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Abstract. Seasonal distinctiveness in the microphysical and1l Introduction
optical properties of columnar and near-surface (in the well

mixed region) aerosols, associated with changes in the preradiative forcing due to atmospheric aerosols and the con-
vailing synoptic conditions, were delineated based on extensequent climate impact remains largely uncertain due to un-
sive (spread over 4 years) and collocated measurements gértainties in aerosol models used in climate models (IPCC,
the tropical coastal location, Trivandrum (8°3%; 76.97 E, ~ 2001). These uncertainties are largely due to inadequate
3m am.s.l.), and the results were summarized in Part 1 ofnformation on the aerosol characteristics at regional level
this two-part paper. In Part 2, we use these properties tas well as the inadequacy with which the available mod-
develop empirical seasonal aerosol models, which represerfls represent the spatio-temporal heterogeneity (Schwartz
the observed features fairly accurately, separately for wintegand Andreae, 1996: Kaufman et al., 2002: Penner et al.,
monsoon season (WMS, December through March), inter2002; Takemura et al., 2002; Kinne et al., 2003; Solomon
monsoon season (IMS, April and May), summer monsoonet al., 2006). Unlike greenhouse gases (GHGs), which are
season (SMS, June through September) and post monso@miformly mixed, aerosols are specific to regions and are
season (PMS, October and November). The models indistrongly controlled by the source and sink effects, micro-
cate a significant transformation in the aerosol environmenphysics, and long-range transport. Changes in these arise
from an anthropogenic-dominance in WMS to a natural-also due to large-scale atmospheric dynamics. Recent stud-
dominance in SMS. The modeled aerosol properties are usejgs have shown that the inclusion of aerosol effects in climate
for estimating the direct, short wave aerosol radiative forc-model calculations can improve the agreement with observed
ing, under clear-sky conditions. Our estimates show largespatial and temporal temperature distributions (Hansen et al.,
seasonal changes. Under clear sky conditions, the daily avert997). It is thus important to establish a sound observational
aged short-wave TOA forcing changes from its highest val-base for estimating the aerosol radiative forcing as well as its
ues during WMS, to the lowest values in SMS; this seasonakpatio-temporal variations.

change being brought-in mainly by the reductionin the abun- - agrosols are, generally, believed to offset, at least partly,

dance and the mass fraction (to the composite) of black carg, global warming due to GHGs (Boucher and Haywood

bon aerosols and of accumulation mode aerosols. The re;gg1)  This is attributed mainly to the scattering aerosols
sulting atmospheric forcing varies from the highest, (47 togch as sulphates, which backscatter the down-welling so-

53W i ?) in WMS to the lowest (22 to 26 W) in SMS. |5y radiation and indirectly change the cloud albedo and life-
time (Charlson et al., 1992; Twomey et al., 1984). Aerosols,
whether scattering or absorbing, reduce the net short-wave
Sradiation at the surface. However, absorbing aerosols absorb
the solar radiation leading to heating of the atmosphere and
if this occurs within the clouds, might lead to cloud burn off
(Ackerman et al., 2000). All these are expected to slow down
Correspondence to: K. Krishna Moorthy the hydrological cycle, reduce evaporation from the surface,
(krishnamoorthyk@vssc.gov.in) and hence cloud formation (Lelieveld et al., 2001).
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There are several global modeling and observational studparameters for the radiation model. The accuracy of the
ies on the global radiative effects of a mixture of scatter-computed aerosol forcing relies mainly on how closely this
ing and absorbing (sulfate and carbonaceous) aerosols (Hagerosol model represents the observed features. A realistic
wood et al., 1997; Haywood and Ramaswamy, 1998; Penmodel should thus need information on the chemical compo-
ner et al., 1998; Andreae et al., 2005; Wild et al., 2005). sition and relative concentrations of each major species in the
In addition, in the recent years, several regional experimencomposite aerosol system, in addition to the size distribution,
tal studies focused to India and adjoining regions of Asia tonature of mixing, and altitude profile. However, when the ob-
characterize the aerosols and to assess their radiative impacdisrvations have limitations on such elaborated information,
at a regional scale (Satheesh et al., 1999; Lelieveld, et alsemi-empirical approaches are widely used (Satheesh et al.,
2001; Huebert et al., 2003; Vinoj et al., 2004; Girolamo et al., 1999; Podgorny et al., 2000; Lelieveld et al. 2001; Babu et
2004; Moorthy et al., 2005; Tripathi et al, 2005; Niranjan et al., 2002; Conant et al., 2003; Markowicz et al., 2003; Vinoj
al., 2005; Ganguly et al., 2006). However, majority of theseet al., 2004; Moorthy et al., 2005). In this approach, a model
studies were conducted either over oceans or were largelthat would be a reasonable representation of the study region
weighed by the fair-weather season. All-weather and long-s adapted, from those available in the literature (e.g., Hess
term observational data have only rarely been used in impacgt al., 1998), as a zero order approximation and the available
assessment. Studies over land are much more sparse combservations are used as anchoring points. The model pa-
pared to ocean, despite that absorbing aerosols over land wittameters are then fine-tuned until a closure is obtained with
higher surface reflectance would enhance the atmospherithe measurements (Satheesh and Srinivasan, 2006).
forcing (Haywood and Ramaswamy, 1998). They also ab- The inputs for estimating aerosol DRF are spectral Aerosol
sorb more solar radiation when located above or near the to@ptical Depth (AOD,); spectral single scattering albedo
of clouds than when they are located below (Keil and Hay-(SSA,w;), and the scattering phase functia?(¢)). In our
wood, 2003). In this paper, which is Part 2 of a two-part pa- study, the spectral AODs came directly from the Multi Wave-
per, we examine how the seasonal changes in aerosol micréength Radiometer (MWR) measurements in the wavelength
physical properties modify the short-wave radiative forcing range 380 to 1025 nm, while SSA aRq9) are inferred from
at the tropical coastal station (Trivandrum, 85§ 76.97 E, the models that are constructed following the methodology
3m a.m.s.l.) based on long-term and collocated measuredescribed above. The aethalometer provided mass concen-
ments of the properties of atmospheric aerosols and their sedration of aerosol BC following optical absorption technique
sonal distinctiveness as discussed in Part 1 of this paper.  with a typical uncertainty of 20% (details are given in Part 1),
while the QCM yielded the mass concentrations of the com-
posite (total) aerosols in the size range 0.05 ta@bin 10
size bins with an average uncertainty of 15%. From the ra-
tio of the mass concentration of BC to that of the composite
aerosols, BC mass fractiogc) is estimated which has an
uncertainty of 25%. For modeling the unmeasured aerosol
ther atthe surfaces{ or at the top of the atmosphere (TOA), characteristics we relied upon the Hess et al. (1998) OPAC

espectl wiboutnd i s prts i o S SO S o
al., 2001; Babu et al., 2002: Xu et al., 2003). size dlst_r|but|0n, phase func’qon, anc_JI refractlv_e_ indices cor-
responding to the mean relative humidity conditions for each
(AF)s,toa = (Fna)s,ToA — (Fa)s,TOA (1) season). For hygroscopic aerosols, the mode radius increases
whereFy 4 and F,, respectively, correspond the short wave With increasing RH, while total number remains invariant.
fluxes without and with aerosols, and the subscripnd ~ The refractive index of humid aerosols decreases, and this
TOA refer to the earth's surface and TOA, respectively. change has been calculated following the volume weighting
A negative value ofA Froa implies that the presence of formula (Shettle and Fenn, 1979). The OPAC permits up
aerosols results in an increase in the radiation lost to thdO €ight values of relative humidity (0%, 50%, 70%, 80%,
space (by enhanced backscattering) leading to a cooling i§0%, 95%, 98%, and 99%) for the calculations of aerosol
the earth-atmosphere system, while its positive value implie$Ptical properties from given size distributions and refractive
an atmospheric warming. At the surface, the aerosol forcingndices and we used the value closest to the seasonal mean
(AFs) will always be negative because aerosols reduce th&stimated from regular measurements at the site. The Hess et
surface reaching solar radiation. The difference between th&l- (1998) model deals with optical properties for 10 aerosol
two (called the atmospheric forcing) is expended in heatingSPecies such as water insoluble, water soluble, BC (soot),

2 Estimation of aerosol radiative forcing — methodology

By definition, the aerosol direct short-wave (solar) radiative
forcing (DRF) is the change\(F) in the radiation flux ) ei-

the atmosphere. sea-salt (accumulation and coarse mode), mineral dust (nu-
_ 2 cleation, accumulation, coarse mode), mineral dust (trans-
(AF)am = (AF)Ton = (AF)s (2 ported) and considers them as externally mixed spherical par-

In order to compute the radiative forcing of aerosols, anticles, forming the composite aerosols. Pilinis et al. (1995)
appropriate aerosol model is needed to generate the inputave shown that the nature of the state of mixing (internal or
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external) of similar sized aerosols is not very significant onSatheesh and Srinivasan, 2006). The ambient RH is selected
short wave radiative forcing when the particles are predomi-as the seasonal mean value prevailed at the site (from ac-
nantly of scattering nature. For the Indian Ocean Experimentual measurements). Once this closure is achieved, the SSA
(INDOEX) aerosol model, the global fluxes at the surface un-(w) and phase functio® (¢) of this model are computed us-
der clear skies, calculated for both externally and internallying the OPAC as a function of for the spectral region 0.25
mixed aerosols were found to agree within 0.5% (Satheesho 4.m. The estimated values of single scattering albedo
et al., 1999; Podgorny et al., 2000). However, recent stud{w (1)) and phase functionR(#)), along with the appro-
ies have suggested that if one aerosol species is in a mixepriate surface albedo, are incorporated into the SBDART
state with another species in a core-shell structure, then théSanta Barbara DISORT Atmospheric Radiative Transfer)
radiative impact could be significantly different than those code along with the measured AOD aado compute the
of the externally mixed or internally mixed cases (ChandraTOA and surface fluxes, with and with out aerosols as a
et al., 2004). In a global modeling study where the BC is function of solar zenith angle. The SBDART is a radiative
treated as a core in an internal mixture, Jacobson (2001) retransfer code based on the discrete-ordinate approach, devel-
ported that the BC forcing is 50% higher than the forcing ob- oped by the University of California, Santa Barbara for the
tained with the externally mixed case and 40% lower than theanalysis of a wide variety of radiative transfer problems en-
forcing obtained with the internally mixed (volume mixture) countered in satellite remote sensing and atmospheric energy
case. He pointed out further that the internal mixing modelbudget studies (Ricchiazi et al., 1998) for a plane parallel,
is physically inconsistent for small BC particles, which do vertically inhomogeneous atmosphere. For short wave di-
not dissolve. Based on observation and modeling Chandra etct radiative forcing, we used the wavelength range from
al. (2004) reported large difference in radiative forcing (by 0.25um to 4um in 38 bands. The estimated fluxes are av-
a factor of three) for different state of mixing of aerosols. eraged for the day (24 h) and aerosol DRF is estimated us-
Based on a more detailed treatment, Bond et al. (2006) sugng Egs. (1) and (2). The uncertainties in BC akfigt: esti-
gested that much of the enhanced absorption due to internathates (discussed in details in Part 1) are used to get the range
mixing is artificial and would not be replicated by real parti- through which the estimated model parameters will vary and
cles. (Inthe present study the exact nature of the mixing stat¢hese are used in the final calculations to get the typical range
of ambient aerosols over TVM was unknown and this couldof variation for the DRF estimated for each season.
form a separate study for the future.) Following the above approach we examine the seasonal
In our study, based on the geographical location and airchange in the short wave direct radiative forcing resulting
mass types, we chose six aerosol types from the Hess dtom the corresponding changes in the aerosol properties
al. (1998) and assumed them as externally mixed sphericefor the four distinct seasons considered here, namely, winter
particles forming the composite aerosols. These are watemonsoon season (WMS, month from December to March),
soluble (WSC), insoluble (INS), BC (soot), sea salt accumu-inter-monsoon season (IMS, months of April and May), sum-
lation (SSM), sea-salt coarse mode (SSC), and transportegher monsoon season (SMS, June to September) and post
mineral dust (TMD). The soluble category includes sulfates,monsoon season (PMS, October and November).
nitrates, and particulate organic matter, the optical and hy-
groscopic properties of which are considered to be similar to
sulfates (Chin et al., 2002), while BC category includes ab-3 Results and discussion
sorbing black carbon. The first three species are believed to
be mostly arising from anthropogenic activities. Sea-salt andpfe start by summarizing the distinct seasonal features of the
transported mineral dust (which is transported over long dis-optical and microphysical properties of aerosols seen at TVM
tances and hence has a very low amount of large particlesand described in Part 1. The seasonal mean values of AOD
are basically the natural species. Both coarse and accumigt 500 nm, Angstrom exponent), composite aerosol mass

lation modes of sea-salt are important for Trivandrum due toconcentration /1), and BC mass fractionfgc) are given
its coastal nature and seasonally varying winds. The numin Table 1. The main findings of Part 1 are:

ber densities of each of the above species are varied while

maintaining the BC mass-mixing ratidFgc) (ratio of the — The AOD spectra showed significant seasonal varia-
mass concentration of BC to that of the composite aerosols)  tions, both in magnitude at a given wavelength, as well
as anchoring point, such that; (i) the spectral AODs re- as in the wavelength dependence.

estimated from the resulting composite aerosol model match

with the AOD spectra from measurements (using the multi- — The seasonal mean AOD spectra transformed from a

wavelength radiometer, MWR, described in Part 1) over its steep WMS spectrum (witi=1.10+0.03) to a flat one
entire wavelength range (380 to 1025 nm) within the mea- in SMS (with ®=0.32:0.02). As far as the transition
surement uncertainties and (ii) the Angstrom wavelength ex- seasons are concerned, IMS showed a much flatter spec-
ponentx estimated using the model agreed with those from trum (@=0.85+-0.04) compared to PM%£1.20+0.01).

the measurements (MWR) with in 5% (Moorthy et al., 2005; Here the values appearing after tiresymbol are the
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Table 1. Seasonal mean values of (Aerosol Optical Depth) AOD at Table 2. The relative contribution of various aerosol species to
500 nm, Angstrom wavelength exponentmass concentration of the composite aerosol optical depth at 500 nm and relative contri-
composite aerosol®, and mass fraction of BC to the composite bution of various chemical species to the composite aerosol mass

aerosols fge).- (in bracket).
Seasons AODat500nm  « My (ngm™3)  Fac (%) WMS IMS SMS PMS
WMS 0.43+0.01 1.16-0.03 56.24-1.6 10.7 Water soluble 45% (38.2) 44% (28.5) 13% (6) 65% (54.5)
IMS 0.40+0.03 0.85-0.04 38.5:1.2 6.5 Sea-salt 15% (34.6) 27%(55.5) 62% (87.7)  12% (30)
SMS 0.29:0.03 0.32£0.02 32.3:0.8 4.0 BC 37%(10.7)  27%(6.5)  24%(4)  21%(6.5)
PMS 0.380.04 128001 43220 6.5 Insoluble 2% (14.5) 1% (7.5) - (1) 1% (7)
Transported dust 1% (2) 1% (2) 1% (1.3) 1% (2)

standard errors, which are more appropriate statistically , )
when the mean values are compared (Fisher, 1970) (10.7%), until the spectral AODs of the composite aerosols
' " estimated using the model agreed with the observed AOD

— The seasonal variations in columnar AODs and the(with the minimum RMS deviation lower than the mean un-
Angstdom coefficients were significantly associated certainty in the measurements). The resulting spectral AOD
with the variations respectively in the mass concentra-estimated from the fine-tuned aerosol model (using OPAC)
tion of composite aerosols near the surface and its accuis shown (for the entire wavelength range 0.38 {ord) in
mulation fraction. Fig. 1a with the dotted line joining the stars, superposed on

) . ) ) the average AOD spectra for WMS obtained from the MWR

— Despite the fawly_ large _uncertalntvaO%) in the BC  easurements (shown by solid line joining the filled circles).
mass concentration estimated by the aethalometer, thepe 4greement between the observed and modeled AOD is
share {c) of BC to composite aerosol mass concen- qry good for the common wavelength range and the RMS
tration decreased from 11% during WMS 10 as low as yeyiation is only 0.018. The equivalent aerosol model, which
4% during SMS. yielded this AOD spectrum, has BC mass fraction at the ob-

Keeping these observations as the constraints, we have déerved level; aerosols of continental origin (water soluble,
veloped equivalent seasonal aerosol models, the AODs e$3C, and insoluble components together) accounted for 63%
timated from which agreed well with the mean AODs from Of the composite aerosol mass concentration, while accumu-

measurements in the region 380 to 1025 nm. lation mode sea-salt accounted for 35% and transported min-
eral dust~2%. The relative contribution of various aerosol

3.1 Aerosol models species (constituting the model) to the composite aerosol op-
tical depth at 500 nm and the relative contribution of these

3.1.1 Winter Monsoon Season (WMS) species to the composite aerosol mass are listed in Table 2

. . ) separately for all the four seasons.
In view of the continental nature of the airmass and based

on the observational features of AOB,and Fc, the con-  3.1.2 Inter-monsoon Season (IMS)
tinental polluted model of Hess et al. (1998) is adapted for
this season as the zero order approximation. The major comburing IMS, the prevailing winds strengthen and start shift-
ponents of this model were taken as water soluble (WSC)jng from northeasterlies to northwesterlies with increasing
insoluble (INS), and BC. Since the study location is a coastahistory over oceans. The spectral variation of observed AOD
station, it is natural to have an appreciable sea-salt compois similar to that of WMS. As such, for this season also, the
nent in the composite aerosols in all seasons with varyingpasic WMS model is selected as the zero-order. The ambi-
abundance, which will be wind speed dependent. Because ant RH was taken as 70% in the model inline with the mean
the very low surface winds encountered in WMS, we consid-value observed for this season. The relative abundance of
ered only the accumulation mode sea-salt (SSM). In additiongach species is varied as earlier (but keepipg at 6.5%
as the 5-day back trajectory analyses (HYSPLIT) showed(in-line with the measurements) so that the AOD spectrum
possibility (though weak) of mineral dust advection from the retrieved from the model matched with the mean spectrum
arid/semi arid regions of north and northwest (see Part 1)from measurements, with an RMS deviation of 0.019. The
transported mineral dust is also added to the above modeAOD spectrum estimated from the model is shown in Fig. 1b
The ambient RH was taken as 50%, in-line with the meanas dotted line joining stars and the AOD measured using
value observed for this season (Fig. 2, Part 1). MWR is shown as continuous line joining filled circle with
The number densities of each of these species are variedrertical bars. The basic difference of the “IMS model” from
keeping the BC mass fraction fixed at the observed valughe “WMS model” is the significant reduction in the share
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Fig. 1. Comparison of estimated (dotted line with star symbol) and measured (continuous line joining filled circle with vertical bars) aerosol
spectral optical depths f¢a) Winter Monsoon Season (December through Marh))Inter-monsoon season (April and Ma{g) Summer

Monsoon Season (June through September)dnEost Monsoon Season (October and November). The vertical bars represent the standard
error.

of continental aerosols to 43% (from 63%) and the large in-ported mineral dust is added following the earlier consider-

crease in sea-salt, which now accounts for 55%. ation. The species concentrations are adjusted; keeping the
BC mass fraction constrained to 4% (in line with the mea-
3.1.3 Summer Monsoon Season (SMS) surement) to match the spectral AODs. Here the ambient RH

was taken as 70%. The spectral AOD estimated from the
During the SMS, prevailing winds are almost entirely north- model and measured using MWR is shown in Fig. 1c. Here
westerlies, arriving from the ocean after a considerable seathe match was not as excellent as the previous two seasons
travel, constituting a marine airmass. Due to the higher windand RMS deviation was 0.029; yet it was within the obser-
speeds encountered in this season and proximity of the sta/ational errors, which are also higher in this season. Here
tion to the coast, both accumulation and coarse mode of tha short account of a small spike occurring in the measured
sea salt are important in this season. Nevertheless, ther®OD spectrum at 650 nm is warranted, as the deviation from
still will be a significant continental component and some the model estimate is most around this. We have checked this
impact of continental activities. Hence, we adopted a ma-for any instrument artifact and found nil. This pattern of the
rine polluted model as the zero order for the SMS and transAOD spectrum was frequently observed especially during
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190777 low wind speeds. The equivalent aerosol model for this sea-
son is constructed as discussed earlier Wiga constrained

at 6.5% and RH at 70% (in-line with the measurement). The
spectral AOD estimated using this model is compared with
j mean observed AOD spectrum in Fig. 1d. The agreement is
good and RMS deviation is 0.023. Interestingly, the share of
continental aerosols recovers to 68% by now and that of the
] sea salt comes down to 30%.

The contributions of each of the species considered in
these models to the composite aerosol optical depth at
500 nm for the different seasons are also given in Table 2.
7] It is interesting to note that BC is the second largest contrib-
. utor to the composite AOD in all the seasons except in IMS;

T T T T T T when sea-salt also contributes nearly as much. It is very in-
05 10 15 2.0 25 30 3.5 4.0 teresting to see that the share of BC to composite AOD is
the lowest in PMS, even though BC is lowest in SMS. De-
spite, even at its lowest value, its share is nearly twice the
_ o ) _ ) share reported by Satheesh et al. (1999), for northern trop-
F_lg. 2. Spectral variation of §|ngle scattering albedo estlmateq f_orical Indian Ocean thereby showing the significance of high
nge;:gtbietﬁseoﬁ:éelgﬁl t‘)’/ei:';2Lht§gsrnser:g:v§s:rrﬁazzgg§c°f vanations c share over the landmass. Similarly, sea salt, which con-

' tributes only 12 to 15% to the composite AOD during WMS

and PMS, contributes as much as 62% in SMS.
SMS season and with other instruments also (like the mi-

crotops, in which this occurs at 675nm). This type of AOD 3.2 Estimated optical properties

spectra were also seen in cruises around the coastal waters

of the Arabian Sea. In other seasons, this peak becomes inJsing the seasonal aerosol models developed above, the sin-
conspicuous, and hardly visible during WMS. We attribute gle scattering albedaw{ as a function of. and phase func-

this to be contributed by the ever-present sea salt compotion P(9) (as a function of scattering angl were esti-

nent (in the coarse mode). The columnar size distributionmated. The spectral variation ef thus obtained is shown
inverted from the AOD spectra also show a mode-&fum, in Fig. 2 for the spectral range from 0.3 tquh separately
which is also seen in the near-surface aerosol size distribufor the four seasons considered. The striking feature is the
tions (Pillai and Moorthy, 2001). This is the season when thevery low value ofw (0.7 to 0.74) in WMS; which is far sep-
wind speeds are the highest of the year. At near-surface, tharated from thev values for the other seasons. During the
coarse mode accounts for more than 50% of the total aeros@ther three seasons, values.ofre more or less comparable
mass during SMS. The reduced vertical mixing in this sea-(~0.8) and are much higher than that for WMS. However,
son (due to cloudy conditions and low air temperature) isit is to be noted here that these valueswofire the lower

also conducive for causing a vertical inhomogenity in aerosolestimates, if we consider uncertainties in the aethalometer
size spectra, with the coarse particles being confined to thestimates outlined in the Part 1 of this paper. Accordingly,
lower troposphere (Pillai and Moorthy, 2004). Moreover, the if we consider the aethalometer overestimated the BC con-
washout by the monsoon rains affect particles of differentcentrations up te~20%, then thew values could be higher
sizes differently (Saha and Moorthy, 2004). During SMS, thethan the values mentioned above. We have repeated the en-
modeled aerosol composition changes significantly from artire procedure described above with a 20% reduction in BC
anthropogenically dominated one to natural dominated onemass estimates and the SSA are re-estimated, and are shown
the sea-salt contributing to as much as 88% to the compositey the vertical bars over the points; which shows the range
mass, while the share of continental aerosols comes down tover which the estimated values @fmight vary due to the

o o o
H (<2} o0
I I 1]

1 1 1

Single Scattering Albedo

(=
N
I

o
o

Wavelength(um)

as low as 11%. uncertainty in the aethalometer measurements. For the wave-
length of 500 nm, the values then ranges between 0.70 and
3.1.4 Post Monsoon Season (PMS) 0.74 for WMS, 0.78 and 0.81 for IMS, 0.81 and 0.84 for

SMS and 0.82 and 0.85 for PMS. Even after considering
During the post monsoon season, winds are weak and arthese ranges of variations af, it is clear that the values
again in a transition from marine to continental; but the rain-for SMS and PMS are significantly higher than the values
fall is significant. The spectral variation of AOD observed of WMS and IMS thereby implying a seasonal change in the
during this season is similar to that of WMS but with lower absorbing nature of the aerosols. The distinct wavelength
AODs at longer wavelength, implying a reduction in the con- dependence ab in SMS (withw increasing at longer wave-
centration of coarse aerosols, probably sea-salt, because tE#ngths) is apparently caused by the increased abundance of
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sea-salt aerosols. Because of its large size, sea-salt aeroso!
efficiently scatter at longer wavelengths than at shorter wave-
lengths. During WMS and IMSy weakly decreases towards
longer wavelengths.

At this juncture we compare the valuesobtained from
our study with those reported from different regions of India
and adjoining oceans by different investigators. For WMS,
w at TVM is lower than the values reported for Arabian
Sea and Indian Ocean by several investigators (Podgorney
et al., 2000; Lelieveld et al., 2001) and is comparable to
that reported for an urban location, Bangalore (Babu et al.,
2002) for PMS, despite the study location being far less ur-
banized and practically unindustrialized. On the other hand
the summer values at TVM are quite comparable with the
winter values reported for southern Indian Ocean during the
INDOEX (Ramanathan et al., 2001). Examining other con-
tinental and urban locations elsewhere in Asia, we observe
that such large seasonal variationssinvith very low value
in winter (similar to that seen in our study) have been re-
ported. For example, the seasonal mean valugaif500 nm
reported by Nishizawa et al. (2004) over Tsukuba (an urban
location close to Tokyo), Japan were 0.69 in winter, 0.79 in

Phase Function

2315

10-3 . 1 . 1 . 1 . 1 . 1 L
0 60 120 150

Scattering Angle

180

Fig. 3. Phase function of the modeled composite aerosol system for
different seasons. Note the effect of increased coarse aerosols on
the phase function in the summer monsoon season.

The components of the diurnally averaged, direct, short

spring, 0.87 in summer, and 0.77 in autumn and an annuaivave radiative forcing for clear sky conditions are shown in

mean value of 0.75. Similarly, Hayasaka et al. (1992) re-Fi

g. 4 for different seasons, with the panels from bottom to

ported 0.69 in winter, 0.80 in spring, 0.93 in summer and 0.75top representing TOA, surface and atmospheric forcing re-
in autumn, for the seasonal mean single scattering albedo &pectively. The shaded portion in Fig. 4 represents the val-
632.8 nm for Sendai, another coastal, urban centre and pottes correspond to the upper limits of the radiative forcing
in Japan. Noting that the winter season in the above studestimates with the lowest value af. If we consider the
ies is same as our WMS and the summer is nearly same agverestimation of BC and consequent underestimatian, of

our SMS, our values are comparable to these. However, th&
values ofw obtained in the present study is lower than thoseth

e magnitude of the forcing decreases and is represented by
e hashed portion in Fig. 4. In Table 4 we give the range

reported over several major biomass-burning regions aroun@f values through which the forcing components would thus
the world (Reid et al., 2005). The phase functions (shown invary. In same table aerosol radiative forcing estimates made
Fig. 3) show similar pattern in all seasons except for SMS. Inat other locations in India are also given for comparison.

SMS, the significant amount of coarse mode particles causel

P (6) to deviate in its angular pattern.
m

3.3 Direct, short-wave radiative forcing

Using the above seasonal aerosol models and the estimated

optical properties, we estimated the direct short wave radia-
tive forcing for the wavelength range 0.25 to 4. The ob-
served values of aerosol spectral AODs, andlong with es-
timated values of and P (9) for different seasons are incor-
porated into the SBDART and the diurnally averaged, short-
wave, clear sky aerosol DRF at the surface and top of the
atmosphere are estimated following Eq. (1). Here we have
considered only the seasonal mean values of A@[2; and
P(0) and neglected diurnal variations and day to day varia-
tions with in the season. Since the observation location is a
vegetated coastal station with the vegetation (mainly trees)

showing only very weak seasonal changes in the canopy 2.

cover, the surface reflectance is taken as 50% vegetation
and 50% ocean. The surface reflectance values used in the
present study at typical wavelengths are given in Table 3.

www.ann-geophys.net/25/2309/2007/

shows the large seasonal changes in the aerosol radiative

forcing and its spatial heterogeneity in a given season. The

ost significant observations are

1. The diurnally averaged TOA forcind\(Froa) is signif-
icantly positive (ranges between +1.83 and +4 W2n
during WMS, and negative during SMS and PMS
(ranges between—1.4 and —2.6 and —1.5 and
—2.8Wn132). During IMS, the TOA forcing values
ranges between +0.28 ard..4 W n 2. These seasonal
changes are attributed mainly to the decreaségp.
The reversal of the sign (from negative to positive) of
the A Froa for WMS implies that the presence of the
“winter aerosols” in the atmosphere leads to a further
reduction in the outgoing radiation due to increased ab-
sorption.

The diurnally averaged surface forcing is as large
as —50Wnr?2 in WMS and gradually decreases in
magnitude to reach-30 W ni2 by SMS, and increases
in PMS.

Ann. Geophys., 25, 2309-2320, 2007



2316 S. Suresh Babu et al.: Temporal heterogeneity in aerosol characteristics — Part 2

Table 3. The surface reflectances at typical wavelengths.

A (nm) 300 400 500 600 700 800 900 1000
Surface 0.021 0.051 0.078 0.070 0.173 0.262 0.266 0.268
reflectance

Table 4. Comparison of the radiative forcing (in W) estimates over TVM with other similar estimates made elsewhere.

Area/Location Period TOA Surface Atmosphere Reference

TVM Dec—March +4.1t0+1.8 —48.9t0—44.8 +52.9t0+46.6 Present study

TVM April-May +0.3to—14  —37.4t0—34.2 +37.6t0+32.8 Present study

TVM June-Sep —1.4t0-2.6 —26.9t0—24.4 +255t0+21.8 Present study

TVM Oct—Nov —1.5t0-2.8 —-30.2t0—-27.8 +28.7t0+25.0 Present study

Bangalore Nov +5 -23 +28 Babu et al. (2002)

Pune Nov—April 0 -33 +33 Pandithurai et al. (2004)

Central India Feb +0.7te-11 —-15t0—40 Ganguly et al. (2005)

Kanpur Dec +&3 —62+23 Tripathi et al. (2005)

Nainital Dec +0.7 —4.2 +4.9 Pant et al. (2006)

Arabian Sea March-April —11.6to—12.3 —-25.7t0—28.3 +13.4t0+16.7 Moorthy et al. (2005)

Bay of Bengal March —4 —27 +23 Satheesh (2002)

Indian Ocean Feb—March -10 -29 +19 Satheesh et al. (2002)

3. Atmospheric forcing is highest in WMS (55Wt)  —37.5Wn1 271 for the TOA, —43.75Wn12: 1 at the

and lowest in SMS (25 W 7, less than half the winter  surface and +6.25 W nif 1 for the atmosphere. Viewed in
forcing). the light of the above, the forcing efficiency values resulting

. i L in our study are much higher for any corresponding season.
The magnitude of the aerosol radiative forcing is highly de_'This might be mainly due to the facts that (i) Unlike with
pendent not only on the type of the aerosols, but also on itg s oher works, our estimation is over a landmass where the
column abundance. Consequently, it is a strong function ofBC mass fraction is higher (in any season as compared to its

the_AOD. The rate at which the atm(_)spherg ,is forced per Uniajue over the ocean for the same season) and (ii) the surface
optical depth is known as the forcing efficiency. It is ob- 1padoin our study is much higher than that of ocean.

tained by dividingA F by AOD at 500nm, and is a better The atmospheric forcing component of the aerosol radia-

mdu_:ator of the for_cmg potential .Of a given type Qf COM- tive forcing is the most important value for climate scientists
posite aerosol particles. The forcing efficiency estimated aky, assessing the probable impact on regional climate (Moor-

TOA,.surfa_tce and in the atmosphere for different season%y et al., 2005). Climate impact is usually assessed by esti-
are given in Table 5. For INDOEX-1998 data, Podgorny mating the heating rate given by

et al. (2000) reported aerosol forcing efficiency values of

—82Wm2 ¢~ (wheret stands for AOD at 500nm) for aT g (AFy)

the surface-20 Wm2tr~1 for the TOA, and 62Wm?z—1 5, = ¢, AP ©)
for atmosphere over Indian Ocean, while Satheesh and Ra-
manathan (2000) reported the forcing efficiency at the surwhere% is the heating rate (K day), g is the acceleration
face to be in the range-70 to —75Wm 2z~ 1 and at the  dueto gravityC , the specific heat capacity of air at constant
TOA to be—22 to—25 W m 271 over same region and sea- pressure{1006Jkg!K—1) andP is the atmospheric pres-
son, but for 1999. Based on Arabian Sea Monsoon Experisure, respectively. Using the above equation, we computed
ment (ARMEX), Moorthy et al. (2005) reported that the forc- (taking A P as 300 hPa) the range of heating rates for each
ing efficiencies over Arabian Sea during the inter-monsoonseason and these are given in the last column of Table 5. In
season are-61 W 2z~ for the surface—27 Wni 271 line with the seasonal changes in atmospheric forcing the di-
for TOA and +34Wnr2r~1 for the atmosphere. How- urnally averaged heating rates decreased from as high as 1.3
ever, based on the same experiment but during summeto 1.5K day ! in WMS to 0.6 to 0.7 K day? in SMS. While
monsoon season (July—August) Vinoj and Satheesh (2003300 hPa forA P (meaning that the aerosol layer is concen-
reported short wave aerosol direct forcing efficiencies oftrated in the first 3km above ground) is valid for TVM for

Ann. Geophys., 25, 2309-2320, 2007 www.ann-geophys.net/25/2309/2007/
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Table 5. The range of values for forcing efficiency obtained for different seasons.

Forcing Efficiency (in W27z —1)

Seasons Heating rate (K day?)

TOA Surface Atmosphere
WMS +9.5t0 +4.2 —113.9t0—104.4 +123.5t0 +108.6 1.51t01.33
IMS +0.7t0-3.5 —94.6 t0—86.6 +95.3to +83.0 1.081t00.93
SMS —-48t0—-89 —-92.5t0—83.8 +87.7 to +74.9 0.731t0 0.62
PMS —4.0to—7.4 —-80.4t0—73.9 +76.4 to +66.5 0.82t00.71

WMS, (based on LIDAR measurements, e.g., Parameswarar ..»~ g0 ~
et al., 1995; Muller et al., 2001), during SMS, it reduces sig- 'E 50 [
nificantly to ~100 to 150 hPa (Parameswaran et al., 1995). 3 40
In such cases the heating rate would increase from the values 2 30 [
given in Table 5. As such, we have carried out a sensitivity !
study to assess the effect of possible variationa ih as a 20
function of season. If we use a value of 100 hPa (the lowest 10 N
value, reported for SMS) fah P (aerosol is concentrated in 0
the layer from surface to 1 km), then heating rate increases to
4.4Kday *inWMS and 2.1 Kday' in SMS. However, typ- ™ 0
ically A P will lie between these extremes Thus, the realistic & -10 F

T
N
N
N

Atmos

value of lower atmospheric heating rate may deviate as much B 20 F 7

as 30 to 50% depending on aerosol mixing height compared < 30k A — é

to that estimated using a meanP of 300hPa. Based on g : =

the measurement over Arabian Sea, Moorthy et al. (2005) re- & -40 7

ported a heating rate value of 0.42 K d&yfor the first 3km =80 —

layer during IMS, which is very much less than the values <]

reported in the present study, because of the low BC mass

fraction (~2.2%) over ocean and the low surface albedo of = i

ocean compared to the land. Here it is to be emphasized thar 3

this heating rate is only a theoretical, static, 1-D estimate and a 2

is due to absorption of short wave flux only. More realis- 2, 1

tic estimates should consider the long wave part as well as < 2 @

boundary layer processes. hg :2 E % %
The large TOA warming and low single scattering albedo <7 -3

values, seen in this study, are not unigue features of the lo- WMS IMS SMS PMS

cality; rather they appear to be characteristic to the region. o )
Based on extensive measurements of aerosol single scattdfld- 4- Cléar sky aerosol radiative forcing at TOA (bottom), sur-
ing albedo (SSA) over various locations of the central andface (middle) and in the atmosphere (top). Here the shaded portion

northern Indian region during February 2004. Ganguly etcorresponds to the radiative forcing estimations without considering
) the uncertainty in aethalometer measurements and the hashed por-
al. (2005) have reported SSA as low as 0.75. Based o Y P

' ) h - Rion corresponds to the estimations after considering the 20% over
this, they estimated diurnally averaged value of direct SWegtimation by aethalometer.

radiative forcing as high as40 W m2 at the surface and

+0.7 at the TOA (strong heating similar to what we observe

here). During a comprehensive aerosol field campaign in De-

cember 2004, extensive measurements of aerosol black cathe atmospheric absorption is +71 W For an urban lo-
bon were made at Kanpur, an urban continental location incation Bangalore in south India, Babu et al. (2002) have
northern India by Tripathi et al. (2005). They reported BC estimated SSA as low as 0.76 and consequent strong TOA
concentrations as high as 6 to 29 m~2 and mass fraction warming (+5W n7?2). All these indicate persistent high at-
(close to~10%) resulting in a very low single scattering mospheric forcing in winter over several Indian regions. The
albedo (0.76). The estimated surface forcing was as higlsignificance of our observation is the large increase in the
as—62Wm 2 and top of the atmosphere (TOA) forcing is SSA at Trivandrum as the season changes from winter to
+9 W m2 (strong heating similar to our case), which means summer.
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4 Conclusions Geophys. Res. Lett., 29(18), 1880, doi:10.1029/2002GL015826,
2002.

Seasonal changes in the aerosol characteristics, deduc&bnd, T. C. and Bergstrom, R. W.: Light absorption by carbona-

from collocated and long-term measurements at Trivandrum, ceous particles: An investigative review, Aerosol Sci. Technol.,

are used to develop seasonal aerosols models and the impact40, 27-67, 2006.

on the direct short wave radiative forcing has been made. Th&oucher, O. and Haywood, J.: On summing the components of ra-
important findings are diative forcing of climate change, Clim. Dynam., 18, 297-302,

2001.

— The modeled Composite aerosols show a |arge dominaChandra, S., Satheesh, S. K., and Srinivasan, J.. Can the state

tion of anthropogenic fine mode aerosols during WMS of mixing of blac!< carbon gerosols explain the mystery of ‘ex-
contributing to as much 64% to the total aerosol bur- cess’ atmospheric absorption?, Geophys. Res. Lett., 31, 2004,

den, while sea salt (accumulation mode) contributed doi:10.1029/2004GL020662, 2004.
! o . Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley,
only ~35%. In_ contrast, during SMS, sea-salt (coarse J. A., Hansen, J. E., and Hofmann, D. J.: Climate forcing by
and aCCPmUIat'On together) accounted@8% of the anthropogenic aerosols, Science, 255, 423-430, 1992.
composite aerosols. Thus the aerosols change from archin, M., Ginoux, P., Kinne, S., et al.: Tropospheric aerosol op-
thropogenic domination in WMS to natural domination tical thickness from the GOCART model and comparisons with
in SMS. satellite and Sunphotometer measurements, J. Atmos. Sci., 59,
461-483, 2002.

— Consequently, the inferred SSA at 500 nm increasedconant, W. C., Seinfield, J. H., Wang, J., Carmichael, G. R., Tang,
from its least value 40.70 to 0.74) during WMS to Y., Uno, I, Flatau, P. J., Markowicz, K. M., and Quinn, P. K.:
~0.81 to 0.84 during SMS. This large changeifeads A model for the radiative forcing during ACE-Asia derived from
to seasonal changes in atmospheric forcing. CIRPAS Twin Otter and R/\MRonald H. Brown data and com-

parison with observations, J. Geophys. Res., 108(D23), 8661,

— The estimated clear-sky radiative forcing showed that, doi:10.1029/2002JD003260, 2003.
the TOA forcing is significantly positive during WMS, Fisher, R. A.: Statistical methods for research workers, Oliver and
but changes to the normally expected negative values Boyd, Edinburgh, 362pp, 1970.
during SMS and PMS. The magnitude of the surfaceGanguly, D., Gadhavi, H., Jayaraman, A., Rajesh, T. A., Misra,
forcing decreases from WMS to SMS and increases for A.: _Slngle scattering a_lbedo of aerosol_s over the_ central India:
PMS so that atmospheric forcing is highest in WMS and Implications for the regional aerosol radiative forcing, Geophys.

decreases to the lowest value in SMS. imolving a large Res. Lett., 32, L18803, doi:10.1029/2005GL023903, 2005.
. » Implying 9 Ganguly, D., Jayaraman, A., and Gadhavi, H.: Physical and op-
seasonal heterogeneity.

tical properties of aerosols over an urban location in western

_ . . . India: Seasonal variabilities, J. Geophys. Res., 111, D24206,
The estimated heating rates decrease from as high as d0i:10.1029/2006JD007392, 2006.

1.5K_da)r1 in WMS to ~0.7Kday’1 In SMS_ fqr a Girolamo, L., Bond, T. C., Bramer, D., Diner, D. J., Fettinger, F.,
nominal A P of 300 hPa. However, under realistic con- Kahn. R. A., Martonchik, J. V., Ramana, M. V., Ramanathan,
ditions, these values could be differing by 30 to 50%, v, and Rasch, P. J.: Analysis of multiangle imaging spectro-
particularly in SMS, when the aerosols are confined radiometer (MISR) aerosol optical depths over greater India
closer to the surface. These observations are important during winter 2001-2004, Geophys. Res. Lett., 31, L23115,
in modeling aerosol climate impacts. d0i:10.1029/2004GL021273, 2004.
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