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ABSTRACT. An accurate knowledge of radiative fluxes at thep Td the Atmosphere (TOA) is necessary to
study the variability of climate. Many geostationaatellites have been measuring radiative flurea harrow spectral
band in the infrared and visible regions during plast 30 years. This data will be useful for cliemstudies if it can be
converted to total radiative fluxes. In this paper demonstrate that the errors in monthly mean @uoggLongwave
Radiation (OLR) at the TOA obtained from the Indgeostationary satellite INSAT-1B is less than 15r%in most of
the regions when compared to the data from thehHeadiation Budget Experiment (ERBE). This indisateat the
conversion of INSAT narrowband flux to broadbandftioes not result in large errors. This could beccount of high
water vapour content in the Indian region. The remoINSAT OLR has been shown to be dependent anbau of
images available per month. INSAT albedo has atheghias over ocean when compared to ERBE on ataafuthe
isotropic reflectance assumption. No such bias naied over land. This low albedo bias in INSATswamoved by
adding a constant term equal to 2% over ocearadtiieen shown that the effect of Sun Glint in céégralbedo can be
removed if two images per day are used for theutation of albedo. The difference in net radiatadrihe TOA between
INSAT and ERBE has been shown to be within 10 W in some regions, such as Saudi Arabia (from Déesrh988
to March 1989) the difference between ERBE and IN®&timated net radiation (~10 W3rwas found to be less than
the difference between two ERBE satellite obseoveti(~20 W r1f). This indicates clearly that diurnal variation radt
radiation can cause large errors in the estimdtamathly mean net radiation.

Key words — INSAT, ERBE, Outgoing longwave radiation, Albeddet radiation, Cloud radiative forcing,
Remote sensing..

atmosphere. Estimation of radiation budget fromcepa

was initiated nearly 40 years ago. The changes in

The variation in the net radiation at the top of th satellites, sensing instruments and data
atmosphere (TOA) drives the general circulationthod

(299)

retrieval

algorithms over this period have, however, affectee
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accuracy of the data set. Most operational saslifrry a
narrow wavelength band pass filter to sense radiati
Some knowledge about the vertical distribution of
temperature and humidity is necessary to convestdhta

to the broadband radiative flux. The measuremeetoth
radiation budget (ERB) from space using broadband
sensors in the Earth Radiation Budget ExperimeRB([E)

has revealed many features of interest about thiv'ea
climate, which were found to be quite differentrfrahe
earlier measurements (Ramanatiearal., 1989). In the
1980’s, National Aeronautics and Space Adminigirati
(NASA), U.S.A,, launched the ERBE project (Barkstro
1984). The objective of this project was to measure
accurately different radiative parameters from spaith
broad spectral band sensors. Three satellitég,,
NOAA9, NOAA10 and ERBS, carried nearly identical
sensors to view a region at different times of g ta
capture the diurnal variation of radiation. But thi three
satellites worked together only for a short spad tre
consequent temporal sampling deficiency is inheiant
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TABLE1

Characteristics of the INSAT and ERBE satellitesand their sensors

ERBE INSAT-1B
Type NOAA 09 : polar orbiting geostationary
NOAA 10 : polar orbiting
ERBS . precessing orbit
Visible sensor 0.2-5.0um 0.55-0.75um
IR sensor 5.0-50.0um 10.5-12.5um
Total range 0.2-50.0pm -
sensor
Sampling NOAA 09 : 0230,1430 local tin@00, 0300, 0600,

NOAA 10 : 0730,1930 local tin#900, 1200, 1500,
ERBS : variable 1800, 2100 GMT

ERBE data. Bergman and Salby (1997) have shown thatn the visible and IR regions. The shortwave (SV&f h

the error in the measurement of monthly mean démpic
fraction over the tropical continents can be ashhég
100% if diurnal variability is not sampled properly

power band pass was at 0.55-0ifB. The IR band was at
10.5-12.5um (Table 1). The INSAT data used in this
study is archived at National Center for Atmospteri

Ramanathan (1987) has illustrated the effect of theResearch (NCAR) in Boulder, Colorado (Lamenal.,

equatorial crossing time of polar orbiting sateliton the
measurement of zonal mean absorbed solar radiagiog

a general circulation model. The temporal sampiimg
ERBE was not adequate but it is still consideredhas
benchmark for all radiative measurements from space
The archived ERBE data has been used in a variety o
climate studies. The Indian Space Research Omf#onis
(ISRO) launched the INSAT series of geostationary
satellites beginning in early 1980’'s. Along witheth
television broadcasting and telecommunication
instruments, sensors were provided on board theAINS
satellites for meteorological purposes. Higher terap
sampling rate is the unique feature of geostatipnar
satellites. INSAT-1B was launched in August 198teraf
the first satellite INSAT-1A failed in orbit in Stgmber
1982 (Lammet al., 1991). The infrared (IR) and visible
detectors of INSAT-1B have provided data with
adequately high temporal sampling. However, thitada
was used mainly for weather prediction and thereston

of large-scale precipitation (Arkiret al., 1989). The
accuracy of the radiative fluxes at the TOA fronSIAT
has not been examined so far. The main objectivinef
present work is to explore the usefulness of INSUBTIR
and visible data for estimating the radiative flspag the
TOA.

2. Data

The Very High Resolution Radiometer (VHRR)
instrument on board INSAT had two narrowband sens

1991). The data is available with a spatial resotubf 22

km x 22 km near Nadir both for IR and visible images.
From April 1988 to March 1989 there were at mo$R8
images per day with nominal acquisition time sefgsla
by 3 hours starting at 0000 UTC, and at most 4blgsi
images per day with nominal acquisition time of 030
0600, 0900 and 1200 UTC. Before April 1988 maximum
number of images per day were 2 both for IR anibbs

In this paper we focus our attention on the periqudil
1988 to March 1989 since data at a higher temporal
resolution is available during this period. The satbllite
point of INSAT-1B was at 74%5E longitude. When the
distance from the subsatellite point becomes lathe,
satellite zenith angle becomes large and henceaxcof
the radiance data may be affected. Therefore, we ha
selected the region 4@E-100 E, 3¢ S - 30 N for this
study, which will be termed as Indian region.

Radiative fluxes obtained from INSAT have been
compared with that of the ERBE satellites. The sgapn
radiometer (SR) of the ERBE satellites had broadban
channels at visible (0.2-5.0m) and IR (5.0-50.0um)
regions, as well as a total spectrum channel ab0.@um
(Barkstromet al., 1989). Existence of broadband channel
provided more accurate estimates of radiative dtiesiat
the TOA. We used ERBE S-4 data product (Barkstebm
al., 1989) which comprises monthly 2.% 2.5’ longitude-
latitude box average scanner measurements. Figpdissh
the time series of outgoing longwave radiation (QlaRd
albedo from the ERBE satellites averaged ovetridan
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Figs. 1 (a&b). Time series of monthly mean (a) OLR and

(b) albedo obtained from NOAA9, NOAALO
and ERBS averaged over the Indian region

region. There is a negative bias in NOAA9 and it
bias in NOAA10 when compared to ERBS estimates of
OLR. Biases are of the opposite sign for albeddeky
al. (1993) argued that diurnal sampling simplificago
should be the largest source of error between RBEE
satellites. NOAA9 and NOAA10 were in sun-synchrasmou
orbit with fixed equatorial crossing time. Therefpdata
collected by these two satellites is biased acogrdd
their time of transit over any place. The third HRB
satellite, ERBS was in a non-synchronous orbit vath
drift in equator crossing time during different pes.
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TABLE 2

RMSerror (Wm?) in ERBSINSAT OLR and clear sky OLR for
July 1988 and January 1989 averaged over the Indian region for the
two sets of narrowband to broad band conversion

New constants Old constants

Jul 1988 Jan 1989 Jul 1988 Jan 1989
OLR 10.7 8.2 19.1 18.2
Clear sky OLR 11.8 7.2 25.7 25.2

3. Outgoing longwave radiation

INSAT IR data was in the form of brightness
temperature T,) which is defined as the equivalent
blackbody temperature emitting the same radiandéats
sensed by the satellite. We converted this IR rasiao
wavelength integrated OLR using the relations frblpel
and Gruber (1979):

T = (@a+ 8T (1a)

OLR =0T (1b)

where 0 = 5.67 x 10° Wm? K™ is the Stefan-
Boltzmann constantT; is called the flux equivalent
temperature; a and b are constants of the equatioich
depend on factors like the response function ofstresor
used and vertical water vapour distribution. Arkinal.
(1989) have suggested the following numerical valog
a and b at zero satellite zenith angle

a=1.1889 (2a)

b =-0.000989 (2b)
Magnitude of both the constants decrease as satelli
zenith angle increases. Arkigt al. (1989) at first
averaged the pixel brightness temperature to &2.5°
longitude-latitude grid box and then used the Hdi.to
calculate the OLR. As the equations for the corivaref
narrowband to broadband fluxes are highly nonlintras
may cause substantial underestimate of OLR if the
variability of the scene type is high (Grubstral., 1983)
within a 2.5%x2.5° box. Therefore, we have calculated the
OLR of the individual pixels at first and then aaged

Taking into account both ascending and descendingover a 2.5x2.5° longitude-latitude box to get the OLR of

nodes, ERBS precessed through all local hourspdace

in 36 days (Harrisoet al., 1988). Therefore, on a monthly
mean scale ERBS data should not suffer from diurnal
sampling bias. Therefore, we consider ERBS estithate
radiative fluxes to be the benchmark in this paper.

that box. We found that the variation of a and hhwi
satellite zenith angle did not cause large erronges
the satellite zenith angle was below°5@ the Indian
region. Therefore we have used the nadir valuesd cit
above for the conversion of brightness temperatufiix
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Fig. 2. Difference between ERBS and INSAT OLR for Jul\389
and January 1989. INSAT OLR was calculated usimg th
regression constants after Arlénal. (1989)

temperature. Fig 2 shows the difference betweeBER
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OLR in most of the regions. Errors are relativedgd in
the cloudy regions. The root mean square (RMS)rerr
averaged over the Indian region for these two nmeonths
19.1 and 18.2 Wih respectively (Table 2). The RMS
errors are larger than the errors inherent in tRBEE data.
We have used an empirical technique to reduceetinis.
We have achieved this goal by adjusting the vabfea
and b in Egn. (2). OLR was calculated using the.@qn
for every pixel and averaged over a 2lox for every
images. Average over all the images of a month dglage
monthly mean OLR for that grid box for that montie
selected May 1988 for our empirical method for fingda
and b. RMS error for every grid box was calculatéth
respect to ERBS data for that month and area mé4s R
error was calculated for one set of regression teots
We repeated the whole procedure for a possibleerarfig
values of a and b. Examination of the variationRdMS
error with a and b indicated a region where the RI®r
was a minimum. The result is shown in Fig. 3. Nibizt
the axes are zoomed in at the middle region. Aeyatif
minimum RMS error (< 10 Wif) is clearly indicated.
Selection of values of a and b from this regionuthgive
the lowest error. We have chosen the values giedmb

a=1.1480 (3a)

b =- 0.000790 (3b)

These values ensure that the RMS error is almost
same when we consider the difference between ERBS
and INSAT OLR in both low and high OLR regionsheT

and INSAT OLR for July 1988 and January 1989. INSAT
OLR was calculated using the constants given in E2)n
Large differences are found between ERBE ar®@AN
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Fig. 4. Difference between ERBS and INSAT OLR for Jul\389
and January 1989. INSAT OLR was calculated usimg th
regression constants obtained from the presentrialpi

method

values of a and b chosen by this method is showa as
filled circle in Fig 3. The values of a and b udsdArkin
et al. (1989) is shown as a crossed circle. Hendefog
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Fig. 5. RMS error of the INSAT OLR as a function of ERBER
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will call the present empirically derived constaats new
set and those used by Arléhal. (1989) as old set. Fig. 4
shows the difference between the ERBS and INSAT OLR
for July 1988 and January 1989, where INSAT OLR was
calculated using the new set of regression corstant
Comparing with Fig. 2 one can notice the substhntia
improvement in OLR estimation from INSAT using the
new constants. Area average RMS error has beegeddu
by about 10 W in these two months when compared
with the INSAT(old) (Table 2). Errors in differe@LR
ranges was calculated as follows: INSAT OLR fronriAp
1988 to March 1989 were grouped into different bifs
size 10 Wrif based on the corresponding ERBS OLR
value. RMS of ERBS-INSAT OLR was calculated and bin
average was obtained. The result is shown in Fifjlde
that the RMS error is high for the old set when OkR
above 240 WrA. On the other hand, RMS error obtained
by using the new constants is around 7 Y\emcept in the
range 195-235 Wihwhere it is around 12 W Since
the accuracy of ERBS is around 5 to 10 Wrwe can
conclude that the INSAT OLR obtained by the new
method is as good as ERBS data set. Fig. 6 shaats th
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Fig. 7. ERBS-INSAT clear sky OLR for the two sets of reggien constants in July 1988 and January 1989

RMS error in INSAT(new) is in the range 6 to 13 WWm 4. Clear sky OLR

while for INSAT(old) is around 18 to 21 Wm RMS

error for INSAT(new) is as low as 6 Whior March 1989 Another important radiative parameter is the
when we have highest number of images (243 in)tatad spectrally integrated longwave (LW) flux at the TOA
as high as 13 Wihfor June 1988 when we have lowest under clear sky conditions, termed as clear sky OLR
number of images (154 in total). The need of large Accurate knowledge of clear sky OLR is needed tl\st
temporal sampling is quite evident from this result cloud radiative forcing (CRF). We calculated mowthl
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mean clear sky OLR from INSAT IR data using the 5. Longwave cloud radiative forcing
following algorithm,
The effect of cloud on radiation budget can
(i) Consider 10 pixels of every image with highest conveniently be described by cloud radiative fagcin
brightness temperature from a %32.5° longitude-latitude ~ Clouds absorb the LW radiation emitted by the warme
box. earth and emit LW radiation at a colder temperatirine
cloud top. Hence, presence of cloud reduces theiahud
(i) Calculate the standard deviation (SD) of theselpi  emission of LW radiation to the space, which causas
with reference to the surrounding 8 pixels. warming. This is termed as longwave cloud radiative
forcing (LWCRF) which can be written as
(iii) 1f SD is less than 1.0 K, the pixel is declarec:kear.

LWCRF=Fy -F (4)
(iv) Use Egn. (1) and (3) to calculate spectrally
integrated LW flux from every clear pixel and awgga where F, and F are OLR in clear sky and all-sky
over all the clear pixel from that grid box for thimage. conditions respectively. As.F> F, LWCRF is positive
in general.

(v) Average over all the images of a month to get the
representative clear sky OLR of that month. Fig. 8 shows the spatial distribution of LWCRF from
ERBS, NOAAL1O, INSAT(old) and INSAT(new) for July
The first condition was needed to exclude the gixel 1988. The pattern is same for all the four dates.set
with deep clouds because brightness temperatudee INSAT(new) is closer to ERBS in the tropical
clouds is less. But the pixels with low altitudeuwds still convergence zone (TCZ) than INSAT(old) value. Eiror
remain under consideration since the temperatuiewvof  INSAT(old) LWCRF is not as much as the individual
altitude clouds is not very different from the sud error in F and E; because of the cancellation of bias of the

temperature. We eliminate these pixels with tHead 3’ same sign. Same feature is noticed in January B389
conditions. If a scene is uniformly clear, all thieels in well. Note that INSAT is able to provide CRF datahe
that scene will have nearly equal brightness teatpeg, regions where ERBS has no data. This is because the

unless the underlying surface type changes vaigisai method used to identify clear skies from ERBE dees
rather difficult situation arises in the overcasindition very stringent and hence did not find many cleaelgiin
when there is no clear pixel in a 2150x. But as the clear the Indian monsoon region with samples twice pgr da
sky fluxes are significantly more homogeneous than
overcast fluxes (Ramanatheinal., 1989), the SD of these 6. Albedo
pixels will be higher than pixels from uniformly ear
scene. Therefore, the third condition will elimi@anost The narrow band albedo of INSAT in the visible
cloudy pixels. region (0.55-0.7%um) was converted to broadband albedo
by Lamm et al. (1991) based on June 1988 INSAT
Fig 7 shows the difference between ERBS and measurements and calibrated measurements fromoe pri
INSAT estimated clear sky OLR for the two sets of U.S. geosynchronous satellite GOES-1 which wasl use
constants of narrowband to broadband conversiodutyr over the Indian Ocean to support the 1979 Monsoon
1988 and January 1989. Improvement of about 15-20Experiment (MONEX). For the conversion, diffuse-
Wm? in the estimates can be noticed in most of thegsla  isotropic reflectance was assumed and the reldtipns
using the new constants. Higher error of INSAT(h@w  between the narrowband and broadband albedo was
Saudi Arabian desert and south Indian Ocean in 72838 considered to be a linear transform. Two$ regions
may be attributed to the limitations in the singkannel were taken as the representative of the total negdme
narrowband to broadband conversion, as pointedbgut was over the central Arabian Sea, centered at @5 #nd
Gruberet al. (1994) who compared estimated OLR from 15.(° N, representing a region free of clouds. The secon
NOAA AVHRR narrowband data with that of the ERBE one was the empty quarter of Arabian Peninsulaeced
estimations. We found particularly low error atice®  at 47.3 E and 20.0 N, representing high albedo region.
where water vapour content of an atmospheric colisnn | these regions Smith (1984) provided diurnallyyireg
high. Saudi Arabia and South Indian Ocean is proadband albedo estimates for GOES-1 data avefaged
characterized by low water vapour in July and hence10 day periods during1979 monsoon. INSAT visitaad
errors are high at these two regions. Area aveRI&  set during 1-10 June 1988 was used to get the gsigre
error for July 1988 is 11.8 and 25.7 Wimespectively for  constants of the linear fit between narrowband and
the new and old constants (Table 2).  Similar proadband albedo. INSAT albedo data that was aail
improvements are seen in the other months as well. for this study was converted to broadband usingatiwre
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Fig. 8. Longwave cloud radiative forcing from ERBE and INISfor July 1988

mentioned procedure. There were at most 4 visihbges Fig. 9 shows the difference between ERBS and
per day April 1988 onwards. The Indian region was INSAT albedo for July 1988 and January 1989. itlear
partially covered by sunlight in the 0300 and 1Z0T from the figure that INSAT albedo is lower than ERB
images. Hence, we used 0600 and 0900 GMT images foalbedo particularly over ocean. This low albedos b
our study. INSAT is present in the other months as well. ONdyias
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Fig. 9. ERBS-INSAT albedo for July 1988 and January 1989

is about 2% over ocean. Moreover, this bias is aot
function of either ERBS or INSAT albedo. Therefone
have removed this low albedo bias of INSAT by addin
constant term equal to 2% over ocean. We did nokcb
the albedo over land because the errors in albest@ w
both positive and negative and a complex functibthe
different surface types. In Fig. 10 we have plotthd
RMS error of INSAT albedo at different bins of ERBS

albedo over ocean. INSAT(new) indicates the bias

corrected data. It can be noticed that bias caomdias

decreased the RMS error between ERBS and INSAT
albedo in almost all ranges. RMS error has incibase

slightly at very low albedo. It was found thata@rin
albedo can be reduced substantially if two imagesdpy
(0600 and 0900 GMT) are used for the calculatiateiad

of any single image. For example, RMS error in bias

corrected INSAT albedo (with respect to ERBS) fariA
1988 in the region 55 - 65 E, (*-10° N was reduced by

RMS ERROR in INSAT ALBEDO (OCEAN), APR1988 to MAR1989
T T T
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—o— INSAT(new)

RMS ERROR, %
w

25F

10 15 20 25 30 35
ERBS ALBEDO, %
Fig. 10. RMS error between ERBS and INSAT albedo over

ocean at different bins of ERBS albedo with and
without adding 2%
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3.5% when we used both the images instead of d3 0
GMT image. The reduction in error on account of tise
of two images is due to the automatic eliminatidrsan
glint effect. This is discussed in the next section

7. Clear sky albedo

Albedo under the clear sky condition is a direct
representative of the surface type-atmosphericceffe

MAUSAM4, 1 (January 2003)

In the Rank method, both the IR and visible images
were used to identify clear sky. As the units of IR
brightness temperature and albedo are different, we
introduced a procedure to allocate rank. At firstnanked
all 0600 and 0900 GMT pixel images from lowest to
highest albedo value. We rank the corresponding IR
images from the highest temperature to the lowdsty
these two ranks were added to get a single cumaalati
rank. The lower the cumulative rank the more prddab
that the pixel was clear. We considered five pixalsked
lowest to calculate average monthly mean clear sky
albedo. We did not add any bias term to INSAT rchiey
albedo data.

The effect of Sun Glint was noticed in clear sky
albedo as shown in Fig. 11. Here we have plotted t
RMS error between INSAT and ERBS clear sky albexlo a
a function of the absolute difference between tiarsaand
satellite zenith angles of a grid box. 0600 andCOGMT
images were taken separately to calculate INSA®rcle
sky albedo using SD method. The dashed curve itatica
the original data where all points over ocean were
considered. This shows a high RMS error in INSAGacl
sky albedo when the difference between the solar an
satellite zenith angles is low. This is becausetlod
unusual high INSAT clear sky albedo caused by t&rn
specular reflection of ocean surfaces when solat an
satellite zenith angles are nearly same. We caoverthe
glint effect by excluding the points from our cdhtion
for which relative azimuth angle is more than %20
absolute difference between solar and satelliteittzen
angles is less than 2@&nd the clear sky albedo value is

small for SW radiation and should show a clear greater than the mean of albedo over ocean fomtath.
dependence on the surface property and the angles @y definition, with the first two conditions we hav

measurements. Moreover, clear sky albedo help® us
understand the effect of albedo on CRF. Reflegtioit
cloud is more than the reflectivity of land or ogea
surfaces and temperature of cloud top is genetalg
than that of the surface. Therefore clear skyddtshould

selected the sun glint region approximately. Buittlaé
pixels falling in that region may not suffer thesgecular
reflection phenomena because the shape and sittee of
glint area itself will change with the relative am of
the sun and the satellite and also with the degree

be less than all-sky albedo and clear sky brigistnes roughness of ocean surface. Therefore, we haveogegl
temperature should be more than all-sky brightnessthe third criteria to remove only glint-affecteckgis from

temperature.
develop two algorithms to find monthly mean clehy s
albedo from INSAT pixel data. We call these alduoris
as ‘Standard Deviation (SD) method’ and ‘Rank mdtho
The SD method is a uni-spectral technique wher¢ake
the lowest 5 albedo of a pixel from all availabieaiges of
the month, calculate the SD of those pixels witlke th
surrounding pixels which are in the same scene (el

or ocean; we distinguish between scene types dulketo
sharp variation of albedo over land and oceanthdfSD

We focus mainly on these features tothat region. The solid curve of Fig. 11 shows tesuits

after employing the above mentioned criteria to ceen
glint-affected pixels. Note that the RMS error lear sky
albedo decreases substantially when the difference
between solar and satellite zenith angle is low.

The effect of sun glint also can be eliminated gsin
more than one image for calculation. In Fig. 12 hese
shown the difference between ERBS and INSAT
estimated clear sky albedo over ocean for Deceh@s.

is less than 1.0%, we considered the pixel as clear|NSAT clear sky albedo was calculated using SD weth

Average over all the clear pixels from a month with
2.5° box gives the clear sky albedo of that box fort tha
month.

At first 0600 and 0900 GMT images were taken sdpgra
for the calculation [Figs.12(a&b)],which show a higrror
of about -6% in the glint affected area when comgdato
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Figs. 12(a-c). Difference in clear sky albedo between ERBS &NBAT in December 1988 for
different combinations of INSAT visible images: @00 GMT, (b) 0900 GMT
and (c) 0600 & 0900 GMT combined

ERBS data. When both 0600 and 0900 GMT images were TABLE3
consu_jered, the error has reduced SUbStamI?‘”yEg:)' Clear sky albedo over land and ocean from ERBS and INSAT.
This is due to the fact that our clear sky ideadifion INSAT dlear sky albedo was derived using two separ ate algor ithms

algorithm automatically eliminates glint affectedgin (SD method and RANK method)
albedo valued INSAT pixels when data of two diffare
images are available. Therefore, henceforth, we use Jul 1988 Sep 1988 Dec 1988 Mar 1989
combined 0600 and 0900 GMT images for INSAT clear 40° E-100° E, 30° S-30° N : Land

sky albedo calculation. In Table 3 we have listedam ERBS 20.2 20.4 215 20.2
clear sky albedo from ERBS and INSAT separatelyr ove
land and ocean for 4 months. The Table shows tbtt b
over land and ocean INSAT clear sky albedo estithate INSAT (RANK)  21.0 18.9 19.1 19.0
using the Rank method is closer to ERBS data tharsD
method. This shows the usefulness of multichannel
measurements to identify clear sky. Comparison of ERBS 11.6 10.7 10.8 10.2
Fig. 12(c) with Fig. 9 poi_nts out the der_n_erits sbtropic INSAT (SD) 103 9.7 91 91
reflectance assumption in all sky conditions. Irthbthe

figures INSAT data without bias correction wasd. It INSAT (RANK)  10.9 10.1 9.5 9.4

INSAT (SD) 19.0 17.6 18.0 18.0

40° E-100° E, 30° S-30° N : Ocean
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SHORTWAVE CLOUD FORCING from ERBE and INSAT, JUL1888, W/m"
ERBS

30N 30N

20N
10N 1
EQ-
v
1051

205 1 2051

o S
308 ‘ ; ——=

308 r . - r r r T . r .

40E S0E 60E 70E 80E 90E 100E 40E 50E 60E 70E 80E 90E 100E
INSAT(new)

30N 30N T

S5 "

-90

10N 1 10N\

EQ EQ-
1081 1051
205 20s Y-
308

' . " r r 308 ¢ r : r '
40 50E 60E 70E 8OE 90E 100E 40E S50E 60E 70E 80E 90E 100E

Fig. 13. Shortwave cloud radiative forcing from ERBE an@&IT for July 1988

can be noticed that for clear sky albedo Fig. 1&{eje is the errors in INSAT all sky albedo should be onocart
less bias in INSAT when compared to ERBS as opposedf the isotropic reflection assumption for soladiadion.

to the all sky case (Fig. 9). This can be attridute the

highly non-isotropic reflection from cloud surfacésr 8. Shortwave cloud radiative forcing

which isotropic reflection is a very crude assummption

the other hand, over clear ocean surface the same  Cloud reflects a large amount of SW radiation
assumption seems reasonable. Therefore, a largeopar coming from the sun. Due to the presenteclouds,



CHAKRABORTY & SRIMASAN : RADIATIVE FLUXES — INSAT & ERBE

TABLE 4

RMSerror in (a) net radiation, (b) absor bed solar radiation and (c) OLR, all in W m™, for
three selected sub-regions. INSAT (new) is not tabulated in (b) over the Saudi Arabian region

because INSAT albedo biaswas not corrected over land

(a) Net radiation, Wm?

Jul 1988

Sep 1988

Dec 1988

Mar 1989

NOAA10
INSAT (old)
INSAT(new)

NOAA10
INSAT(old)
INSAT(new)

NOAA10
INSAT(old)
INSAT(new)

NOAA10
INSAT(old)

NOAA10
INSAT (old)
INSAT(new)

NOAA10
INSAT (old)
INSAT(new)

NOAA10
INSAT(old)
INSAT(new)

NOAA10
INSAT (old)
INSAT(new)

NOAA10
INSAT (old)
INSAT(new)

5.8
20.0
14.6

6.6
14.3
6.4

75° E-85° E, 25° S-15° S South Indian Ocean

45° E-55° E, 15° N-25° N : Saudi Arabia

3.6

17.9
10.9

85° E-95° E, 5° N-15° N : Bay of Bengal

4.1

18.6

4.8

13.3

22.0

7.8

4.0

23.1

3.0

9.8
19.1
7.9

3.8
22.3
5.7

3.0 3.4 12.4 9.4
40.8 45.6 315 30.8
17.8 20.9 5.0 6.4
(b) Absorbed Solar Radiation, Wm™
Jul 1988 Sep 1988 Dec 1988 Mar 1989
45° E-55° E, 15° N-25° N : Saudi Arabia
4.8 4.4 10.6 12.3
12.2 9.4 5.8 9.9
85° E-95° E, 5° N-15° N : Bay of Bengal
6.8 75 4.4 41
10.8 15.5 6.0 4.4
6.2 7.4 4.1 5.1
75° E-85° E, 25° S-15° S:: South Indian Ocean
2.9 4.1 10.9 9.1
9.6 18.2 6.0 11.1
4.1 10.9 7.2 5.1
(c) OLR, Wm'?
Jul 1988 Sep 1988 Dec 1988 Mar 1989
45° E-55° E, 15° N-25° N : Saudi Arabia
2.3 2.3 29 3.1
12.8 20.4 18.5 11.3
8.5 4.3 3.8 6.6
85° E-95° E, 5° N-15° N : Bay of Bengal
29 4.9 2.4 1.2
5.6 4.1 18.3 18.7
6.2 7.8 2.1 2.7
75° E-85° E, 25° S-15° S:: South Indian Ocean
0.4 2.2 2.3 1.7
314 27.7 27.7 21.0
14.4 104 8.9 5.0

311
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NET CLOUD FORCING from ERBE and INSAT, JUL1988 W/m"
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Fig. 14. Net cloud radiative forcing from ERBE and INSAT fiuly 1988

albedo of the earth is twice of that it would hdeen in whereag, anda are albedo at clear sky and all-sky

the absence of clouds. Therefore, effect of clondtte conditions respectively and S is the incoming solar

SW radiation is cooling the earth-atmosphere system radiation. Asog, < o in general (one exception is fresh

Quantitative measurement of this effect is describg snow), SWCRF is negative.

shortwave cloud radiative forcing (SWCRF) whichthe

difference between the clear sky and cloudy skigcedd In Fig. 13 we have shown the SW cloud forcing from

SW fluxes: ERBE and INSAT. INSAT(new) indicates the bias

corrected data. Clear sky albedo was calculatedgusi

SWCRF = S§ - a) (5) Rank method. The pattern of SWCRF from both INSAT
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and ERBE is found to be similar wherever ERBE data INSAT(new) net radiation is on account of errorsObR.
available. The estimates of SWCRF from INSAT and In all cases difference between INSAT(old) and ER8S
ERBE are within 10 Wi in most regions. Note again higher than the error inherent in the ERBE data.

that INSAT is able to provide clear sky data inioag

where ERBE has no clear sky data. 10. Net cloud radiative forcing

9. Net radiation Net effect of cloud on the radiation balance of the
earth-atmosphere system is termed as net cloudtiaai
Net radiation is the measure of the net amount offorcing (or simply CRF) which can be written as
energy available for the earth-atmosphere systéns |
defined as CRF = SWCRF + LWCRF ©)

N =S(1-a) -F ) (6 where SWCRF and LWCRF are SW and LW cloud
radiative forcing respectively. As these two partersare
Where, S is the incoming solar radiation at the TOA opposite in sign (Egns. 5 and 4), net cloud forasess
o is the albedo and F is OLR. in magnitude than its individual components. Fldg.
shows the spatial distribution of net CRF from ER&t
Net radiation from INSAT was estimated using the INSAT. INSAT(old) refers to old INSAT OLR and
OLR and albedo data sets generated in the previou®riginal INSAT albedo data. INSAT(new) stands foet
sections. Data for incoming solar radiation wagtekom  new INSAT OLR and bias corrected INSAT albedo over
ERBS since INSAT did not provide measurements isf th ocean. Large negative CRF (~30-50 Wan be noticed
parameter. A set of 2810° sub-regions from the total —over cloud covered TCZ regions in both the months.
area was chosen for net radiation comparison. Téglp ~ 9eneral, the pattern of the INSAT(new) CRF is dldse
shows the RMS error in net radiation between ERBG a ERBE than INSAT(old) CRF. Similar pattern of net ER
other data sets for three such selected sub-regidtes  Was also noticed for January 1989.
have shown the error between ERBS and NOAA1O to
depict the range of error inherent in ERBE dateothiced ~ 11. Conclusion
due to different crossing time of these satellibeer a
place. INSAT(new) indicates that we used new OLRda We have studied the radiation budget in the Indian
set and INSAT albedo bias was corrected. INSAT(old) egion using INSAT-1B data. Two of the three raidiat
stands for old OLR set and without bias correctbedo  budget componentsjz OLR and albedo, were estimated
over ocean. Note that RMS error in net radiation fo Using INSAT data. INSAT-1B did not provide
December 1988 and March 1989 in the Saudi Arabianmeasurement of the third component, namely, thielemt
region between INSAT(new) and ERBS is less thamh tha solar radiation at the TOA because INSAT-1B did not
between ERBS and NOAA10. Same feature can behave a solar monitor. We have used ERBE measurement
noticed for the same months over south Indian OcearPf this quantity in our study. The constants fonwersion
region. RMS errors in NOAA10 and INSAT(new) when O©f brightness temperature to flux equivalent terapee

compared to ERBS for the Bay of Bengal region areWwere obtained by minimising the RMS error _between
comparable. Error in net radiation can originatenf the ~ ERBE and INSAT for May 1988 in the Indian regiomeT

error in absorbed solar radiation and error in Qfiet new set of constants of the empirical relation dases the
and second terms of Eqn (6), respective|y]_ Toeusizhind error in the estimates of OLR from INSAT brightneSS
the relative contribution of these two terms to ¢éneor in ~ temperature data when compared to the previoussset
net radiation we have listed the RMS errors in dist Py Arkin et al. (1989). As an example, the area mean
solar radiation and OLR for the same regions amdesa RMS error for the old set for the month July 1988sw
months in Tables 4(b&c). To calculate the absorseidr ~ 19.1 Wn¥ and that for the new set was 10.7 Wr&rror
radiation we used the incoming solar radiation @fhom  in INSAT OLR compared to ERBE was found to be
ERBS for all the cases. Therefore, difference in tarm  related with the number of INSAT IR images avaiéafur
follows the difference in albedo only. In Table ¥(b that month. Broadband albedo of INSAT was founthéo
INSAT(old) refers to the original INSAT albedo datad  Systematically lower than that of ERBS over océawas
INSAT(new) refers to the bias corrected INSAT albed shown that the bias can be removed by adding 2% to
data. Notice that the large error in NOAA10 netiatidn ~ INSAT albedo over ocean, which substantially redube

is mainly because of the large error in absorbddrso ERBS-INSAT RMS error in albedo. It was argued theat
radiation in December 1988 and March 1989 in thedsa Main source of error in INSAT albedo was the asgianp
Arabian region, where INSAT(old or new) is closer t Of isotropic reflection in the algorithm of narromid to
ERBS. Over south Indian Ocean re|ative|y |arge remo broadband conversion of INSAT visible data. A bi-
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spectral algorithm was used to identify clear sky avas
found to provide a better estimate of clear skgdtbthan
a method that uses only visible data. We have shbaih
the effect of sun glint over ocean can introduceren the
estimates of monthly mean clear sky albedo if amhe
image per day is used. Net radiation calculatedgugie
new OLR data set along with the bias correcteddalbe

over ocean was in good agreement with ERBS broatiban
estimates. We have demonstrated that operationaPr

satellites such as INSAT that carry narrowband @ens

can provide a reasonable accurate estimate of uario

radiation budget parameters. There is, howevegeal o
tune some of the parameters used for the conversion

narrowband fluxes to broadband fluxes. These tuning

parameters will vary from region to region. Hente t
accuracy achieved in the narrow to broadband ceioser
in the Indian region may not be attained in otreggions

of the world.
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