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Abstract. Radiative properties of clouds over the Indian sub- ing RRTM to identify the parameters that control the nega-
continent and nearby oceanic regions (H8560-100 E) tive NETCRF observed over these regions during the sum-
during the Asian summer monsoon season (June—Septembar)er monsoon season. Increase in atmospheric water vapor
are investigated using the Clouds and Earth’s Radiant Eneontent during the summer monsoon season is found to influ-
ergy System (CERES) top-of-the-atmosphere (TOA) flux ence the negative NETCRF values observed over the region.
data. Using multiyear satellite data, the net cloud radiative

forcing (NETCRF) at the TOA over the Indian region dur-

ing the Asian monsoon season is examined. The seasonal

mean NETCRF is found to be negative (with its magnitude1 Introduction

exceeding~ 30 Wm~2) over (1) the northern Bay of Ben-

gal (close to the Myanmar—Thailand coast), (2) the WesterrRadiation at the top of the atmosphere and surface of Earth
Ghats and (3) the coastal regions of Myanmar. Such strongrre significantly modulated by the presence of clouds in the
negative NETCRF values observed over the Indian monsoomtmosphere. Effect of clouds on the Earth’s radiation bud-
region contradict the assumption that near cancellation beget can be gauged by cloud radiative forcing (CRF), which
tween LWCRF and SWCREF is a generic property of all trop- is defined as the difference between clear-sky and total-sky
ical convective regions. The seasonal mean cloud amountadiation (Charlock and Ramanathan, 1985). CRF can be es-
(high and upper middle) and corresponding cloud opticaltimated directly from satellite observation at the top of the
depth observed over the three regions show relatively largatmosphere (TOA) (Ramanathan et al., 1989; Harrison et al.,
values compared to the rest of the Indian monsoon region1990) as well as at the surface by means of satellite inversion
Using satellite-derived cloud data, a statistical cloud verti-and modeling (Zhang et al., 1995; Rossow and Zhang, 1995;
cal model delineating the cloud cover and single-scatteringPavlakis et al., 2008). Studies have shown that global average
albedo was developed for the three negative NETCRF reTOA shortwave cloud radiative forcing (SWCRF) is nega-
gions. The shortwave (SW), longwave (LW) and net cloud tive, while TOA longwave cloud radiative forcing (LWCRF)
radiative forcing over the three negative NETCRF regions areis positive, with the net effect being cooling of the Earth—
calculated using the rapid radiative transfer model (RRTM)atmosphere system. However, over tropical convective re-
with the cloud vertical model as input. The NETCRF es- gions, TOA LW and SW cloud radiative forcing are found
timated from CERES observations show good comparisorto cancel each other (Ramanathan et al., 1989; Kiehl and Ra-
with that computed using RRTM (within the uncertainty limit manathan, 1990; Kiehl, 1994; Hartmann et al., 2001; Futyan
of CERES observations). Sensitivity tests are conducted uset al., 2004). Kiehl (1994) theorized that occurrence of cloud
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tops close to tropical tropopause over the western Pacific rethe Indian region during the summer monsoon season is yet
sults in the observed near cancellation between the SW antb be carried out. Objective of the present study is to un-
LW CRF. Jensen et al. (1994) studied the sensitivity of TOA derstand the influence of these parameters on the observed
flux to cloud micro/macrophysical properties using a 1-D ra- negative NETCRF over the Indian region during the sum-
diative transfer model and observed that net radiative forcingner monsoon season. This paper delineates various negative
of cirrus near the tropical tropopause is positive for cloud NETCRF regimes observed over the Indian region during
optical depths less thatr 16 and negative for larger opti- the summer monsoon season using the Clouds and Earth’s
cal depths. Studies show that changes in cloud particle sizRadiant Energy System (CERES) TOA flux data and exam-
and optical depth can cause the net cloud radiative forcingnes the factors that control it. The influence of cloud mi-
(NETCREF) to vary between positive or negative values de-cro/macrophysical properties and environmental variables on
pending on the magnitude and direction of change (Zhanghe cloud radiative forcing over the Indian region is analyzed
et al., 1999). Feedback of cloud radiative properties on theusing satellite observations and modeling. The paper is di-
climate can be either positive or negative depending on thevided into following sections. Section 2 describes the data
cloud microphysics and single-scattering properties (Liouused in the estimation of CRF and error analysis. Section 3
and Ou, 1989; Stephens et al., 1990). examines the radiative transfer model used for the compu-
There exist few convective regions over tropics where neatation of TOA flux and different parameterization schemes.
cancellation of SW and LW CREF is not strictly followed (Pai Section 4 examines the CERES observation of CRF over
and Rajeevan 1998; Rajeevan and Sreenivasan, 2000; Hathe Indian region. Section 5 describes the comparison of
mann et al., 2001; Futyan et al., 2004; Balachandran and R&NETCRF from CERES and RRTM simulations and various
jeevan, 2007). Rajeevan and Sreenivasan (2000) showed (usensitivity analyses performed. Section 6 and 7 summarizes
ing ERBE data) that NETCRF is negative for a sizeable areahe main results of the paper.
over the Indian region during the summer monsoon season.
Long-term studies show that the northern Bay of Bengal re-
gion during the summer monsoon season is characterized by Data and methodology
a large amounts of high clouds with cloud-top altitude close
to the tropical tropopause (Devasthale and Fueglistaler, 2012.1 CERES TOA flux data
Meenu et al., 2010). The region also experiences the highest
integrated latent heat release observed over the planet duriribhe mean cloud radiative forcing over the Indian region dur-
the Asian summer monsoon season (Zuluaga et al., 2010)ng the summer monsoon season (June—September) of 2002—
Rajeevan and Srinivasan (2000) proposed that the presen@905 was derived by analyzing the TOA flux data from the
of large amounts of optically thicker high-level clouds are the CERES Aqua SRBAVG-GEO (edition 2A) data set, which
main reason behind the observed negative NETCRF over theontains the monthly mean regional TOA total-sky and clear-
Bay of Bengal. Balachandran and Rajeevan (2007) showedky radiative fluxes (LW and SW) in a°k 1° latitude—
that NETCRF over the oceanic regions of the Indian mon-longitude grid. CERES SRBAVG-GEO data use narrow-
soon region is strongly correlated with changes in high-band radiance from geostationary meteorological satellites
cloud amount, while over the land regions, both middle- andto account for changes in flux and cloud conditions between
high-cloud amount variations make a substantial contribu-daily CERES observations, which reduce temporal sampling
tion. Patil and Yadav (2005) observed that NETCRF over theerrors. The uncertainties in the estimated CERES TOA flux
Asian monsoon region undergoes a year-to-year variabilityare relatively small compared to that derived from the ERBE
with a maximum magnitude in 1988 and minimum in 1987, data (Loeb et al., 2005), mainly due to better scene identifi-
indicating association between monsoon rainfall activity andcation and incorporation of better angular distribution mod-
CRF over the region. Roca et al. (2004) studied the influenceels (Smith et al., 2012). CERES SRBAVG clear-sky monthly
of atmospheric water loading on the LW cloud radiative forc- mean TOA fluxes are derived from CERES Single Scanner
ing over the Bay of Bengal using idealized radiative transferFootprint (SSF) data that are completely cloud-free accord-
computations, and showed that negative cloud radiative forcing to 1 km resolution Moderate Resolution Imaging Spec-
ing is closely associated with increased atmospheric watetroradiometer (MODIS) data. However, due to the coarse
vapor loading. spatial resolution of the CERES instrument (20 km at nadir),
Earlier studies suggest that the negative NETCRF ob-estimation of clear-sky flux is possible only from geograph-
served over the Indian region (028, 60—100 E) during ical regions where clouds occur less frequently and cloud-
the Asian summer monsoon season is mainly influenced byree regions have a relatively large area. Because of this,
the cloud macrophysical properties (cloud amount, cloudclear-sky flux maps from CERES SRBAVG-GEO contain
height) with little understanding of the impact of microphys- many gaps (no clear-sky flux data), especially over the In-
ical (cloud optical depth, particle size and habit) and environ-dian monsoon region. In order to circumvent this problem,
mental variables (water vapor, SST). A comprehensive studyr OA clear-sky flux data from the CERES Terra Energy Bal-
detailing the influence of these variables on NETCRF overanced and Filled (EBAF) edition 1A product (Loeb et al.,
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2009a) were used in the present study. CERES EBAF datélLoeb et al., 2009a). An additional error term equal to the
provide TOA clear-sky fluxes for many overcast regions thatstandard error of the regional mean TOA flux is also added
have no CERES clear-sky observations over the course of to the sampling error term. The term “algorithm error” refers
month. CERES SSF TOA clear-sky fluxes require 99 % ofto the errors associated with data retrieval, which in this case
MODIS pixels (with 1 km nominal area) within the CERES mainly stems from uncertainties associated with narrow-to-
footprint (20 km nominal) to be classified as clear. However, broadband conversion of radiance, angular distribution mod-
in a overcast cloudy region, there may be a 1km clear-skyels (ADM) and scene identification, whereas calibration error
patch present inside a 20 km footprint region. The CERESrefers to the instrument measurement error (level 1 product
EBAF product uses this clear-sky MODIS pixel radiance to error). More details regarding the of CERES TOA flux esti-
derive broadband radiances, which are constrained to thenation and associated uncertainties can be found in Loeb et
overall CERES footprint to derive the TOA clear-sky flux. al. (2009a) as well as in the CERES EBAF data quality sum-
In the present study, monthly mean TOA total-sky flux from mary document. In the present analysis, it is assumed that
CERES SRBAVG-GEO product and monthly mean TOA sampling, calibration and algorithm errors associated with
clear-sky flux from the CERES EBAF product are used inthe CERES TOA flux are uncorrelated and independent. The
the estimation of cloud radiative forcing over the Indian re- total uncertainty in the TOA flux due to these different error
gion during the summer monsoon season. More details resources can be expressed as (Chambon et al., 2013)
garding the CERES EBAF data set are available onlirtig(
Ilceres.larc.nasa.gov/products.php?product=EBAFJTOA  8TOAFLUX = \/ 8Zampling T Sealibration™ Saigorithnt (5)
CRF is used as a metric to assess the radiative impact of
clouds on the climate system, which is defined as the dif-Using the above equation, uncertainty in the CERES TOA

ference between TOA clear- and total-sky flux. Using the ¢leéar- and total-sky flux (LW and SW) is estimated. The un-
CERES TOA flux measurements, the cloud radiative forcingCertainty computations are performed at the monthly mean
is calculated by taking the difference between TOA clear-skyScale using error estimates for &1 1° latitude—longitude

and total-sky flux: grid area. _ o

In order to estimate the uncertainty in NETCREF, the effect
SWCRF= SWjear— SWotal, (1) of propagation of variable uncertainty on the uncertainty of
LWCRF = LW cjear— LWiotal ) a function is to be considered. From Eq. (4), it can be seen

that NETCREF is a function of SW and LW flux. Hence total
where the subscripts “clear” and “total” represent the TOA uncertainty associated with the CERES NETCRF measure-
clear-sky and total-sky fluxes, respectively. The net cloud ra-ment is related to uncertainties in CERES SW and LW flux

diative forcing (NETCRF) at the TOA is estimated by adding (Loeb et al., 2009b). Using the general law of error prop-

the shortwave and longwave cloud forcing: agation, it is possible to analytically determine how mea-
surement uncertainty propagates into quantities, which are

NETCRF= SWCRF+ LWCRF, 3) functions of the measurement. For a multivariable function
y(x1,x2,x3,...xy), the total uncertainty iy due to uncer-

which can be re written as tainty in the input variables (assuming that error contribu-

tions are small compared to the absolute value of the vari-
NETCRF= SWelear+ LWeiear— (SWhotal + LWiota). ~ (4)  aple) can be expressed as (Taylor, 1982; Lo, 2005)

To determine the cloud radiative forcing over the Indian re- 9y 3
gion, the monthly mean TOA total-sky flux from CERES sy = Z((sx —)24 Z (R;j8x;8x;— y o ) (6)
SRBAVG-GEO and the clear-sky flux from the CERES Xi itj=1 dx; 9x

EBAF data set during the summer monsoon season (June—
September) of 20022005 are used. wheredy is the total uncertainty iry, §x; anddx; are the

uncertainties associated with the input variablesaqdx ),
2.2 Uncertainty analysis andR;; represents the correlation coefficient between the in-
put variables. The uncertainty in is governed by the (a)
This section presents the methodology used to compute thehange iny for a given change in the variables and x;
total uncertainty in CERES TOA NETCRF due to uncertain- (partial derivatives), (b) uncertainties in the input variable
ties in the CERES TOA flux. Uncertainties in the CERES andéx;, and (c) how the variableg andx; are correlated.
flux measurement can be broadly categorized into three maiif x; andx; are not correlated and independent of each other,
components: sampling errors, calibration errors and algothe second term in Eq. (6) vanishes and the equation takes the
rithm errors. Sampling error refers to error associated withform of a Gaussian error propagation formula (Taylor, 1982;
time sampling and spatial averaging of the data associEvans et al., 1984). Depending on the correlation between
ated with the instrument normalization (Young et al., 1998), individual input variables and sign of the product of partial
which corresponds to 0.3Wm for the SW and LW flux  derivatives in the second term of Eq. (6), uncertainty aan
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increase or decrease. The uncertainties in the CERES TOAuxes from ISCCP-FD with ERBE and CERES suggests that
SW and LW (clear- and total-sky) flux represent the input there exists an uncertainty on the ordero5—10 Wnt2 in
variables in the Eq. (6), ank represents the correlation be- the calculated TOA flux from the ISCCP-FD data set. Details
tween these two variables. However, if TOA flux from two regarding the data and methodology adopted in the estima-
different data sets are used for computing the NETCRF (e.g.tion of ISCCP-FD flux are provided in Zhang et al. (2004)
total-sky flux from CERES and clear-sky flux from ECMWF and Rossow et al. (2005). In the present study, TOA SW and
reanalysis), the input fluxes will not be correlated and thelLW fluxes from the ISCCP radiative flux data set (ISCCP-
second termin Eq. (6) will vanish. In the present analysis, un+D) for the June—September months of 2002—2005 are used
certainty in the CERES TOA SW and LW flux (using Eqg. 5) to estimate the seasonal mean CRF over the Indian region.
as well as the correlation coefficient between the fluxes are

computed. Using these values as input in Eq. (6), the total

uncertainty in the NETCRF is estimated. 3 Rapid radiative transfer model

2.3 Cloud data The rapid radiative transfer model (RRTM) is a band model
for the calculation of longwave and shortwave atmospheric
The seasonal mean cloud parameters from the CERE®adiative fluxes and heating rates (Mlawer et al., 1997; la-
SRBAVG2-GEO data set for the summer monsoon seasoicono et al.,, 2000; Clough et al., 2005). RRTM uses the
of 2002—2005 are used in the study. The SRBAVG2-GEOcorrelated-k method, which is an accurate and computation-
cloud data include layer-averaged monthly mean cloud andilly fast radiative transfer scheme. TOA LW fluxes calculated
aerosol retrievals from MODIS and geostationary satellitesby RRTM agree with those computed by line-by-line radia-
(Remer et al., 2005; Menzel et al., 2008). The MODIS- tive transfer model within- 1 Wm~2 range, while SW fluxes
derived cloud fraction and cloud optical depth are believedagree within~ 1.5 Wn12 range (Clough et al., 2005; Mor-
to be more accurate than that from geostationary satellitesrette et al., 2008). During the Spectral Radiance Experiment
owing to the higher quality of the MODIS data. Studies (SPECTRE), results from the RRTM flux simulations are val-
show that MODIS could detect (over tropics) cirrus clouds idated against other radiation models for various atmospheric
of cloud optical depth as low as 0.02 with an uncertainty conditions (tropical, mid-latitude summer/winter) (Ellingson
factor of 2 (Dessler and Yang, 2003). However, combiningand Fouquart, 1991; Ellingson and Wiscombe, 1996). An
geostationary satellite data measurements with the CERESmportant feature of RRTM is that it incorporates Monte
MODIS data minimizes the temporal sampling errors and in-Carlo independent column approximation (MclCA) to rep-
corporates the diurnal variation in cloud amount and TOAresent sub-grid cloud variability (Barker et al., 2003; Pincus
flux between the two daily MODIS Aqua measurements. Theet al., 2003). A 1-D column version of RRTMG is used in
SRBAVG2-GEO cloud data provide information about re- the present study to compute the TOA fluxes. RRTM input
trieved cloud parameters in four atmospheric layers that arelata typically consist of surface emissivity, cloud/aerosol op-
a combination of MODIS- and geostationary-derived cloudtical depth; altitude profiles (60 atmospheric pressure levels)
retrievals. Seasonal mean values of cloud fraction, cloud-of temperature, pressure, cloud fraction and single-scattering
top height, cloud particle size and cloud optical depth avail-albedo; atmospheric mixing ratio profiles of water vapor,
able from the SRBAVG-GEO cloud database for high (cloud- ozone, CQ, methane and other trace gases; etc.

top pressuré: <300 hPa), upper-middlé: (= 300-500 hPa), In the present study, a tropical model atmosphere incor-
lower-middle ¢ =500-700 hPa) and low-levet & 700 hPa)  porating the above-mentioned parameters is used as input
clouds, respectively, are used in the analysis. in RRTM simulations. An idealized altitude profile of at-
mospheric water vapor mixing ratio is built and used in the
2.4 ISCCP-FD TOA flux data model simulations. For this purpose, an altitude profile of rel-

ative humidity (RH) in the atmosphere is constructed follow-
The International Satellite Cloud Climatology Project (IS- ing the methodology adopted in Roca et al. (2004). In or-
CCP) data comprise an archive of more than 20 years ofler to construct the vertical profile, first it is assumed that
global cloud observations. ISCCP data utilize the radiancahe relative humidity is constant in the atmospheric bound-
information from a series of geostationary satellites to cre-ary layer (between surface and to 850 hPa) and in the strato-
ate 3-hourly global maps of cloudiness. The ISCCP-FD dataspheric layers (<100 hPa). An RH value of 85 % is assumed
are an improved version of a previous ISCCP radiative fluxfor the boundary layer and 10 % for the stratospheric layer
product (Zhang et al., 1995) and provide radiative fluxes atin all the profiles. The free-tropospheric (between 850 and
the TOA, surface and several levels within the atmospherel00 hPa) humidity is then varied from 5 to 100 % in steps of
(zhang et al., 2004). ISCCP-FD data provide global total-5 to create a number of RH altitude profiles. By converting
sky and clear-sky fluxes (at surface, 680 mbar, 440 mbarthe relative humidity to corresponding water vapor mixing
100 mbar and TOA) for every 3h interval in the short- ratio, a number of idealized water vapor mixing ratio profiles
wave and longwave range. Intercomparison of monthly mearare created. The precipitable water (PW) concentration for
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each profile is estimated by integrating the water vapor mix-formation about the vertical cloud overlap in the model, can
ing ratio from the surface to the top of the model atmosphericlead to large errors in the estimated radiative fluxes. In or-
layer. In the present model simulations, changing the free-der to circumvent this problem, most models employ cloud
tropospheric humidity (from 5 to 100 %) in the model atmo- overlap schemes for computing the radiative fluxes (Collins,
spheric profile leads to a corresponding change in the PW2001; Zhang et al., 2004; Rossow et al., 2005; Cole et al.,
from 33 to 68 mm. 2011). Cloud overlap schemes are also used by satellite sim-
Using RRTM, TOA flux is estimated for every half-hour ulators in comparing the simulated cloud data with obser-
interval for a full day, which is then integrated to obtain vations from passive or active remote sensing instruments
the daily mean TOA SW and LW flux. The total-sky SW (Klein and Jakob, 1999; Webb et al., 2001; Zhang et al.,
and LW fluxes are estimated by incorporating cloud parame2005; Bodas-Salcedo et al., 2011). Most radiative transfer
ters (cloud cover, optical depth and single-scattering albedomodels use vertical cloud overlap schemes like maximum
into the model computation, whereas clear-sky flux estima-overlap, random overlap or a combination of maximum and
tion does not include any cloud data. In the computation ofrandom overlap between cloud layers. In the present study,
total-sky LW flux using RRTM, an altitude profile of mean a cloud vertical model is developed using a type of maxi-
cloud cover and cloud optical depth (from CERES data) formum/random cloud overlap scheme.
the study region is used. For the total-sky SW flux computa- Geleyn and Hollingsworth (1979) theorized that if clouds
tion, in addition to cloud cover and optical depth, an altitude appear in two adjacent atmospheric layers, such cloud layers
profile of single-scattering albedo is also required (which isare usually vertical parts of the same cloud and there should
not available from the satellite measurements). In additionbe maximum overlap between them. Maximum overlap be-
the model also requires information regarding vertical over-tween two cloud layers can be expressed mathematically as
lap between different cloud layers. However, satellite-derived
cloud cover data do not provide information about over-
lap among different cloud layers in the atmosphere, with-Cmax= maxCy, C,-1), (7)
out which modeling of TOA flux is difficult. To circumvent
this deficiency, parameterization schemes are used to deteythereC, andC,_1 represent the cloud fraction of two ad-
mine the vertical overlap between different cloud layers andiacent cloud layers andmax represents total cloud amount
cloud single-scattering albedo (ice and water clouds). Detail$lue to the overlap of two cloud layers. The random overlap
regarding the cloud overlap scheme and single-scatteringSsumption holds true only when the cloud layers are sepa-
albedo parameterizations are described in the subsequefited by atleast one clear-sky layer. The random cloud over-

sections. lap scheme assumes that the cloudiness in any given cloud
layer is independent of the cloudiness of other layer (War-
3.1 Parameterization schemes ren et al., 1985). The total cloud amount in a vertical column
assuming random overlap between cloud layers can be ex-
3.1.1 Cloud overlap pressed mathematically as (Stephens et al., 2004)
l
Modeling of radiative flux due to clouds is complicated _
by difficulties in parameterizing its single-scattering proper- Ctotal = 1_H(1_ Cn). ®

ties (Liou, 1986) and cloud vertical structure (Weare, 1999;

Rossow et al., 2005). Satellite observations of multilayeredwhereCioia is the total cloud amount an@, is cloud frac-
clouds from space only provide information about the top-tion for a given cloud layex. Tian and Curry (1989) showed
most cloud layer encountered with lower level clouds beingthat clouds tend to follow the maximum overlap scheme for
either fully or partially observed. If there is no overlap among a small horizontal cloud area, whereas they follow the ran-
different cloud layers in an atmospheric column, then clouddom overlap for a large horizontal area %00 kn?). But in
amount at each level observed by the satellite is the actualeality, there are no completely random or maximum cloud
cloud amount. However, this assumption does not hold trueoverlap occurrences in nature but rather specific combina-
in most cases involving partially cloudy skies. When theretions of cloud types associated with specific meteorological
is overlap among different cloud layers, information about conditions (Hahn et al., 2001; Rossow et al., 2005). Whether
the actual amount of cloud in the lower levels is not fully observed from satellites or surface, there exists a specific
recorded by satellites. Even with enhanced satellite and sureverlap relationship among different cloud types for each
face observation capabilities, information about cloud ver-meteorological situation. In the present study, we are try-
tical structure is rather limited. The presence of partially ing to develop a cloud overlap scheme that represents the
filled cloud layers in the atmosphere creates problems iraltitude structure of a convective cloud system characterized
the model computation of the radiative fluxes because of thédy contiguous cloud layers. Since contiguous cloud layers
nonlinear relation between cloud properties and TOA fluxescan be expected to possess a fairly high degree of vertical
(Bergmann and Hendon, 1998). This, along with lack of in- correlation, a combination of random and maximum overlap
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Cloud Vertical profile high-cloud block in the model atmosphere are defined be-
tween the CERES mean high cloud-top pressure (usually
between 180 and 250 hPa in the model) and upper-middle
cloud-top pressure (between 300 and 400 hPa in the model).
In the present cloud overlap scheme, the effective cloud frac-
tion for all high-cloud layers in the model will be equiva-
high lent to the CERES high-cloud fraction since all cloud lay-
ers with in a particular cloud block are maximally over-
lapped. Effective cloud fraction for the upper-middle cloud
block in the model is estimated assuming random overlap
(using the Eg. 7) between the CERES high-cloud and upper-
middle-level cloud fraction. This newly estimated cloud frac-
tion (using Eq. 8) is assigned to all the layers in the upper-
Lower middle middle cloud block (maximum overlap) in the model atmo-
sphere defined between the upper-middle cloud-top pressure
and lower-middle cloud-top pressure. Using this methodol-
ogy, effective cloud fraction for lower-middle and low-level
low clouds are also estimated. The base of the newly constructed
cloud vertical profile is fixed at the top of boundary layer
(850 hPa), while the cloud top coincides with that of the high-
level cloud.

Upper middle

Altitude levels

Surface

3.1.2 Cloud single-scattering albedo (SSA)
Cloud cover
Figure 1. Schematic of a typical vertical distribution of cloud frac- For estimating TOA SW flux using RRTM, altitude profile

tion. Each shaded block represents the effective cloud amount fop_f cloqd SSA is required alon_g with cloud cover informa-
the respective cloud group estimated using the cloud fraction datdion- Single-scattering properties of clouds are governed by
and cloud overlap (maximum/random) scheme. the cloud particle size, shape and water content. They also

vary over a large range of values depending on the wave-
length band under consideration. In this section, parameteri-

schemes is used to represent the cloud vertical structure. HedAdtlon schemes used for deriving the smg_le-scattermg albedo
itis assumed that cloud layers belonging to a particular cloudSSA) Of ice and water clouds are explained. SSA parame-
block (e.g., all the cloud layers in the high-cloud group) in terization provides a mathematical relationship between the
a convective system are maximally overlapped, whereas ao(;Ioud properties (particle size, optical depth, water content)

jacent cloud blocks are randomly overlapped (e.g., betvveeﬁnd single.—scattering albedo. Several attempts were made to
high- and upper-middle cloud group). Therefore, effective parameterize the SSA of a cloud syste_m solely based on the
cloud fraction for all the cloud layers belonging to a par- cloud water content alone (Sun and Shine, 1994, Platt, 1997).

ticular cloud block will remain the same (due to maximum However, it was observed that cloud water content alone is

overlap), whereas it will change from one cloud block to an- Insufficient and information about the cloud particle size is
other (due to random overlap between two adjacent cloud!SC required in the parameterization of SSA (Wyser and
blocks). Chou et al. (1998) also adopted a similar type 0fYang, 1998). For water clouds, the single-scattering proper-
maximum/random assumption with maximum cloud overlapties can be effectively parameterized either in terms of their
in each of the three cloud regions (lower, middle and upper@V€'ag€ size (Slingo, 1989; Hu and Stamnes, 1993) or based
troposphere) and random overlap between these cloud ré2" th.e water content/_opt.l'clqu. depth (Fougquart and Bonnel,
gions. Using this methodology (Eq. 7) and Eq. (8), an altitude}980; Fouguart, 1985; Raisanen, 1999). Using the parame-
profile of cloud cover is constructed using the cloud fraction t€fization methodology of Fouquart (1985), single-scattering
data. A graphical representation of typical altitude structure@Dedo ) for water clouds is estimated for different values

of contiguous cloud layers calculated using the cloud overlag?! cloud optical depth. The parameterization equation can be
scheme is shown in Fig. 1. expressed as (Fouquart, 1985)

The cloud vertical model is built as foIIow;: the CER!ES w=1—(9x10%+275x% 10—3(th 1) exp(—0.097)), (9)
SRBAVG-GEO layer-averaged cloud properties are defined
mainly for four cloud groups — high-, upper-middle, lower- wherep is the solar zenith angle andis the cloud optical
middle and low-level clouds. The mean cloud-top pressuredepth. This equation is based on calculations for a lower-
for each cloud group defines the boundary of cloud blockstropospheric cloud with a specific drop size distribution hav-
in the model atmosphere; that is, cloud layers belonging to ang effective radius of 9.9 um. Using the above formula, SSA
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values were calculated for water clouds with varying opti- summer monsoon season of 2002-2005 derived from the
cal depth and used in the present study. Unlike water cloudsCERES TOA flux data. From Fig. 2, it can be seen that large
spherical particle assumption is not valid in determining thepositive LWCRF values (>60 Wn?t) and negative SWCRF
single-scattering properties of ice clouds since they take orvalues (<—100 WnT12) are observed over oceanic (northern
a variety of shapes like plates, hexagonal crystals and bulBay of Bengal and northeast Arabian Sea) and land regions
let rosettes (Schmidt et al., 1995). Because of this, singlealike (coastal Myanmar, Thailand, Cambodia, inland regions
scattering albedo of ice clouds is defined mainly by the ef-of China and Western Ghats). The absolute magnitude of
fective cloud particle size (Hu and Stamnes, 1993; Fu, 1996)SWCRF is greater than LWCRF over regions where LWCRF
The effective particle size of a ice cloud can be mathemati-values exceed 60 Wn$ (similar observations were also re-

cally defined as ported by Rajeevan and Sreenivasan (2000) using ERBE
data). Absolute values of LWCRF and SWCRF show rela-
L?aXV(L)n(L)dL tively lower values over the rest of the oceanic and land ar-
Linin eas. Figure 3 shows the seasonal mean variation in NETCRF
R=3/4 7V E— (10)  over the Indian region during the summer monsoon season
[ A(L)n(L)dL of 2002-2005. From Fig. 3, it can be seen that seasonal
Lmin mean NETCRF shows large variation over the Indian re-

gion with values ranging frors-30 to —80 Wn 2. No spe-

X . ) cific pattern exists in the regional variation in NETCRF over
ume of the crystalA(L) is the projected area andL) is the Indian region. Based on the seasonal mean variation in

the size distribution. The parameterization scheme takeSimRIETCRF the Indian region can be categorized into three

aCCO.“”F the eﬁegtlve size OT ice crystal, Wh'.Ch removes thedistinct NETCRF regimes: (a) a positive NETCRF regime
ambiguity regarding the particle shape and size from the SS > 20 WnT2) over the south of the Indian land mass as well
estimation. The single-scattering albedo of an ice crystal ca

s over the Sri Lankan region; (b) near-zero NETCRF (be-
be expressed as (Key etal., 2002) tween +20 and —20 Wm2) over the oceanic regions to
w; = bo+b1R +byR? + b3R3, (11) south of the Indian land mass as well as over northern In-

dia; and (c) a negative NETCRF regime+20 Wnm2) over
whereby, b1, by, andbs are the empirical coefficients deter- the northern Bay of Bengal close to the coast of Myanmar,
mined through regression for different SW spectral bands (i)Bangladesh, Myanmar, inland china and over the northeast-
andR is the mean ice particle size (estimated from CERESern Arabian Sea as well as over the Western Ghats. In the
SRBAVG2-GEO data). The bulk single-scattering albedp ( present study, we focus mainly on the negative NETCRF
of ice crystals for the entire SW band is computed by in-regimes over the Indian region (delineated by black boxes
tegrating the individual SSA values computed for different in Fig. 3). They are designated as (1) the Bay of Bengal (10—
shortwave bands and expressed mathematically as (Slingd2® N, 85-100 E) region representing an oceanic regime, (2)

whereL is the dimension of an ice crystal,(L) is the vol-

and Schrecker, 1982; Chou et al., 1998) Myanmar (15-20N, 92-100 E) and (3) the Western Ghats
(10-20 N, 72—77 E) representing a land regime.
_ 2 B0 (M)SH) (12 Table 1 presents the seasonal mean TOA flux and CRF es-
Y BSG) timated from CERES data for the three regions during sum-

. N .- ' mer monsoon season of 2002—-2005. In general, clear-sky
wherep is the mean extinction coefficient arsdis normal- .
SW and LW flux values are relatively lower over the Bay

!zeq irradiance in e".iCh spectra_l band. The ‘?‘bo"e parar_nete(r)-f Bengal region. The mean SWCRF and LWCRF values are
ization scheme for ice cloud single-scattering albedo is a

. o arger (in magnitude) over the Bay of Bengal (BOB) com-
extension of the Streamer radiative transfer model (Key an:]
Schweiger, 1998), which has been validated for different icepared to Myanmar (MYN) and the Western Ghats (WGS).

In all the three regions, the absolute value of SWCRF is

crystal size distributions and habits. Using this method, Ssﬁarger than LWCRF, indicating imbalance between the two.

Xi#ei;ieogog?rfrug? ffl(lj:(ICSs?:]OU?hggtratlgg;an;r:nsq?e?elr?z? he mean NETCRF estimated for the three regions varies
P i 9 P between—30 and—37 Wm 2, with largest values (in abso-

tion schemes, a cloud vertical model delineating the effec- ) .

. . lute magnitude) observed over the Myanmar region. How-

tive cloud cover and SSA is developed and used to model the . X
éver, mean NETCRF values estimated for the three regions

TOA flux and CRF. . : .
(shown in Table 1) do not bring out the complete picture
without quantifying the uncertainties associated with it. Us-

4 Radiative characteristics of convective clouds over the ing methodology described in Sect. 2.2, the uncertainty asso-

Indian region ciated with the CERES TOA flux and NETCREF for the three

regions is computed and presented in Tables 2 and 3, respec-

Figure 2a and b show the seasonal mean variation in SWCREvely. Table 2 presents various uncertainties associated with

and LWCREF, respectively, over the Indian region during the CERES TOA flux values over the three regions. Using these
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. b JLWC-:RF . w".'f Figure 3. Seasonal mean map of NETCRF over the Indian region
24°N P during the summer monsoon season of 2002-2005. The negative
s NETCRF regimes — (1) Bay of Bengal, (2) Myanmar and (3) the
20°N a Western Ghats (marked in boxes) — are also shown. The color bar
§ 6 represents the NETCRF values in W
16°N - o
il 56
57
12°N @ Table 1. Mean values of TOA flux and CRF (in Wn?) estimated
R oo for the three negative NETCRF regimes for the summer monsoon
8°N () 2 season of 2002—-2005.
B 24
4°N A 3: Bay of Myanmar Western
_ H Bengal Ghats
. S, B . ClearSW  45.6 64.5 61.9
60°t 70°E 80°% S0°t 100°%€ Total SW 159 1736  156.1
Figure 2. Seasonal mean variation {a) SWCRF andb) LWCRF Clear LW 2176.7 274.9 282.7
. . . Total LW 194.1 202.6 219.7
over the Indian region during the summer monsoon season of 2002—
2005. The color bar represents the CRF values in"Wm SWCRF 1134 -109.1  -94.2
’ P LWCRF 82.6 72.3 63
NETCRF  —-30.8 —36.8 -31.2

values as input to Eg. (6), total uncertainty in the NETCRF

for the three regions are computed and presented in Table 3.

In general, the total uncertainty in the estimated NETCRFof the negative NETCRF regions. From Fig. 4a, it can be
from CERES TOA flux measurements varies between 3 andseen that high-cloud fraction is relatively large (> 40 %) over
6 Wm2. Estimated uncertainty values are smallest for thethe northern Bay of Bengal and land areas over eastern In-
Bay of Bengal region and largest for the Western Ghats. Itdia compared to that observes 20-30 %) over oceanic re-
must be noted that total uncertainty in the CERES NETCRFgions to the south and the Western Ghats. In contrast, middle-
measurements are much lower compared to that from ERBEevel cloud fraction shows large values 40 %) compared to

NETCRF measurements (Wielicki et al., 1995; Cess et al.high-cloud fraction over coastal regions of Myanmar, Thai-
2001). land and Cambodia, as well as over the Western Ghats over

the Indian peninsula. From Fig. 4, it can be observed that
the three negative NETCRF regions (in Fig. 3) are character-
ized by large values of high- and middle-level cloud fraction
Figure 4a and b depict the seasonal mean variation in cloudompared to the rest of the Indian region. High-cloud frac-
area fraction (in percent) for the high- and upper-middle-tion dominates the cloudiness over the Bay of Bengal region,
level clouds over the Indian region during the summerwhile upper-middle and high-cloud fractions dominate the
monsoon season estimated from CERES cloud data. Onliand NETCRF regimes. However, differentiating the nega-
high- and upper-middle-level cloud fractions are shown intive NETCRF regimes merely based on the cloud cover data
Fig. 4, since fractional coverage of lower-middle and low- alone is inadequate. In order to have a quantitative under-
level clouds are relatively lower{(10 % or less) over most standing regarding parameters influencing the three negative

4.1 Cloud characteristics over the Indian region
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Table 2. Estimated uncertainties (in Wnf) in the mean CERES TOA SW and LW fluxes due to various error sources for the Bay of Bengal
(BOB), Myanmar (MYN) and the Western Ghats (WGS) region.

Flux  Calibration Algorithm Sampling Total
uncertainty (Wnv2) uncertainty (Wnv2)
BOB MYN WGS \ BOB MYN WGS
TSW 1 1 1.3 1.8 3.6 1.9 2.3 3.8
TLW 1.3 1.9 0.9 2.1 1.8 24 3.1 2.9
CcsSw 0.5 1.6 2.0 2.9 3.1 26 3.4 4.1
CcLw 1 3.3 1.03 1.05 1.2 3.6 3.6 3.7

Table 3.Estimated uncertainty (in Wi?) in the seasonal mean CERES NETCRF over the Bay of Bengal, Myanmar and the Western Ghats.

Region of Contribution of Contribution of ~ Total uncertaintyy
interest 1sttermin Eq. (6) 2ndterminEq.(6) in NETCRF (W
Bay of Bengal 29.6 —-18.1 34
Myanmar 39.2 —19.7 4.4
Western Ghats 52.9 —18.6 5.8

NETCRF regimes, seasonal mean variation in various cloudlux and CRF values for the three regions are computed us-

and environmental parameters over these regions are exarmg RRTM simulations. The regional mean values of various

ined. cloud and environmental variables estimated for the three re-
The seasonal mean values of cloud parameters (cloud fragiions are used as input in the model. Using the cloud cover

tion, particle size, optical depth) and environmental vari- and cloud particle size data from CERES, altitude profile of

ables (rain rate, free-tropospheric humidity (FTH), precip- cloud cover and SSA for each region is developed employing

itable water) over the three negative NETCRF regions arehe parameterization schemes described in Sect. 3. TOA flux

calculated for the summer monsoon season of 2002—-2008alues estimated using the RRTM simulations for the three

and are shown in Table 4. From Table 4, it can be seemegions are used to compute the NETCRF.

that high- and upper-middle cloud fractions dominate the

total cloudiness over the three regions. High-cloud amount

(~51%) and optical depth{14) are largest over the Bay of 5 \sgidation of TOA flux and CRF: model vs.

Bengal, while upper-middle cloud amount shows large val-  ypservations

ues & 34 % and 43 %) compared to high-cloud amount over

the land areas. The amount of lower-level (lower middle andThe seasonal mean TOA flux estimated for the three nega-
low) clouds is below 10 % over the Bay of Bengal, while it tiyye NETCRF regions from CERES, ISCCP-FD and RRTM
shows values between 10 and 15 % over land regions. Eaisimylations are shown in Table 5. The ISCCP-FD TOA flux
lier studies have shown that high-clouds account¥@5 %  data belonging to the study period are used in the estima-
of all cloud grids observed over the Indian monsoon regiontjon of seasonal mean TOA flux and CRF. In general, TOA
during the monsoon season (Tang and Chen, 2006; Meenu @fxes from CERES observations and RRTM simulations are
al., 2007). Relatively lower values of low-level clouds (com- very much in agreement with each other. However, TOA flux
pared to high- and middle-level clouds) are observed oveijerived from ISCCP-FD flux data shows consistently larger
the three regions, which could be due to underestimation of,gjyes ¢ 5-10 Wn12) compared to CERES and RRTM es-
low-level clouds by MODIS and geostationary instruments timations. For example, CERES TOA clear-sky SW flux val-
over the Indian monsoon region (Tang and Chen, 2006). Theies (in Wnt?2) are 46.8, 63.4, and 61.9 over the Bay of Ben-
mean ice and water cloud particle size for the three regiongya|, Myanmar and the Western Ghats, respectively, while the
shows similar values, while precipitable water vapor valuessagme from ISCCP-FD (in Wn) are 55.4, 71 and 68.6,
(from GMAO GEOS database) show a variation between 48njcating an overestimation (on the order of 7-9 Win

and 58 mm for the three regions. From this analysis, it is notyy the ISCCP-FD data. Significant variations between the
easy to comprehend the influence of various parameters OBERES- and RRTM-derived fluxes are observed only in the
the negative NETCRF over these regions. In order to obtain &ase of total-sky flux estimated over Myanmar and the West-
better understanding regarding the influence of these paramern Ghats region. Using the TOA flux values (presented in
eters on the negative NETCRF over the three regions, TOAraple 5), SW, LW and NET CRF values for the three regions
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Table 4. Seasonal mean values of cloud micro/macrophysical properties and environmental variables over the three negative NETCRF
regimes for the period of June—September (2002—2005).

Region Cloud cover (%) and cloud optical Cloud particle| FTH PW Rain
depth radius (um) | (%) (cm) (mmhl)
High Upper middle Lower middle Lowet Ice  Water |
Bay of Bengal 51.6 25.6 24.8 13.9| 42.2 5.7 0.42
(1022 N, 85-100 E) (14.8) (4.9) (3. 2) (2.5)
Western Ghats 22 34.1 135 424.6 12.7| 36.9 4.8 0.36
(10-20 N, 72-7P E) (10) (7.2) (7.1) (5)
Myanmar 324 43.2 12,5 45 23.2 37.8 5.6 0.38
(15-20' N, 92-100 E) (12) (8.8) 7 (4.8)
a High cloud fraction Table 5. Intercomparison of CERES TOA flux (bold) with that es-

timated from RRTM simulations (italicized) and ISCCP-FD flux
(third) for the Bay of Bengal, Myanmar and the Western Ghats re-
gions, respectively.

24°N

20°N

16°N

TOA Bay of Myanmar Western
129N flux Bengal Ghats
- Clear SW 45.6 64.5 61.9
(Wm—2) 46.8 63.4 61.9
4°N 55.4 71 68.6
00 : , . Total SW 159 173.6  156.1
60°E 70°E 80°E 90°E 100°€ (Wm—2) 160.1 166 151.4
162.6 181.9 154.1

Upper middle cloud fraction
- Clear LW  276.7 2749 2827
(Wmfz) 276.9 275.1 284.7
20°N 278.7 276.2 280.5
16°N Total LW  194.14 202.6 219.7
(Wm—2) 195.9 209.6 225.6
12 206.2 215.2 231.2

8°N

o the CERES-derived values compared to that from ISCCP-
FD. The NETCRF estimated from the CERES and RRTM
shows very good agreement (within the uncertainty limit of
Figure 4. Seasonal mean variation {a) high-cloud fraction (%) CERES observations), while the ISCCP values are well out-
and(b) upper-middle cloud fraction (%) over the Indian region dur- Side the uncertainty limit of CERES observation.
ing the summer monsoon season of 2002—2005. The color bar rep- The NETCRF estimated from ISCCP-FD data over the
resents the mean cloud fraction in percent. three regions shows consistently large values (in magnitude)
compared to CERES- and RRTM-derived values. This in-
dicates that the cloud vertical model used in the estima-
are calculated and presented in Table 6. From Table 6, ition of TOA flux (RRTM) for the three negative NETCRF
can be seen that the CERES- and RRTM-derived CRF valfegimes is more accurate in representing the cloud overlap
ues are very much in agreement over the Bay of Bengal reand altitude structure compared to the cloud vertical struc-
gion, whereas the ISCCP-FD-derived values show considerture (CVS) scheme used in the ISCCP-FD flux estimation.
able differences (4-8 Wnf). Over the land regions, both However, it can be argued that the ISCCP CVS scheme is
the RRTM- and ISCCP-derived SW and LW CRF values a general overlap scheme applicable for a broad range of
show substantial variation from CERES-derived values. Still, meteorological conditions, while the present cloud overlap
RRTM-derived SW and LW CRF values are much closer toscheme is tailored for a specific convective cloud condition.

00
60°E 70°E 80°E 90°E 100°E
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Table 6. Intercomparison of SWCRF, LWCRF and NETCRF (in 5.1.1 Influence of cloud macrophysical properties on
Wm~2) from CERES observations (bold) with that calculated from CRF

RRTM simulations (italicized) and ISCCP-FD flux (third value) for

the Bay of Bengal, Myanmar and the Western Ghats regions. Unp, the first simulation, the influence of cloud-top altitude on
certainty associated with CERES NETCRF values are also prowdeqhe LW and SW CRF values is examined for the three re-
(values after thex sign). gions. In this analysis, TOA flux values are computed using
RRTM for the three regions by varying the cloud-top altitude

TOA Bay of Myanmar Western in the respective cloud vertical model from 125 to 400 hPa in
CRF Bengal Ghats . . .
several steps while keeping all other input parameters con-
SWCRF -113.4 -109.1 —94.2 stant. The resultant LW and SW CRF for different cloud-top
—113.3 —102.6 —89.5 pressures over the Bay of Bengal (thick line) and Myanmar
—107.2 —110.9 —85.5 (dashed line) region is estimated and shown in Fig. 5. From
LWCRF 82.6 72.3 63 Fig. 5, it can be seen that LWCRF decreases monotonically
81 65.5 59.2 with an increase in the cloud-top pressure (freh00 and
72.6 61.1 49.4 80 Wn1 2, respectively, to~ 45 and 40 Wm?, respectively,
NETCRF -308+34 -368L44 -312+58 for increase in cloqd—top pressure from 100 to 400 hl?a)_ for
_323 _37 _303 the two regions, while the SWCRF shows very little variation
346 _498 361 (<5Wm~2?). This indicates that change in cloud-top altitude

of high clouds causes relatively large variation in LWCRF
(~ 50 Wm2) compared to SWCRF, which results in causing

. T an imbalance between the two. The sharp wedge observed in
The disparity in SW and LW CRF values computed by thethe SWCREF variation in Fig. 5 is due to the change in cloud

RRTM and CERES over the land regimes (Myanmar andcovertype from high level to middle level. These results are

the Western Ghats) can be attributed to the underlying uncer: . .
tainty associated with the parameterization of cloud verticalgeggzsénzztcxgzg ?; zroﬁlg-rt]:)(lgﬁidtleaghcgj:ggvfr?etzatstim
structure and its microphysical properties. After successfully P y

simulating the negative NETCRF regimes over the Indian re-to shift towards a negative (positive) NETCRF regime. How-

gion using RRTM. the next step is to identify the parametersever, seasonal mean cloud-top altitude (high clouds) over the

that control the negative NETCRF over these regions. Thismdlan region during monsoon season shows a variation be-

is carried out by analyzing the sensitivity of cloud radiative :thuede; (l:(??rea}sn%r?;ahIi)/:.riztci)(;nssuicnhL\\//?/rclalgllgr:)tlar;grl\c/)sg_:grptr?g
forcing to various cloud and environmental variables (using ’ P 9

RRTM . . ) ; three regions are less than 13 Wfn This shows that small
), and is explained in the subsequent sections. A . . S
variation in cloud-top altitude of high clouds cannot signifi-
cantly influence the magnitude of NETCRF over the Indian
region.
In this section, the sensitivity of CRF to various cloud In the second sensitivity analysis, we try to quantify the
macro/microphysical properties and environmental variablessompeting influence of cloud top and cloud amount on the
is analyzed by studying their relative contribution to the LWCRF and NETCREF. In this analysis, high-cloud amount
NETCRF. In the previous section, it was shown that neg-in the cloud vertical model representing the Bay of Bengal
ative NETCRF over the three regions could be modeledregime is varied from its original value of 50% to 20% in
with good accuracy using RRTM and cloud parameterizationsteps of 10 %, keeping cloud amount of other groups in the
schemes. Using the same simulation methods, it is possiblgloud vertical model same. By stepwise reduction in high-
to quantify the dependence of NETCRF on various cloudcloud amount from the cloud vertical model, the fraction
micro/macrophysical and environmental variables over theof upper-middle-level clouds exposed to the TOA (and to
three regions. This also provides an opportunity to test the vethe incoming solar incoming radiation) increases from 12
racity of theoretical hypothesis propagated by various invest0 42 %. Running RRTM with this modified cloud vertical
tigators on the occurrence of negative NETCRF over tropicalprofile shows a decrease in LWCRF from 78 to 66 Win
convective regions. In this analysis, the influence of cloudwhile the SWCRF shows very little variation since the to-
amount, cloud particle size, single-scattering albedo and attal cloud cover remains the same (top-level clouds are sliced
mospheric water vapor on the negative NETCRF over theoff, while bottom-level clouds remain intact). This reduction
three regions is examined. in high-cloud amount increases the absolute magnitude of
NETCRF (by~ 12 Wm~2) due to a decrease in LWCRF and
shift the region towards a stronger negative regime. A sim-
ilar analysis was performed for the Myanmar and the West-
ern Ghats region, where it showed similar result to that of
the Bay of Bengal region. Cess et al. (2001) observed that

5.1 Sensitivity calculations
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Figure 5. Variation in LWCREF (left panel) and SWCRF (right panel) values with cloud-top pressure for the Bay of Bengal (thick line) and
Myanmar region (dashed line), respectively, estimated using RRTM.

change in cloud vertical structure associated with El NifioTable 7. RRTM simulation of SWCRF and LWCRF values (in
over the tropical Pacific Ocean tends to cause substantial ra¥m~2) for the three negative NETCRF regions by changing low-
diative cooling. It was observed that CRF over Pacific warmlevel cloud amount in the respective cloud vertical model.

pool is partially governed by high and middle-level clouds

during the EIl Nifio year compared to high-level clouds dur- Region CRFI(WWTZ) values
ing normal years. This analysis indicates that in a multilay- estimated Wh_en
ered cloud system, both cloud vertical structure and cloud unobscured portions of

low-level clouds are

amount influence the NETCRF, even though the magnitude
present or absent

of variation in NETCRF is not significantly large in this case.

In the third test, the influence of low-level clouds on the Present Absent
NETCRF is examined over the three regions while keeping Bay of SWCRE _113.4 1116
all other parameters in the cloud vertical model constant. In Bengal LWCRF 81 80.8
this analysis, unobscured portions (visible from TOA) of the
low-level clouds are removed from the cloud vertical profile Myanmar ~ SWCRF —102.6 100.8
and LWCRF and SWCRF values are recomputed using the LWCRF 65.5 65.2
modified cloud vertical model. The modified LW and SW Western SWCRF -89.5 -825
CRF values estimated from the analysis are presented in Ta- Ghats LWCRF 59.2 58

ble 7. From Table 7, it can be seen that the low-level cloud
cover over these regions has very little influence in control-
ling the observed LWCRF and SWCRF compared to high-
level clouds. The SWCRF over the Western Ghats shows #article size is directly related to the cloud single-scattering
decrease+ 7 Wm~2) when the modified cloud vertical pro- Properties (Eq. 11), which in turn modulates the SWCRF
file (low-level clouds removed) is used. For the Bay of Ben- and NETCRF of the cloud system. In the present analysis,
gal and Myanmar region, the maximum decrease in SWCRFN attempt is made to quantify the sensitivity of SWCRF to
is on the order of <3 Wm2. Corresponding variation in the the ice cloud particle size. This is done by computing the
LWCREF is considerably small compared to that of SWCRF. SWCRF over the three regions by varying the ice particle
The low-level cloud fraction show relatively large values Size of high- and upper-middle-level clouds (there by vary-
(~ 14 %) over the Western Ghats compared to other two reing the SSA) in the cloud vertical model while keeping all
gions (< 6 %). Present analysis shows that low-level cloud other parameters constant. The ice particle size is varied from
amount has little influence in modulating the NETCRF val- 20 to 40 um and SWCRF values are computed each time us-

ues over the three Study regions_ |ng RRTM by incorporating the m0d|f|ed SSA in the input
cloud model. SWCRF estimated from the model simulations
5.1.2 Influence of cloud microphysical properties on is presented in Table 8. From Table 8, it can be seen that the
CRE SWCRF values show a monotonic decrease with increasing

ice particle size for the three regions. A maximum decrease
In the present analysis, influence of cloud single-scatteringn SWCRF value of- 10 Wni~2 for an increase in ice parti-
albedo and ice cloud particle size on NETCRF is investi- cle size from 20 to 40 um is observed over the Bay of Ben-
gated using RRTM. The layer-averaged cloud particle sizegal region, while it is much less over the other two regions.
(from SRBAVG2-GEO data) for ice clouds over the Indian This study indicates that an increase in ice cloud particle size
region shows a variation in the range of 18-30 um. Cloud iceleads to a moderate decrease in SWCRF and NETCRF over
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Table 8. RRTM simulation of SWCRF (Wm2) using differentice  longitude grid) from the CERES EBAF database are used.
particle size (varying SSA values) values in the cloud vertical model The CERES EBAF database uses the MODIS/Terra-derived
for the Bay of Bengal, Myanmar and the Western Ghats regions. narrow-band radiances (over 1 kol km pixel) from clear-

sky portions of the partly and mostly cloudy CERES foot-

Ice particle ~ Bayof Myanmar Western prints (20 km wide pixel) over the negative NETCRF regions

radius (um)  Bengal Ghats to estimate the clear-sky TOA flux. Because of this method,
20 _116 1043 -906 TOA flux measured for clear- and total-sky using CERES in-
25 _112.7 -102.6 -895 strument belongs to the same latitude—longitude grid, which
30 ~1096 —101.1 -885 to a certain extent reduces the water vapor difference between
35 -107.9 —-100.2 —87.9 clear- and total-sky environment (but by no means getting rid
40 —106.2 -99.3 -873 of it completely).

In the present analysis, CRF over the three negative
NETCRF regions is simulated by varying the PW vapor con-

the study region. Studies have shown that changes in cloutent in the atmosphere from their original values (between
particle (ice) size can modify the net radiative forcing of cir- 48 and 58 mm) while keeping all other parameters in model
rus clouds to a cooling or warming regime depending on thesmu_lgtmn constant. This is ach@vgd by yarylng the relative
direction of change (Zhang et al., 1999). However, it seemd'Umidity (thereby water vapor mixing ratio) of the free tro-
unlikely that small variation in cloud ice particle size (be- POSPhere in the model atmosphere while keeping the bound-
tween 18 and 30 um) over the Indian region alone can brin®"Y layer and stratospheric RH constant. This results in the

about the negative NETCRF values observed over the regiorformation of several model atmospheric profiles with dis-
tinctly different PW values (between 33 and 68 mm). Using

5.1.3 Influence of atmospheric water vapor on CRF this methodology, variation in TOA LW flux and LWCRF
with PW for the three regions is examined. The variation in
In this section, sensitivity analyses carried out using RRTMTOA LW flux (clear- and total-sky) and LWCRF with PW for
to understand the influence of atmospheric water vapor orthe Bay of Bengal region is shown in Fig. 6. In general, clear-
the LWCRF over the three negative NETCRF regions are ex-and total-sky LW flux shows a monotonic decrease with in-
plained. Studies have shown that atmospheric water vapocrease in PW. TOA LW clear-sky flux over the Bay of Ben-
can significantly influence the LW forcing by reducing the gal region shows a decrease-o#5Wni 2 for an increase
clear-sky TOA flux (Sohn and Schmetz, 2004; Sohn and Benin PW value from 33 to 68 mm, while the total-sky LW flux
nartz, 2008). Water vapor, being an important greenhousshows a decrease of 20 W2, The LWCRF also shows
gas, absorbs the atmospheric LW radiation and decreasesconsiderable decrease over the Bay of Bengal region, from
the LWCRF (while having little effect on SWCRF). Roca 106 to 74 Wn12 (decrease of 32 Wm2), for a correspond-
et al. (2004) proposed that damping of LWCRF by largeing increase in PW from 33 to 68 mm. Over Myanmar and
amount of water vapor present in the atmosphere over thé¢he Western Ghats, LWCRF shows a decrease 80 and
Bay of Bengal region during the summer monsoon season- 25 Wn1 2, respectively, for a similar variation in PW from
could be a reason for the observed negative NETCRF. Soh83 to 68 mm. Sohn et al. (2006) demonstrated that water va-
et al. (2006) studied the variation in satellite-derived LWCRF por in the upper troposphere can contribuatd2 W2 to
due to the upper tropospheric water vapor change associateie LWCRF over convectively active tropical regions. This
with cloud formation and showed that water vapor in the analysis shows that atmospheric water vapor can cause a rel-
upper troposphere can contribute up~d2Wm 2 to the  atively larger variation in LWCRF (and in NETCRF) com-
LWCREF over convectively active tropical regions. However, pared to other variables discussed in earlier sections. For a
in their paper, Sohn et al. (2006) promote an alternative comthorough understanding, seasonal mean variation in PW over
putation of LWCRF to the traditional one and use a com-the Indian region during different seasons is also examined.
posite of clear-sky pixels away from the region of interest Seasonal mean variation in precipitable water vapor (from
(cloudy regions) to derive TOA LW clear-sky flux (in order to the CERES SRBAVG GEO/GMAO GEOS product) over the
avoid cloud contamination). In the traditional LWCRF com- Indian region during the summer and winter months are es-
putation (used in the present study), TOA LW clear-sky flux timated and shown in Fig. 7. From Fig. 7a and b, it can be
estimation is based on subsampling of the region of inter-seen that the average value of PW observed over the Indian
est under clear-sky conditions. Although CRF computationsregion is between 40 and 60 mm (summer months), while it
proposed by Sohn et al. (2006) might be a closer estimatés between~ 20 and 30 mm during the winter months (DJF).
of the cloud radiative effect, we have opted to use the tra-This indicates that between dry (winter) and wet (summer)
ditional definition of the CRF mainly because it is readily seasons, PW content in the atmosphere over the Indian re-
available from satellite measurements. Since the Indian region increases by~ 25-35mm. RRTM simulations show
gion during the summer monsoon season is mostly overcasthat such an increase in PW can cause a substantial de-
TOA clear-sky flux measurements (ovet 1° latitude—  crease in clear-sky TOA flux{30-40 Wnt2) and LWCRF
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Figure 6. Variation in TOA LW clear- and total-sky flux (left panel) and LWCRF (right panel) with precipitable water (PW) over the Bay of
Bengal region during the summer monsoon season using RRTM simulation.

(~20-30WnT1?2). From Fig. 6, it can be seen that LWCRF total) flux values are largest over the Bay of Bengal region
over the Bay of Bengal increases by23Wni 2 for a de-  compared to the western Pacific, while the reverse is true for
crease in PW content from 58 to 30 mm. Over the two landTOA LW fluxes. Another interesting point here is the differ-
regimes, a similar increase in LWCRF is observed, thoughence in clear-sky TOA LW flux between two regions: rela-
the magnitude of increase in LWCRF is lower than that tively lower TOA LW clear-sky flux (276 Wm?) values are
observed over the Bay of Bengal region. From this analy-observed over the Bay of Bengal compared to that over the
sis, it can be seen that the atmospheric water content ovewestern Pacific (285Wn?). While LWCRF and SWCRF
these regions significantly modifies the observed LWCRFvalues over the Bay of Bengal region show large imbalance
and NETCRF values. Hence, relatively large amount of wa-(resulting in a NETCRF value —30 Wi 2), those over the
ter vapor in the atmosphere over the three negative NETCRRvestern Pacific show a near balance between LWCRF and
regions during the summer monsoon season is a major factdWCRF (65 and-67 Wni 2, respectively), leading to near-
controlling the imbalance between SWCRF and LWCRF.  zero NETCRF over the western Pacific. The disparity in the
estimated CRF values observed over the two oceanic regions
is evident in Table 9.
6 Intercomparison of the oceanic NETCRF regimes: Table 10 presents the regional mean cloud fraction and
Bay of Bengal vs. western Pacific cloud optical depth estimated using CERES data over the
Bay of Bengal and the western Pacific. From Table 10, it can
We now consider two specific oceanic convective regionspe seen that high-level cloud fractior 61 %) observed over
for a better understanding of the negative and near-zerghe Bay of Bengal is relatively large compared to that ob-
NETCRF regimes: the Bay of Bengal (10222 85-  served over the western Pacific 88 %), while lower level
100° E) during the Asian monsoon season (represents negeloud types show almost similar variation over the two re-
ative regime) and the western Pacific {8>-10 N, 140-  gions. A comparison of cloud optical depth and cloud-top
180° E) during the March—April period (near-zero regime). altitude between various cloud groups over the two regions
The two regions share similar surface properties (ocearalso show similar variations. This indicates that cloud prop-
surface type) with almost similar sea surface temperatureerties over the two convective regions show a lot of similar-
(SST). Figure 8 presents the mean variation in CERES TOAjties, except for the high-level cloud fraction. However, the
NETCRF over the western Pacific during the March—April interesting question here is whether the variation observed
period for the years 2002-2005. From Fig. 8, it can bein the cloud amount (13 and 5% in high- and upper-middle
seen that the regional variation in NETCRF over the west-cloud cover, respectively, between these two regions) alone
ern Pacific during this period lies mainly in the range of can cause the NETCRF to shift between near-zero and nega-
+20 Wnm 2. Negative NETCRF values{(—20Wn12) are tive values. Rajeevan and Sreenivasan (2000) postulated that
observed over small areas close to the Indonesian islands, large high-cloud amount observed over the Bay of Bengal
while the rest of the region shows positive or near-zeroregion is the reason behind the large negative NETCRF com-
NETCRF values. A similar regional variation in NETCRF pared to the rest of the tropical convective regions. However,
over the Bay of Bengal (Fig. 3) region during the monsoonRRTM simulations incorporating the mean cloud and envi-
season shows negative NETCRF values ranging fref®  ronmental variables over the western Pacific region show that
to —70 Wm2. For a more quantitative assessment, the mearsuch variability in cloud cover alone is not enough to drive
TOA flux and CRF over the two regions are estimated and
presented in Table 9. In general, the TOA SW (clear and
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Table 9. Seasonal mean values of TOA Flux (W&) and CRF (WnT2) over the Bay of Bengal and the western Pacific region for the period
2002-2005.

REGION Clearsky | Totalsky | SWCRF LWCRF NETCRF
SW W | sSw LW |
Bay of Bengal 45.6 276. 159 194.1| -1134 82.6 —30.8
(Jun—Sep)
Western Pacific 40 285.2 107.7 220 -—67.7 65.2 -25
(Mar—Apr)
. PW(mm): Summer season ~ a West Pacific: NETCRF Wm?
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Figure 8. Seasonal mean variation in NETCRF (W#) over the
western Pacific region during the March—April period (2002—-2005).
The color bar represents the NETCRF values in WWm

above a certain limit (COD > 8). Over the Bay of Bengal and
the western Pacific, the observed cloud optical depth val-
ues for the high-level clouds are typically above this range
where sensitivity of CRF to changes in COD is very much
less. Comparison of cloud particle size 25 um for ice and
~ 12 um for water clouds, respectively) over the two regions
shows very little variation. The other variable that can influ-
ence the NETCRF over the two regions is the atmospheric
Figure 7. Contour plots of seasonal mean variation in precipitable water vapor content. In Sect. 5.1.3, the influence of atmo-
water (mm) content over the Indian region during tasummer  spheric water vapor on the TOA flux and CRF over the In-
monsoon season aifd) winter season for the period 2002-2005.  dian region was discussed. A similar analysis is carried out
to quantify the influence of atmospheric water vapor on the
NETCRF over the western Pacific. For this purpose, monthly
the system from a near-zero to a large negative NETCRHFnean atmospheric water vapor content over the two regions
regime. from special sensor microwave/imager (SSM/I) data (Wentz,
The other important parameters that can influence thel997) was estimated for the months of April (western Pa-
NETCRF over the two regions are cloud microphysical prop-cific) and July (Bay of Bengal) (2002—2005) and is shown in
erties (cloud particle size, shape, optical depth, etc.) and-ig. 9. The atmospheric water vapor content over the Bay
atmospheric water content. Model simulation of TOA flux of Bengal during July is extremely large (>58 mm) com-
over the negative NETCRF regions using RRTM showed thatpared to that observed over the western Pacific regiotb—
changes in cloud optical depth (COD) have very little influ- 55 mm) during April. Over the negative NETCRF regions
ence in modulating the TOA flux when the COD values are (< —30 W 2) of the Bay of Bengal, the PW reaches as high

65°E 75°E 85°E 95
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Table 10.Seasonal mean values of cloud fraction (%) and cloud op- Atmospheric column water vapor: July
tical depth (in parentheses) over the Bay of Bengal and the westerra4en 0
Pacific region for the period 2002—2005.
20°N
REGION Cloud cover (%) and cloud optical depth
16°N
High Uppermid Lower mid Low
Bay of Bengal 51.6(14.8) 25.6(4.9) 4.7(3.2) 5(2.5) 12°N
(Jun-Sep)
western Pacific  38.5(12.7)  20.1 (4.6) 4.3(3.5) 7(2.3) 8°N
(Mar—Apr)
4°N -
0° i T —— r : T T
as~ 68 mm. The water vapor information over the land is not 60°E 70°E 80°E 90°E

available from SSM/I data. However, from Fig. 9, it can be
seen that the water vapor amount progressively increases to
wards land area (coast of Myanmar) over the Bay of Bengal 8°N | : o
region. Large values of atmospheric water vapor (> 65 mm) . '
are observed over the Bay of Bengal region close to the coas 4oy -
Myanmar where the NETCRF values also show negative val-
ues (<—30 Wnm2). Compared to the Bay of Bengal region,
the water vapor loading over the western Pacific usually lies
within 48-58 mm during April. Interannual variation in at-
mospheric water vapor content over the Bay of Bengal region
shows that precipitable water vapor amount reaches as higt
as~ 70 mm over the core negative NETCRF regions during ¢ \ e L
the summer monsoon seasons, while it hardly goes beyonc T T L i T y
o . . 140°F 150°F 160°E 170°E 180°
60 mm over the western Pacific during March—April. The re-
distribution of water vapor associated with convection resultsFigure 9. Regional variation in monthly mean atmospheric water
in increased moistening of the upper troposphere over the Invapor (mm) from SSM/I over the Indian region (top panel) during
dian region, which contributes significantly to the damping of the month of July and the western Pacific (bottom panel) during the
LWCRF and creating an imbalance with SWCRF. The mag-month of April for the years 2002-2005.
nitude of such damping in LWCRF over the western Pacific
is relatively small compared to the Bay of Bengal region. The
increase in atmospheric water vapor content and high-cloudies calculated from RRTM simulations were found to agree
amount could be the reason behind negative NETCRF valuewell with CERES observations, while those from ISCCP-FD
being observed over the Bay of Bengal region compared talata showed large differences. The sensitivity of the nega-
near-zero NETCRF values observed over the western Pacifitive NETCRF values to various cloud micro/macrophysical
region. and environmental variables was tested using model simu-
lations. The sensitivity of ice particle size to the NETCRF
was evaluated by varying the ice particle radius (from 20 to
7 Summary and discussion 40 um) in the parameterization of SSA, which produced a
maximum variation of~ 10 Wm~2 on the NETCRF values.
The net cloud radiative forcing over the Indian land massThe decrease in cloud particle size was found to increase the
and adjacent oceanic regions during the Asian summer monSWCRF with very little variation in LWCRF. However, vari-
soon season of 2002—2005 was investigated using CEREStions in CRF due to changes in cloud particle size alone
observations and RRTM simulations. The seasonal meais not sufficient enough to cause the formation of negative
variation in NETCRF over the Indian region during the NETCRF regimes observed over the Indian region.
Asian summer monsoon season showed the existence of Studies have shown that low-level cloud fraction has
three strong negative NETCRF regimes: the Bay of Bengalery little influence in controlling the NETCRF values over
(~—31Wn2), Myanmar ¢ —37 Wnm2) and the Western the three negative NETCRF regions. RRTM simulations of
Ghats ¢ —31Wm2). Using RRTM and the cloud vertical LWCRF employing the model atmosphere with varying PW
model, the TOA flux and CRF over the negative NETCRF values showed that atmospheric water vapor content signifi-
regions during the summer monsoon season was studiedantly influences the NETCRF values observed over the re-
Using the cloud vertical model as input, NETCRF for the gion. The precipitable water amount is found to be higher
three regions was estimated using RRTM. The NETCRF val{>55mm) over the Bay of Bengal and Myanmar region

Atmospheric column water vapor: April

8°S A
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compared to other locations over the Indian region during theteam for providing the RRTMG maodelhttp://rtweb.aer.cony/
monsoon season. Similarly, the clear-sky TOA LW flux over B. V. Thampi acknowledges CNES, France, for providing the
Bay of Bengal and Myanmar region was found to be signif- post-doc research fellowship. The authors acknowledge the support
icantly smaller ¢ 276 Wnt2) during the summer monsoon 2and help of colleagues at LMD/UPMC, France.

season compared to winter months300 Wn12). This in-

crease in atmospheric water vapor associated with the co
vective activity over the Indian region during the monsoon
season reduces the TOA LW clear-sky flux and LWCRF. In-
fluence of water vapor loading is largest over the norther
Bay of Bengal region close to the Myanmar coast where
the total cloud amount is also largest. This indicates thai
the combined effect of a large amount of high-level clouds
and increased atmospheric water vapor loading over the In-
dian region significantly influences the imbalance between
LWCRF and SWCREF. Intercomparison between CRF value
observed over the Bay of Bengal and the western Pacific als
indicates the importance of atmospheric water vapor in con-
trolling the magnitude of NETCRF values. Precipitable water
vapor content over the northern Bay of Bengal region reaches
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