atmosphere (H*),

1— A = G*(1—a) + H* (1)

The second equation considers non-dimensional
direct solar radiation (G* — D¥). Its attenuation
(1—G*4D¥) must equal the depletion by absor-
bers and scatterers,

1—G*+D* = a+o 2)

Equation (3) represents the radiation reflected
back to space, the “earth-shine,” expressed as
energy flux-density, or “top albedo” (4) in dimen-
cionless form. The latter is the sum of the outward
directed part of primary scattering (uo) plus that
part of ground-reflected global radiation which is
neither abosrbed in the air nor backscattered to
the ground,

A = po + (1—u) a-G* (1—Ko) (3)

The fourth equation expresses the diffuse radiation
arriving at the ground. It consists of the downward
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directed part of the primary seattering (1—p) o
4nd of that fraction of ground reflected radiation
which is scattered back towards the lower bound-

ary,
D* = (1—p)o + (1—a) ¢.G* Ko (4)

Equation (5) represents the overall balance of
the preceding equations, and thus is not inde-
pendent. It results from the necessary condition
that the sum of the left-hand sides must equal to
that of the right-hand sides of Eqs. (1) to (4).
This reduces the heating fraction simply to

H* = g (14-«.G%) (5)

namely, the sum of primary absorption plus that
part of ground-reflected radiation which is absorbed
in the air.

With four idependent equations and nine
variables to be determined, five variables must be
independently known. That means they must be
either observed, or partly observed and partly
prescribed by model assumptions, or externally
given. In the following sections it will be assumed
that G* and D* are observed, while a, p, K are
prescribed, so that , o, 4, and H* can be derived
in order to permit the discussion of seasonal
changes in absorption and heating, and in scatter-
ing and plenetary or top albedo.

The fundamental equations (1) to (4) can be
transformed readily by eliminating certain variab-
les. For example, elimination of D* in (2) with
the aid of (4) produces

G* = (1 —a— po) /[1 —aKe (1—a)] (6a)

In the special case of a=0, the earth’s surface
reacts like an ideally black body, whereupon
(6a) reduces to G*—q) = (1—a—po). Substi-
tuting d for Ko(1—a), Eq. (6a) can be restated as

G* = G*(4=0) / (1 — a.d) (6b)

which is Angstrom’s formula as quoted from
Moller (1965) where d represents the ‘hackscatte-
rance” of the sky, Equation (6z) immediately
shows how backscatterance depends on the effi-
ciency of scatterers and absorbers in the air,

For cloudfree air, it will be assumed that the
total absorption («) can be separated into additive
contributions by water vapour (e,). other absor-
bing gases, notably ozone and CO, (2), and aerosol
(xae). The total scatter in cloudfrec air (o) will
consist of contributions by neutral molecules
(Rayleigh scattering oy) and aerosol (ctate)-

If a fraction (c) of the sky is covered by clouds,

the relative flux densities of the cloudless area
must be multplied by the weight factor (1—e).
Let 0. denote the effective coefficient of scattering
and o the absorptivitity of air in the cloud, and let
p be a fraction so that wo, — A’ will be
scattered back to space by the upper cloud surface
and (1—p’) o, will reach the ground. It will be
assumed that the effective albedo of the cloud
base will not be different from that of the cloud top
(4'). The employment of “effective” or bulk co-
efficients represents a considerable model simplifi-
cation of the scattering processes, which are known
to possess pronounced dependencies on particles
sizes (and their spectral distribution), liquid water

. content of the cloud, and solar elevation angle.

Compressing these characteristics into a few single
parameters can be tolerable only for the study of
climatic gross-effects and overall energey parti-
tions.

In the following transformations of energy
budget equations, let the subscripts © and ¢ indicate
values for cloudless sky (with prescribed condi-
tions of clear-air attenuation and ground albedo),
and for cloudy sky, respectively. As an important
model characteristic for the caleulation of effec-
tive coefficients in partly cloudy to overcast air,
it is assumed that the contributions by absorbers
are additive while contributions by scatterers are
distributive (or must be prorated). Thus, in air with
cloudiness ¢, effective absorption and ascattering
are given by

o= (1 —0) agte(x, + a) =a,4ca. (1)

o= (1 —¢) o, + co, =0,4+c(o; —a,) (8)

In a logical extension of equation (3) it follows
from continuity principles that the effective top
albedo is composed of a prorated contribution from
the clear area and direct reflection from the
eloud surface plus diffuse radiation reflected from
the ground, and reduced by what is either reflected
back downward from the cloud base, or absorbed
in the air. Hence,

A= (1—o)d,+ed +a.G¥l—a)(1 —4') (9)

Corresponding developments for the effective
heating function H* yield

H*= (1—e¢) H,* + cx (1 + a.G*) (10

The sum of equations (9) and (10) produces (Ad+-H¥*)
which is then used to eliminate this term in equa-
tion (1). The resulting relation can be solved for
G*

£l
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G*=[l—A4,—H*}c(d,+H*— A" —a)]/
[l—a-ca (1—A4'+ad")] (11)

After G* has been determined for a given cloudi-
ness, A follows from Eq. (9), and H* either from
Eq. (5) or (10).

If supporting data on planetary albedo (), as
measured from orbiting satellites, are available, a
transformation of equations (2), (3), (4), and (%)
yields the value of the surface albedo (a).

The resulting equation can be written as
a=[4d—(1—¢) (1—a,—G.*) —cA"]/
[(1—¢) (1—0,)G*+c(1—4) (1—a)6*]  (12)

Albedo values derived from satellite observations
cannot be considered “point values”. They repre-
sent integrated values over a rather large area
depending on the resolution of the sensors. They
vary greatly with the amount of clouds present at
the time of the satellite’s overpass. If surface albedo
(@) is known in addition to top albedo (4).
equation (12) could be used to get an indication of
the amount of clouds present at the time in 1egions
where no climatic observations are available,

8. Method for caleulating Attenuation Paramete-s

Let us consider cloudless conditions first. With-
the given set of observed values (G,* D, *and a)
and prescribed values (K and p), the total attenua-
tion of direct solar radiation by absorption «, and
by scattering o, can be computed. The sum
(2,+0,) is immediately deducible from equation
(2). It was assumed in Section 2 that «,
=0y + oy + Rae l].[].(l. 0, — OR +om:o

The absorptivity of water vapour can be
calculated by wusing a semi-empirical formula
derived from data reported by Yamamoto (1962)

oty = 0.102 (0.M)0°276 (13)

where w=precipitable water, and M=optical air
mass. Total precipitable water can be determined
from readiosoundings, or estimated from the dew-
point temperature at the surface. It was shown by
Smith (1966) that the following empirical relation-
ship produces fairly representative values,

1n w = 0.1133 — In ( A1) 0.0393 ¢, (14)

where ¢t; iz the dewpoint temperature and A an
empirical number depending on the season, ranging
from 2:8 in summer to 3-3 in winter. Although
aerological observations are available from New
Delhi, the use of equation (14) was preferred be-
cause of its wider application possibilities,

Ozone absorption is a complex process which is
known to depend on total amount as well as
vertical distribution of this constituent gas. Dave
and Sekera (1959) have caleulated and parameteri-
zed it with the aid of a simplified model of vertical
O,~distribution. ~Because ozone absorption is
normally small in comparison with water vapour
effects, 1t is suggested here to carry the simplifica-
tion one step farther by assuming that this absorp-
tion is directly related to the total Oy-amount as
well as proportional to the readily caleulated
intensity of Rayleigh scattering. If the tabulations
by Dave and Sekera (1959) are taken as the basis
for interpolation, a crude estimate suggests for
example, that for a total of 0-23 cm, the ozone
absorption will approximately amount to 0-16 of
the caleulated Rayleigh scattering. Even though
this estimate may be wrong by 40 per cent the
effect on the relative error of total attenuation will
remain less than 5 per cent.

According to Roach & Yamamoto — as quoted
from Moeller (1964)—water vapour absorbs ten to
twenty times more radiation than carbon dioxide
in the lower atmosphere. Only above 12 km absorp-
tion by (0, exceeds that by H,O by approimately
a factor of five. The absolute value of both, how-
ever, is very small. Thus, in the following caleula-
tion of shortwave radiation absorption the contribu-
tion of carbon dioxide is neglected (see also Robin-
son 1963).

Molecular, or Rayleigh scattering can be compu-
ted from known geographical and astronomical
data with the help of convenient tabulations such
as included in the IGY Tables (1958). The remain-
ing problem is to separate aerosol attenuation into
a scattering and absorbing fraction under cloudless
sky conditions.  If diffuse radiation D* is known,
this amounts to preseribing the factors p and K, as
defined in Section 23, Tentative values of p=1/3,
and K=1-0 were used following conclusions by
Lettau and Lettau (1969), Then, o, and ¢, result
from equations (2) and (4), and consequently, a,.
and o, are established as remainders.

If part of the sky is covered by clouds, equations
(7) to (9) can be employed to determine the para-
meters a., o, and p’'=A'/o.. Kven if all three para-
meters would be ‘independent of the degree of
cloudiness, equation (11) shows that the variation
of G.*/(,* with cloudiness will still depend on the
turbidity in the cloudfree atmosphere at the locali-
ty under investigation. Studies by Kimball,
Angstrom, Mosby and Haurwitz—as quoted on
page 440 of Swmithsonian Tables (1963)—suggest
simplified universal relationship betwein insola-
tion and cloudiness. Practically useful statistica]
relationships are extensively discussed in thg
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summary presented by Budyko (1958).

A new approach to the general problem of caleu-
lating cloudcover effects on global radiation became
necessary, under due consideration of the short-
wave radiation budget-relationships discussed in
Section 2. For this purpose results of a study by
Haurwitz (1934) are useful, which relate global
radiation to cloud types during overcast as a
fraction of global radiation under cloudless condi-
tions. Haurwitz employed data from Blue Hill
Observatory in Massachusetts. A recent study by
Mooley and Raghavan (1963) resulted in similar
values for India (Madras Airport). For example,
the ratio @,/@,, that is the percentage of clear-sky
radiation transmitted through overcast at an opti-
cal airmass of 12 for altostratus clouds, was 41 per
cent at Blue Hill and 39 per cent at Madras. Both
studies show that the dependency on airmass is
slight.

Even in the present era of world-wide measure-
ments of solar energy fluxes including data from
orbiting satellite stations, there will exists a pauci-
ty of data on the attenuation effects of clearly
defined cloud masses, or cloud thicknesses. One of
the few systematic evaluations of fractions absor-
bed, transmitted, and reflected, is the study by
Neiburger (1949), which is based on a series of
aerological measurements of shortwave radiation
fluxes above and below a coastal stratus in Cali-
fornia. He finds that absorption is generally small
rarely exceeding 10 per cent so that the amount of
energy transmitted is mainly dertermined by
reflection at the upper cloud surface (4’) which
increases significantly with cloud thickness,

According to the very comprehensive study by
Budyko and Kondratiev (1961) on the energy
balance of the northern hemisphere, the average o
equals 0:04. and the average 4’ about 0-6. At
New Delhi, it was tentatively assumed that a,
equals 0-04 during the “monsoon months” June
through September, while for the remaining eight
months o, was taken to be 0-02. On this basis, an
estimate of monthly mean o. is possible by em-
ploying the observed ¢ values and the difterence
between direct solar radiation on clear versus
cloudy days, that is, (G,*—D,*) minus (G*—D*),
The result for 1959 was oc= 0+60--0-06. Since the
departures from the mean o. did not appear to be
systematically coupled with the season, it was
concluded that a constant value of .-=0.60
could be used at this location.

In order to obtain the albedo A’ of the average
cloud surface at New Delhi, equation (9) wag

considered in combination with
A+4+D* = ¢ + (1 —a) a.G* (15)

which follows from euqations (1), (2), and (5).
Solving Eqns. (9) and (15) for 4’ yields—

4’ =[6—D* 4 (1—) (@.G* —a 0.6*—4,)]
[¢ — c.a.G* (1—)] (16)

After inserting the repspective monthly means
on the right-hand side of (16), it was found that 4’
=0-30-4-0+03. The relatively low value of the cloud
albedo at New Delhi may be due to the fact that the
bulk of the monsoon clouds does not reach great
heights, and dust or haze may still be above them
(reference is made to Section 5).

It follows from the average of ¢.=0+60 and 4'—
0+30, that the fraction p’ equals }. Together with
o.=0+02 to 0:04, and the previously determined
local clear-air attenuation coefficients o, oy ,
Gacs OR » Oas, the basic information is now assembl-
od for a comprehensive evaluation of the radiation
climate of New Delhi.

4. climatology of Shortwave Attenuation for New Delhi

The information summarized in Tables 1 and 2
came from various sources. The extra-atmospherie
irradiances are values tabulated by Bolsenga (1964);
global and sky radiation are observed data as
published separately for clear days and all days
by Mani and Chacko (1963). Surface albedo was
measured at the grounds of the New Delhi Obser-
vatory by the University of Wisconsin study group
only in January of 1967, and tentatively estimated
for the other months. Climatic data for New Delhi
were taken from Monthly Climatic Data for the
World, published by US Department of Commerce,

The caleulations of attenuation coefficients was
based on the formulm summarized in Section 3.
Results are listed in Table 3, separately for absorp-
tion and scattering constituents. All coaﬁi_o:gr}ts
show a pronounced annual trend. Absorptivities
are highest during July and August at the peak of
the monsoon season. They decrease only slowly
after the rains have stopped because of the still
high precipitable water content in late summer,
Aerosol scattering increases steadily from January
to June with a significant break when the rains

begin.

Totally cloudless days are rare during the rainy
season. At New Delhi in 1959, none was recorded in
July, one in August, and two in September. Conse-
quently, the coefficientslisted in Table 3 for thesa
months are rather uncortain and may not be truly
representative, Howaver, the steady inorease 1n
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TABLE 1

Monthly means of Shortwave Radiation Fluxes at New Delhl

Recorded mean daily totals are given separately for clear days {Go*_. . and all days (G*, D*) in 1959.

AG* = G*

G*

. ,and AD* = D‘Obs = D

are adjustments for constancy of eloud albedo and scattering.

obs — @ adj adj °
it ) Reduced global 4&:_1:1 sky radiation = Adjllitmnnt.

a* G* D+ D N AD*
January 0-792 0-604 0-119 0-1567 —0:023 —0-012
February 0-812 0-769 0-132 0-166 —0-002 0-008
March 0-765 0-753 0140 0-180 0-070 —0-011
April 0-739 0-672 0-134 0-184 0-005 0-003
May 0-772 0-694 0-173 0-210 0-026 0-008
June 0664 0-604 0-213 0-255 0-046 0-014
July 0-622! 0-458 0-182t 0-290 —0:010 0-014
August 0-674* 0485 0-079 0-219 —0-026 0-011
September 0687 0-522 0-121 0-184 —0-036 —0-033
Qotober 0-690 0-641 0125 0-146 —0-003 —0-016
November 0-709 0-690 0-099 0-108 —0-014 —0-016
December 0-730 0-676 0-121 0-167 0-002 0-012
Annnal mean 0-717 0638 0-137 0-189 0-003 —0-001

(1) Values are estimated baecause there was no clear day in July 1959

(*) Only one clear day

(%) Only two clear days

acrosol scattering from January to June appears
significant. Aerosol absorption increase at a slower
rate and more erratically than scattering. Thus
the Tatio cas/oas is smaller than unity during most
of the year except in the months after the monsoon.
This may indicate that the lower atmosphere is
oleared of mineral dust but not of hygroscopic
nuclei which still form haze when the water vapour
content is high.

Finally, Table 4 shows the monthly values of
the shortwave radiation budget at New Delhi. It
was necessary to adjust the observed G*-and D*-
values in order to conform with the budget require-
ments because average values of A4'=0-30 and

.—0-60 were used to calculate the date of Table
9% The fraction of solar energy absorbed by the
ground (and used for heat conduction and evapora-
tion) is highest in February and Jlowest in July
whereas the fraction absorbed in the atmosphere
shows the opposite trend, & maximum m July and
a minimum in February. The fraction reflected to
space, established as the remainder of the budget
equation (1), is lowest in December and highest in
July. The magnitude of the top albedo appears to
be somewhat low (annual mean of 0-21), since the
northern hemispheric mean is 0-36 according to
Budyko and Kondratiev (1 961), but only 0-295
according to Vonder Haar (1968). At New Delhi,

 *The adiuﬂhucnta made are indicated in Table 1
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TABLE 2

Monthly means of Climatic Station Data at New Delhl

Sea level pressure P (mb), vapour pressure ¢ (mb), daily mean air temperature 7 (°C! ), precipitation p (mm/month),
Cloudiness ¢ (fraction), total ozone 0; (em), and estimated values of surface albedo ()

i

#ot ‘G'

July
August
September
October
November

December

Annual mean

Annual total

* c’-values for oloudiness wero caloulated
by Mani and Chacko

-values. Since the contribution of

insignificant, ¢a, was determined as the remainder term.

the annual mean of cloudiness was only 0+3,, and
that of the estimated surface albedo only 0-17 for
1959. In addition, the top albedo values for July
and August could be too low due to the uncertain
G,*- and D, *-values, as indicated in Table 1. In
spite of the opposite annual trend of (1—a)G* and
H*, multiplicatiion by extra-terrestrial irradiance
shows that (1—a)G as well as H have a summer
maximum and a winter minimum.

For a comparison of the conditions before and
after the monsoon the budget terms are preser ted
schematically in Fig. 2 for June and October (see
also Fig. 1 for notations). The significant result
seems to be that the energy absorbed by the soil is
increased by about 30 per cent after the monsoon
while the heat absorbed by the air is decreased by
only 10 per cent, which means that the top albedo

4 in Octoberis 40 per cent less as compared to
June,

The caloulated top albedos were compared with
independent measurements from orbiting satellites,
On special request, Dr. Vonder Haar of the Meteoro-
logv Department of the University of Wisconsin
was kind enough to estimate planetary albedos for
the area with 79°E and 28°N as the centre which
corresponds approximately to the location of New
Delhi. The sensor resolution of the satellite is such
that the albedo estimates are representative for an
area of no less than 250,000 square miles, The
bi-monthly values (Table 5) of the satellite albedos
were derived for the period of July 1964 to June
1965; none were available for 1959,

The obvious diserepancies may be caused by the
albedo structure of the large area soanned by the
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SHORTWAVE RADIATION BUDGET -- NEW DELHI =- BEFORE and AFTER the INDIAN MONSOON

June 1959 October 1959
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Fig. 2. Shoriwave Radiation budgets for June and October 1959 at New Delhi as example of
changes caused by the Indian monsoon

TABLE 3

Caleulated attenuaiion cooflicients of dircet solar radiation in the atmosphere at New Delhi (1958) due to total absorption
(a) and seattering (o), showing individual contributions by nentral molecules (o), water vapour (a, ), ozone (ay), aerosol
(2e, gt and average clond cover (cas, tac).

Month a . e, a,, ca, a op % ta,

January 0-176G Ue13 025 0-012 0-005 0-276 0-134 0-022 0162
Fehruary 152 <123 025 <001 <003 <235 -118 052 <000
March + 2003 125 <026 040 <006 +302 +105 <070 <180
April 222 120 025 <072 005 202 -008 080 162
May <226 <128 026 <068 004 -308 093 -136 +126
June -276 <147 -029 <086 <014 -406 093 -194 -228
July (-303) -151 028 (-096) 028 (- 505) -093 (-192) 420
August 317 <168 <030 007 <022 -380 095 <015 330
September 273 <165 <030 058 020 -386 -101 080 204
October <267 +152 +026 «085 <004 257 +113 <059 +120
November - 2066 140 <024 -090 <002 192 129 007 -072
December =240 133 24 <009 <004 <247 140 <025 ‘114
Annual mean <242 <141 027 - 066 010 316 <109 078 -192

Figures in paranthosis are estimated values
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TABLE 4
Shoriwave Radiation Budget

Extra-Atmospheric Irradiance (f), Adjusted Global (6) and Sky (#) Radiation, Portion absorbed by the Ground (1-a)@,

absorbed in the air (H), and Reflected at the upper houndary of the atmosphere (A1), All values in ly/day.

Month I a D (1-a)d H Al

January 30 380 90 312 104 114
February 646 498 102 408 112 126
March 774 529 149 428 180 166
April 886 591 160 479 222 185
May 962 643 194 .6l14 246 202
June 988 561 238 441 304 243
July 972 455 268 373 319 280
August 926 473 102 402 316 207
September 825 460 179 391 244 190
Octolwr. 094 443 112 377 204 113
November 564 381 70 324 169 81
December 497 337 77 286 126 86
Annual mean 772 478 153 395 211 166

Solar constant = 1:980 ly/min

TASLE 5

Bi-monthly means of Top Albedo

A olim are caloulated for Jannary 1959 through December 1959 at New Delhi; A are averaged from satellite measurements
and interpolated for 250,000 square miles centered at New Delhi for J uly 1964 through June 1965.

Jan/Feb Mar/Apr May/Jun JulfAug Bep/Oct: Nov/Dee Annual

Mean

Aolim 0-21 0-21 0-23 0-26 0-22 0-16 0-21
A 0-38 0-31 0.34 0-36 0-40 0:39 0-36

satellite and also by cloud-cover differences from 5. Conelusions—Coniribution of aerosol to atmospheric heating
year to year. The values suggest that the snow-
covered mounfains to the north of New Delhi lie

within the region scanned by the satellite. It should

It may be asked how significantly the various
absorbers of shortwave radiation contribute indi-

also be remembered that the climatic A-values
were derived from budget requirements with es-
timated, not measured ground albedo values (a).

vidually to atmospheric heating. An over-all
temperature change in an atmospheric layer can be
computed which is proportional to the absorbed
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TABLE 8

Seasonal heating rates (°C/day) due to total shortwave radiation absorption with a break-down
into constituent contributions, at New Delhi during 1959

Season Water Gases Acrosol Clouds Total
vapour
January—March 0-39 0-08 0-06 0-01 0-54
April—June 0-58 0-12 0-33 0-04 1:07
July—September 0-67 012 0-35 009 1-23
Qctober—December 0-36 0-00 0-21 0-01 0-64
Annual Mean 0:50 0-09 0-24 004 0-87
CONSTITUENTS of ABSORPTION and SCATTERING of INSOLATION -=— BEFORE and AFTER MOMSOON at NEW DELHI
June 1959 October 1959
1.000 1.000
SCATTERED ouT: | 0.203 SCATTERED QUT : | 0.128
by molecules: 0.6G29 : by molecules : 0,045 I
by aeroso! 0.060 i by aerosol 0.023 |
by clouds 0.1k . by clouds 0.060 |
1
ABSORBED: | . 0.276 ABsORBEO: | o 0.267
by vapor: ! __r L7 by vapor: | __ _w 0.152
by ozone: I"—- >g.029 by ozone: Y > 0.026
by aerosol: 0.086 by serosol:; 0.085
by clouds: i 0.014 by clouds: , 0.00%
|0.203 | [0.129 !
10,029 | 10.045 |
0.060 | by aerosol lo.o2t |
by clouds }n.nu : by clouds 10.060
1
Y ] Y |

0.318 = BEAM RADIATION

0.476 = BEAM RADIATION

Fig. 3. Attenuation coefficient for Junz and Octobar 1959 at New Delhi

Constituents of absorption and seattering are listed separately, also direct solar radiation (beam radiation)

radiation flux and inversely proportional to air
density and specific heat. Changing from height to
pressure by using the hydrostatic equation and
taking the total pressure difference the heating rate
isg A Hlepp,, when p, is the surface pressure.
This relation was used to calculate the heating
rates summarized in Table 6.

As could be expected, water vapour is most im-
portant. It contributes in each season more than
half of the total to atmospheric heating. This
fraction remains high even in the dry season.
Absorption by clouds is least important. It amounts

to less than 10 per cent even in the cloudy season.
The annual mean of absorption by gases is also
relatively low compared to water vapoar and
aerosol absorption.

With the exception of the winter months, the
contribution of aerosol to atmospheric heating
amounts to approximately 30 per cent of the total.
It remains rather high during and right after the
monsoon season. This could indicate that haze
still prevails in the upper troposphere after some
dust has been washed out of its lower portion by the
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monsoon rains. While cumulonimbus tops can
reach great heights during the monsoon season,
the average monsoon clouds lie below 10,000 feet.
Interesting in this connection is an observation by
Srivastava and Ronne (1966) who describe cumulus
clouds imbedded in dense haze during the south-
west monsoon over the Arabian Sea at 12,000 feet.

Results of caloulating intensity of shortwave
radiation heating in the air over New Delhi are
included in the work by Gupta (1966), in a study
restricted to the pre-monsoon season. His values are
approximately one half of those computed with
the set of equations described in this study. The
discrepancy can be explained by Gupta’s omission
of the processes of hack-scattering and absorption
of energy reflected from the ground, while, simul-
taneously, he employs an extremely large surface
albedo of 0-42 for the New Delhi region.
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Fig. 3 illustrates differences before and after the
monsoon in relative fractions. The absolute intensi-
ties follow from multiplication by the extra
terrestrial irradiance and can be seen in Table 6,
or can be computed with the aid of data in Tables 3
and 4. The major conclusion is that the relative
absorption does not change significantly, while
scattering effects are noticeably different. Peterson
and Bryson (1968) reported that the analysis of
samples from airborne dust collectors during flights
over the periphery of the NW-Indian desert (in
April of 1966) has shown it to be 36 per cent quartz,
22 per cent feldspar, 22 per cent carbonates and
20 per cent mica. It had been shown previously that
desert aerosol tends to increase scattering, and
city aerosol tends to increase absorption. On such
premises, Fig. 3 suggests the conclusion that, after
the monsoon rains, mineral aerosol is partly washed
out, but hygroscopic haze is increased resulting in
little change in the total absorption fraction.
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