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Abstract. The impact of anthropogenic absorbing aerosols1l Introduction
(such as soot) on the climate over the Indian region has been
studied using the NCMRWF general circulation model. The There has been serious concern recently regarding anthro-
absorbing aerosols increase shortwave radiative heating qsogenic absorbing aerosols, such as soot on large-scale en-
the lower troposphere and reduce the heating at the surfacgjronment. The Indian subcontinent is considered to be a
These effects have been incorporated as heating of the lowgnajor source of this anthropogenically generated pollutants
troposphere (up to 700 hPa) and cooling over the continengyring the period January to March. Observational studies
tal surface based on INDOEX measurements. The heatingf Satheesh et al. (1999) have shown that these aerosols can
effect is constant in the pre-monsoon season and reduces {@ noticed as far as the southern Indian Ocean. This anthro-
zero during the monsoon season. It is shown that even in thﬁogenic aerosol loading has a distinct seasonal cycle with
monsoon season when the aerosol forcing is zero, there ig maximum before the Indian summer monsoon season and
an overall increase in rainfall and a reduction in surface tem'a minimum during the monsoon season (June to September),
perature over the Indian region. The rainfall averaged overgye to the leaching effect of rain. The anthropogenic aerosols
the Tropics shows a small reduction in most of the monthsincrease again during the post-monsoon period. Aerosols
during the January to September period. can cool (negative forcing) or warm (positive forcing) the
The impact of aerosol forcing, the model's sensitivity atmosphere depending upon the relative dominance of the
to this forcing and its interaction with model-physics has absorbing aerosols. Recent investigations over the tropical
been studied by changing the cumulus parameterization fronindian Ocean have shown that inspite of its small contribu-
the Simplified Arakawa-Schubert (SAS) scheme to the Kuotion to optical depth{11%) soot plays an important role in
scheme. During the pre-monsoon season the major changeketermining the overall radiative forcing (Satheesh and Ra-
in precipitation occur in the oceanic Inter Tropical Conver- manathan, 2000). However, when the amount of absorbing
gence Zone (ITCZ), where both the schemes show an inaerosols such as soot are significant, aerosol optical depth
crease in precipitation. This result is similar to that reportedand chemical composition are not the only determinants of
in Chung et al. (2002). On the other hand, during the mon-aerosol radiative effects, but the type of surface below is also
soon season the changes in precipitation in the continentamportant. When the amount of soot is large over land (where
region are different in the SAS and Kuo schemes. It is shownsurface reflection is high), aerosol forcing can be positive
that the heating due to absorbing aerosols changes the vert{Satheesh, 2002). Recent experiments over Bangalore, an
cal moist-static stability of the atmosphere. The difference inurban site in India, have shown that atmospheric forcing is as
the precipitation changes in the two cumulus schemes is otigh as +28 Wm? and surface forcing is-23 Wm~2 (Babu
account of the different responses in the two parameterizaet al., 2002). The effect of soot absorption is significantly
tion schemes to changes in vertical stability. larger over land compared to that over ocean because the re-
flectance of land is much higher (15 to 25%) and the radiation
) " reflected from the surface below will interact with the aerosol
Key ~words. Atmospheric composition and  structure e than once due to reflection from below. Hence, the ef-
(aerosgls and.partlcles) B Meteoroilo.gy'and atmospherlqect of these anthropogenic absorbing aerosols is twofgld:
dynamics (tropical meteorology; precipitation) they increase the absorption of the incoming shortwave ra-
diation in the lower troposphere (up to about 3 km) aind
Correspondence toA. Chakraborty reduce the absorption at the surface. This leads to cooling of
(arch@caos.iisc.ernet.in) the surface and heating of the lower troposphere.
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Prescribed Aerosol Forcing to the Model
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Fig. 1. Prescribed aerosol forcing to the moda):Heating rate of the lowest 7 model layers. Lower troposphere forcing was assumed to be
uniform in the lowest 7 model layerb) Column integrated forcing F(A) prescribed in the model in the lowest 7 laggBurface forcing

F(S) prescribed; and) Area mean lower troposphere and surface forcing. Forcing was kept constant from 1 January to 15 April and linearly
approached zero by 15 May. The area mean ratio R = F(S)/F(A) equals 0.77 for those grid points where F(A) exceetaBdW(S) has
nonzero value.
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In a recent study Chung et al. (2002) examined the impactl982, 1988), with a triangular truncation at 80 waves (T-
of these aerosols on the circulation, precipitation and sur-80). The model has 128 global Gaussian grids in the north-
face exchange patterns over the Indian Ocean region duringouth direction (resolution-1.41°) and 256 equally spaced
the January—March period using the NCAR CCM3 generalgrids in the east-west direction (resolutisi.41°). It has 18
circulation model (GCM). They have suggested that precip-vertical sigma levels, with more closely spaced levels near
itation increases in the near-equatorial Indian Ocean regioithe surface and at the tropopause. The simplified Arakawa-
but decreases over the global tropics from January to MarchSchubert (SAS) scheme (Grell, 1993) was used for convec-
due to the presence of this aerosol-related radiative heation parameterization. With a view to understanding the in-
ing/cooling. They did not, however, study the impact of the teraction between model physics and aerosol radiative ef-
absorbing aerosol on the strength of the subsequent Indiafects, we have conducted another set of simulations both
summer monsoon. Menon et al. (2002) have studied the imwith and without aerosol forcing and using the Kuo cumu-
pact of anthropogenic aerosols over the South Asian and Eastis parameterization scheme (Anthes, 1977). The model’s
Asian regions on the Indian summer monsoon. They haveshortwave radiation scheme is based on Lacis and Hansen
used, however, a time invariant aerosol radiative forcing, i.e.(1974) and the longwave radiation scheme is based on Fels
aerosol radiative forcing is the same during the pre-monsoonand Schwarzkopf (1981). It uses a simple one layer bucket
monsoon and post-monsoon seasons. This is an unrealisaodel for the surface hydrology calculation (Pan and Mahrt,
tic assumption, since there is a strong seasonal variation 0£986). The gravity wave drag parameterization is from Pier-
anthropogenic aerosol (Satheesh and Srinivasan, 2002). Adehumbert (1987). The model’s ability to simulate the Indian
ditionally, these simulations were performed with a coarsemonsoon and the impact of orography has been discussed by
resolution GCM (the GISS GCM at’45° horizontal reso-  Chakraborty et al. (2002).
lution). The impact of nonabsorbing aerosols, such as the
sulphate aerosols, has been studied by Boucher et al. (1998).

They found that the strength of the Indian summer monsoor8 Experimental details

reduced with the inclusion of sulphate aerosols. They also

found that the response to sulphate aerosol forcing was difOur present study uses an ensemble of seasonal simulations
ferent from that of the 1987/88 ENSO sea surface temperawith the NCMRWF model. Errors in seasonal integration of
ture forcing. Meehl et al. (1996) have also studied the impacta GCM can be either due to the deficiency of the model's
of climate change due to an increase in greenhouse gases aptysics or due to errors in the initial data. Ensemble tech-
aerosols. nigue can be used to reduce the second source of error sub-

In this paper we study the impact of the soot-aerosol re-stantially (Brankovic and Palmer, 1997). NCEP reanalysis
lated radiative heating in the period prior to Indian summer(Kalnay et al., 1996) data from 1-5 January (at 00 GMT)
monsoon on the pre-monsoon and monsoon climate. \Wavere used as the initial condition for the five ensemble mem-
have introduced the radiative effects of soot aerosol as théers (both control and perturbed). Sea Surface Temperature
heating of the lower troposphere (up to about 3km) and(SST) was specified by interpolating the monthly mean val-
cooling of the surface. The sensitivity of the model results ues for 1998 from Reynolds and Smith (1995) to the model
with aerosol forcing to the cumulus parameterization used’un time. The mean orography from the NCEP re-analysis
has been examined. The aerosol radiative forcing used in théata set was used in all the simulations. The ensemble mean
present study is obtained from an aerosol model that has begigsults are presented in this paper. Studies have shown that
developed based on measured radiative fluxes at the top dhe simulation of the tropical rainfall is sensitive to model
the atmosphere and at the surface over tropical Indian Oceaphysics (Rajendran et al., 2002a, b). Therefore,with a view
(Satheesh et al., 1999) during the INDOEX (INDian Oceanto understand the importance of model physics, such as the
EXperiment). cumulus parameterization scheme and its interaction with

INDOEX forcing over the ocean was estimated by inte- aerosol forcing, two more (with and without aerosol forcing)
grating surface measurements at island locations, as well @&nsemble simulations were conducted with the Kuo cumulus
on board ships, measurements using aircraft, and satellitfarameterization scheme.
data (Ramanathan et al., 2001). The aerosol forcing over land Figure 1 shows the prescribed aerosol radiative forcing
were estimated using aerosol transport models (Ramanathda the model. We have assumed a constant heating profile
etal., 2001). in the lower troposphere, from near surface to about 3km

(0=0.735 of the model), which corresponds to the lowest
7 model sigma layers. Figure la shows the heating rate
2 Model description due to aerosol forcing in each of the lowest 7 model lay-
ers. The column integrated forcing(A) is illustrated in
The global atmospheric general circulation model used inFig. 1b. Reduction of surface flux due to aerod8(S), as
this study is a version of the National Centre for Medium prescribed in the model is shown in Fig. 1c. We have not in-
Range Weather Forecasting (NCMRWF), which is a modi-troduced surface forcing over the ocean where SST was pre-
fied form of the research version of National Meteorologi- scribed from Reynolds and Smith (1995) for the model year
cal Center (NMC, now NCEP) global spectral model (Sela,1998. We have assumed a constant forcing from 1 January
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Precipitation: Observation and NCMRWF Control Simulation
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Fig. 2. March—April 1998 (top) and July—August 1998 (bottom) mean precipitation from Xie-Arkin data (left) and control simulation with
SAS cumulus convection of NCMRWF model (right).

to 15 April. The forcing reduces linearly to zero by 15 May. surface below would have interaction with the aerosol again
We have incorporated a diurnally averaged aerosol radiativéSatheesh, 2002). A sensitivity study in this regard (assum-
effect (heating/cooling) in the GCM. The time series of the ing that both soil and vegetation constitute land surface) has
area mean forcing for the grids whefg¢A) exceeds 3 Wm? demonstrated that over land the presence of a similar aerosol
and F(S) has nonzero values is shown in Fig. 1d. The ra-system, such as that observed over Indian Ocean (reported
tio R=F(S)/F(A) was about 0.77 in this experiment. These in Satheesh et al., 1999), would have the ratio of surface to
lower troposphere and surface forcing are very similar to thatatmospheric radiative forcing as small &8.92 (Satheesh,
used in theR~0.9 case in Chung et al. (2002), which they 2002). From extensive measurements of aerosol spectral op-
believed to be the most realistic one among their three expertical depths, black carbon and size segregated aerosol con-
iments. centration over Indian landmass, Babu et al. (2002) have
o ._shown that black carbon contributes about 11% of the total
The.use of .the lower value of R is justified on the basis aerosol mass. Thus, the aerosol absorption over the Indian
of the interaction between absorbing aerosols and the Iowefandmass is higher via-vis over the Indian Ocean. Based on

reflecting surface. Inclusion of measured aerosol propertieg, . ations Babu et al. (2002) have reported values of sin-
in the radiative transfer model have shown that the ratio of

) o o ) gle scattering albedo as low a€.73 and a ratio of surface
surface to atmospheric radiative forcing~4.53 for Indian

to atmospheric radiative forcing in the range of®to 082.
Ocean aerosols (Satheesh and Ramanathan, 2000). The COfhis low value of the ratio over land is due to the combined

tribution of brl1acll< c(:jgrbog mass fracgl/on t_o hcomposllte aerOSOIeffect of higher aerosol absorption as well as higher surface
mass over the Indian Ocean wa$% (with a single scat- oo ction. Hence, our choice of surface to atmosphere radia-

tering albedo 07~0.9). Thes_e estimates are over the OCeaniive forcing of about 077 is consistent with observations.
where surface reflectance is very low. If the same aeroso

system were present over the land, the effect of soot absorp-
tion would be significantly larger because the reflectance of
the land is much higher and the radiation reflected from the
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Table 1. Monthly mean precipitation (mm day) over the Indian region (68°290.7 E, 8.#—28.0 N, land) from observation and GCM
simulations. The standard error (StdErr) is for the control ensemble.

JJAS98 JUN98 JUL98 AUG98 SEP98

g Xie-Arkin 6.70 4.60 8.07 7.42 6.72
@] GPCP 6.62 3.97 8.27 7.53 6.80
g Control 651 460 762 790 593
O Aerosol 6.89 5.23 8.73 7.64 5.96
2 StdErr 0.22 0.49 0.26 0.47 0.09
">’_ (Aerosol— Control)/StdErr  1.67 1.29 434 -057  0.19
5 Control 9.52 7.36 11.13 10.90 8.69
© Aerosol 997  7.34 1148 1176  9.31
§ StdErr 0.51 0.78 0.73 0.39 0.46
(Aerosol— Control)/StdErr 0.88 —0.03 0.48 221 1.35
4 Results 4.1 Simulations with the SAS scheme

Figure 2 shows the March—April (top) and July—August (bot-
tom) mean precipitation from observation (Xie and Arkin, ¢ 3 S b he Indi ond
1997) (left) and NCMRWEF control simulation with SAS cu- ture from apuaryto_ eptem er over the Indian region ueto
mulus convection scheme (right). The model simulates theaerosol forcing obtained using the SAS convection scheme

high precipitation belt in both the seasons realistically, excepfarg. shownhln Fig. d3. dThe sh_ad(;d reglonlm both tt)Te pan?Is
for the maxima in the northern Bay of Bengal during July— indicates the standard error in the control ensemble simula-

August. In Table 1 monthly and seasonal mean values O]tion computed using Eq. (1). The numbers above the time

precipitation over the Indian land mass (68.90.7 E, 8.4— axis show the confidence level (in percent) at which aerosol
28.0° N, land parts only, we shall call this reé]ioﬁ as ,thé Indian "esults differ from that of the control. The confidence level is

region) is presented for the June—September period from Obgak_:ulated using a sFudent’s t-test. During the pre-monsoon
servations and NCMRWE simulations. It shows that the con-P€eriod the reduction in land surface temperature is maximum
trol run of the model is able to capture the monthly mean'" I;Aebrua_lr_}r/l_(val.ZZ K), a_mdl It gecrefases to ab0u®.15l_< h
value of precipitation over this region correctly for the SAS in vay. IS decrease In land surface temperature in the

cumulus scheme. For the Kuo cumulus convection schem&'€-monsoon period may be a combined effect of the pre-

the precipitation is higher than observed in all four monthsf‘gcr'b(ad surface cooling dge to aerosc_)l and enhanced precip-
It is to be noticed that even after 15

of the summer monsoon season. In Table 1 we also show thi2to" %ver tLus rggmn.f : q etely |
standard error for all the ensemble experiments. The standaljt%ay' when the effect of aerosol was removed completely in

error (StdErr) of a model parameter for the control ensemble € experiment, the_ land gurface tgmperature v_vas_IO\_Ner than
is calculated as follows: that of the control simulation (maximum reduction is in July

by about 1.5 K with a confidence level of 99% when change

Changes in monthly mean precipitation and surface tempera-

/3% (X — X)? in precipitation was highest). This reduction in land surface
StdErr = = , 1) temperature during the monsoon period when the aerosol ef-
> fect was absent is on account of the increased precipitation

whereX; is the value of the parameter for thth member of  (Fig. 3, top) caused by the radiative effects of aerosol in the
the control ensemble anx is the control ensemble mean of pre-monsoon period. A detailed discussion of these changes
that parameter. is presented in Sect. 5. Figure 3 also shows that the change in

The standard error of the control simulation was less tharprecipitation and surface temperature over this region is sig-
1.0 mm day* in all the months, with the standard error being nificant (more than the standard error of the model control
much lower in the SAS ensemble as compared to the Kuaun) during most of the months. The change in precipita-
ensemble in most of the months (except in August). tion is most significant during July at 98.0% level and the

We next study the effect of aerosol forcing, especially onchange in surface temperature is significant at 99.3% confi-
the simulation of summer monsoon over the Indian region,dence level. The changes in surface temperature over this
and its sensitivity to the cumulus parameterization schemeregion in the pre-monsoon season were due to the prescribed
We first present results from the simulations with the SASaerosol cooling of the surface, and during the monsoon sea-
scheme followed by those with the Kuo scheme. We compareon they were due to the surface hydrological feedback ef-
the changes due to aerosol forcing with the standard errofects caused by the increased precipitation (increased pre-
of the control simulation and validate any significant changecipitation causes higher soil moisture and this in turn causes
using a statistical test. higher evaporative cooling at the surface).
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Precipitation, Aerosol — Control, SAS, Indian Region Changes due to Aerosol Forcing with SAS Convection, APR98
1.2 L L L L L L L L Shaded above 95% Confidence Level from t-—test
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Fig. 3. Time series of change in (top) precipitation (in mm dé)/

and (bottom) surface temperature (in K) over the Indian region | , : , , : , ,
(68.2-90.P E, 8.£-28.0° N, land) for the SAS cumulus convec- 30E  45E  60E  75E 90E 105 120E 135 150E
tion scheme. The standard error of the control ensemble (shaded . L 1
region) is also shown which indicates the error bar. The confidencd 19 4- Changes i) precipitation (in mm day"), b) surface tem--
level (in percent, calculated using t-test) of the difference betweerPerature (in K) and) air temperature (in K) at 850 hPa during April

control and aerosol results for each month is written as numberd!Sing the SAS convection scheme. Only those grids are shaded
above the time axis. where the ensemble mean difference between aerosol and control

simulations is above 95% confidence level using a t-test.
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Spatial variation of changes in precipitation, surface tem-the south of ITCZ in our simulation is similar in location
perature and 850 hPa temperature for the month of April (theto that of Chung et al. (2002) and again, the magnitude of
pre-monsoon period) and July (the monsoon period) with thethe change is larger2 mm day lin comparison to about
SAS convection scheme are shown in Figs. 4 and 5, respe®.5 mm day lin Chung et al., 2002). Over continental re-
tively. Only regions where the differences are significant atgions such as northwest India and Pakistan, the changes are
95% level are shaded. different. Our simulations show an increase in precipitation

Precipitation increases over the oceanic Inter Tropicalover this region, while those of Chung et al. (2002) shows a
Convergence Zone (ITCZ) region (equatorial Indian Ocean)decrease. This suggests that over oceans, where the SST is
in April (Fig. 4a). The increase in precipitation (by 2—4 mm prescribed and heating of the lower atmosphere is the only
day1) over the eastern parts of India, Myanmar and theeffect of absorbing aerosols, the two models behave in a sim-
Indo-Chinese peninsula in this month is associated with dlar fashion. Over land, on the other hand, where the impact
decrease in surface temperature by 3—4 K over land which reof aerosols includes cooling of the surface (and consequent
duces the air temperature at 850 hPa by 1-4 K. A large reducsurface feedbacks such as a decrease of surface temperature
tion in precipitation 6 mm day 1) over parts of Indonesia and changes in soil moisture) the two simulations differ sig-
is also seen. We note that the region of increased precipinificantly.
tation in April due to the aerosol effect with the SAS con-  Also noticeable is the increase in the 850 hPa air tempera-
vection at the equatorial Indian Ocean with maxima aroundture by about 1-2 K over most of the Indian Ocean and south-
10° N corresponds well with that of Chung et al. (2002). ern parts of India (Fig. 4c), which is larger than the standard
However, the magnitude of the increase is much larger ( error of the control simulation<0.3 K, not shown) and is
mm day las compared to about 2 mm ddyn Chung etal.,  significant at 95% level. This change in 850 hPa air temper-
2002). We also note that the decrease in precipitation taature is due to the prescribed aerosol heating in the lower
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Changes due to Aerosol Forcing with SAS Convection, JUL98

troposphere. Over land this change in low level air temper- Shaded above 95% Confidence Level from t—test
ature is not significant because prescribed surface coolinge) Precipitation, mm/day

reduces the intensity of prescribed lower troposphere heat-
ing. Comparing with the study of Chung et al. (2002) (Fig. 8
therein) we note that the increase in temperature is similar in
pattern and magnitude over the lower troposphere. Cooling
of the surface due to aerosols causes the surface tempera- g/
ture to reduce and this is also consistent with the results of
Chung et al. (2002). The magnitude of reductien-1 K) 1551
over peninsular India is a little higher than that reported in 30E 45€ 60E 756 O0E 105E 120E 1356 150E
Chung et al. (2002), where it varies from0.3 to —1.0K.
This could be related to the fact that our simulations show an
increase in precipitation over this region, while Chung et al. 30N+
(2002) either shows a reduction or no change. The increase
in precipitation enhances evaporation which reduces surface "V
temperature further.

In contrast to April, the 850 hPa air temperature during
July does not change significantly (0.5 K) over the Indian
Ocean (Fig. 5¢). On the other hand, there is a substantial in-
crease in precipitation in the northwest part of India and over
the northern Arabian Sea (Fig. 5a). The increase in precipita-°) Air Temperature at 850 hpa;,g
tion over the Indian landmass decreases the surface temper-BON_:?
ature by 2—4 K, and this in turn reduces the 850 hPa air tem-
perature by 1-3 K. In July we further note a large decrease x|

30N 1

15N 1

Surface Temperature, K

EQA

30E 45 60E 75E 90E 105 120E 135€ 150E

in precipitation over southeast Asia and over the central and 2
western Arabian Sea{3 mm day!). In contrast, precipita- EQ{p ¢ £
tion increases over both these regions during April (Fig. 4a). .Q e+ y

In Table 1 monthly mean values of precipitation over 151 = /,N“U\
the Indian region for the summer monsoon months (June— 30 45 60E 75 90 105t 120E 1356 150E
September) are shown for observations and model simula-
tions. Two different observational data sets have been infig- 5. Chgnges ira) pr_ecipitation (in mm day?l), b) surface_ tem-
cluded to illustrate the uncertainty in the data used for com-Perature (in K) and) air temperature (in K) at 850 hPa during July
parison. While the seasonal mean precipitation of the contro'Si"d thé SAS convection scheme. Only those grids are shaded
simulation is close to the observation, it increases when th%\{here the ensemble mean difference between aerosol and control
A . ! . imulations is above 95% confidence level using a t-test.
aerosol effect is included. The impact of aerosols is more
during the earlier parts of the season (i.e. in the months of
June and July) and reduces as the season progress. In the
next section we show that temporal and spatial variations of
changes in precipitation is sensitive to modeling of cumulus
parameterization. flux. During the monsoon season the cooling of the surface
The effect of aerosol on air temperature in different is related to the increased precipitation and related cooling
months averaged over the Indian region mass is depicted idue to surface hydrological feedback effects. This shows
Fig. 6. It shows a warming during the January—April period that contrasts in land-ocean surface temperature do not play
at all levels from surface to 500 hPa and is related to the prea major role in modulating the strength of the Indian summer
scribed heating due to soot aerosols in the lower troposphereanonsoon. In other words, even though the land temperature
During the monsoon period, however, it shows cooling atis cooler during the pre-monsoon and monsoon periods in
lower levels (up to 700 hPa) and warming at higher level (atthe perturbed experiments, the rainfall is higher in the mon-
500 hPa) over this region. The cooling of the lower layers issoon period. In contrast, the lower troposphere air tempera-
related to the cooling of the surface, while the heating of theture over the Indian region (Fig. 6) is higher until April due
midtroposphere is related to the latent heat release caused by aerosol radiative heating effects and lower during June—
organised cumulus convection. August (as a consequence of higher surface cooling due to
We have noticed in Fig. 5a that the most significant in- increased precipitation and the absence of aerosol-radiative
crease in rainfall during the monsoon season is over Gujarabeating). During January—April, the heating due to aerosol
and parts of west-central India. This increase is significantis within the standard error limit of the control ensemble at
at the 95% confidence level. We note that during the pre-925 hPa level, and is marginally higher than the standard er-
monsoon period, there is a reduction in surface temperatureor at 850 hPa. The temperature increase, however, is more
on account of a reduction in the prescribed surface radiatiopronounced at 700 and 500 hPa levels (Fig. 6).
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Air Temperature, Indian Region, Aerosol — Control
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4.2 Simulations with the Kuo scheme simulation). We also find that with Kuo simulation the im-
pact is less than the standard error in the months of June and

In the previous section we studied the impact of aerosoljuly and more than the standard error in the months of Au-
radiative forcing using the SAS cumulus parameterizationgust and September. The converse is the case with the SAS
scheme. Comparison of our simulations with that of Chungsimulation.
et al. (2002) showed that there are significant differences be-
tween their results and the results obtained by the present In Figs. 7 and 8 we show the differences in precipita-
simulations, especially over continental regions. With a viewtion, surface temperature and 850hPa air temperature be-
to examine the sensitivity of these results to model physicstween control and aerosol simulations using the Kuo cumu-
particularly the cumulus parameterization scheme, we havéus convection scheme for the months of April and July, re-
conducted another set of experiments using the Kuo cumuluspectively. We notice that in April) there was a reduction
scheme (Anthes, 1977). in surface temperature over land) an increase in rainfall

It is noticed that the change in precipitation due to aerosolover equatorial Indian Ocean; ami) a reduction in pre-
radiative effects over the Indian landmass during the mon-<ipitation over the Indonesian region. All these were simi-
sSo0n season is very sensitive to the parameterization schenar to the results obtained with SAS scheme. The major re-
used for cumulus convection. The impact of aerosol forcinggion of increased precipitation during April is the oceanic
on precipitation over the Indian region (Table 1) with the Kuo ITCZ, though the region of significant increase is less coher-
simulations is about half for the SAS scheme in the JJAS seaent as compared to SAS scheme. Interestingly, this result
son (the ratio of the difference between control and aerosois similar to that using the SAS scheme and Chung et al.
to the standard error is 1.67 for SAS and 0.88 for the Kuo(2002). The magnitude of increase is comparable to that
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in the SAS simulation (about 3-5mm déy but Iarger than Shaded above 95% Confidence Level from t—test
that reported in Chung et al. (2002). However, our simula- o) Precipitation, mm/day
tions over southwest Asia with the Kuo scheme (and also in -

the SAS simulation) are in disagreement with that of Chung
et al. (2002) and we do not find any significant reduction in
rainfall over this region. On the contrary, there appears to be
a slight increase in rainfall using the Kuo scheme (Fig. 7). o/
This again points to the fact that over oceans where heating
of the lower troposphere is prescribed, all three simulations 15s- g
behave in a similar fashion. Over land where surface cools 30 45 60 758 90E 105E 120E 135E 150E
and consequent feedback effects come into play, the simula-b)
tions differ.

The increase in precipitation over the northeastern parts of 30N
India, Myanmar and Vietnam simulated by SAS convection
is restricted to a much smaller spatial scale over the northern "N
Indo-Chinese peninsula with the Kuo simulation. We also
find that the heating pattern at 850 hPa is very similar in the
two simulations during April.

During July the precipitation pattern in the SAS (Fig. 4a)
and Kuo (Fig. 7a) schemes are different. Over most of the In-
dian region the effect of absorbing aerosols in the SAS sim- ©) Alr Temperature at 850 hPa K
ulation is to increase rainfall. This effect is not significant
over larger parts of India in the Kuo simulation. In regions of
northern India the Kuo simulation indicates a moderate de- sy |
crease, while the SAS simulation shows an increase of rain-
fall. The other major difference is the increase in rainfall o
over the Indo-Chinese peninsula in the Kuo simulation, a re-
gion over which SAS indicates a large reduction in rainfall. ~ 15s1
Over the equatorial Indian Ocean, although the responses 306 456  60E 756 90E 105 120E 135 150E
of the two schemes to aerosol forcing are similar in April,
the responses are different during July. While SAS shows™9- 7- Changes i) precipitation (in mm day*), b) surface tem--
an increase over most of the equatorial and southern Indiafi€"ature (in K) and) air temperature (in K) at 850 hPa during April

Ocean, the Kuo scheme simulates an increase in precipita-

30N 1

15N 1

Surface Temperature, K

EQA

158
30E 45 60E 756 90E 105 120E 135E 150E

30N 1

using the Kuo convection scheme. Only those grids are shaded
i th t Indian O d ducti th where the ensemble mean difference between aerosol and control
lon over ? western In |{:1n cean and a reduction over Ing; ., ations is above 95% confidence level using a t-test.

eastern Indian Ocean region.

The above results suggest that though the soot-aerosol

forcing increases the rainfall and reduces surface temperasyer, tends to be very smai-0.05mm day?l). The de-

ture over the Indian sub-continent, its magnitude of impactcrease in precipitation averaged over the Tropics with the
and the locations where the differences are significant arggrgs| forcing is in agreement with the work of Chung et al.
sensitive to model physics, such as the cumulus parameteri2002). This clearly shows that while large-scale impacts
zation. Thus, a region-wide assessment of the impact of soq§ . changes averaged over large spatial scales and temporal
aerosols such as presented by Chung et al. (2002), could bg:ajes, such as the mean tropical precipitation) can be sim-
prone to large uncertainties related to model physics. ulated with a reasonable degree of confidence with a GCM,

If we consider the change in the tropical precipitation (av- there are, however, large uncertainties over regional scales.
eraged between 3G-30 N, 0°-360C, Fig. 9a), we notice

that precipitation with aerosol forcing is lower than the con-

trol simulation over most of the January—September period5 Changes in precipitation over ocean and land: mech-
Only during August is the averaged precipitation over the  anisms

Tropics in the simulation with aerosol higher than the control

simulation while using the SAS scheme. The Kuo simulationThe impact of aerosol forcing during pre-monsoon
also shows that tropical mean rainfall is lower in the presencgFebruary—May) and monsoon (June—September) seasons
of aerosol radiative forcing. While SAS shows the highest in-can be understood by examining the vertical profile of tem-
crease in rainfall during August, the Kuo convection schemeperature and moisture. During the pre-monsoon period the
shows the highest increase during July (Fig. 9b). Interestrainfall increases in the ITCZ for both the SAS and Kuo sim-
ingly, during August the rainfall over the Tropics is lower ulations. During the monsoon season, the response of the two
than that of the control simulation with the Kuo scheme. schemes is different — while the SAS scheme shows a signifi-
The differences in tropically averaged precipitation, how- cant increase in rainfall over the northwest Indian region, the
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using the Kuo convection scheme. Only those grids are shadeiyhereT_li the tempera_ture (in K the spec!flc huml_dlty
where the ensemble mean difference between aerosol and contr&i kg kg™) andz the height of the atmospheric layer (in m).

simulations is above 95% confidence level using a t-test. Cpis the. specific heat at constant preSSI_eraatent heat of
evaporation ang acceleration due to gravity.

increase in the Kuo simulation over this region is not signifi- Zhang (1994) and Nanjundiah (2000) have shown that the
cant. changes in precipitation in GCM are associated with changes
While SST is prescribed over oceans, surface temperaturii‘ vertical stability. Nanjundiah and Srinivasan (1999) have
over the continental regions is calculated interactively. Theused the same technique to relate changes in precipitation
effect of absorbing aerosol is to increase the radiative heatoVer the Pacific Basin to changes in vertical stability of the
ing of the atmosphere and to reduce the heating of the surdtmosphere. In the following two sections we adopt this
face. Therefore, over oceans (as SST is specified) only théechnique to investigate the different response produced by
atmospheric heating mechanism is at work. The different re-SAS and Kuo cumulus parameterization schemes in simu-
sponse of the cumulus schemes suggests that the interactié®ing precipitation, both with and without aerosol forcing.
between the convection and surface processes is different ifnsemble mean precipitation increased significantly over the
the two simulations. These differences in surface-cumulusduatorial Indian Ocean region during April for both the SAS
interaction have an impact on the vertical stability of the at- (Fig- 4) and Kuo (Fig. 7) schemes. On the other hand, over
mosphere. northwest India during July, the SAS scheme shows a sig-
The relationship between vertical moist static stability andNificant increase in precipitation which is absent in the Kuo
convection has been discussed by Neelin and Held (1987)$|mulat|on. We examine the vertical profiles of temperature,
They showed that an increase in the moist static energy ofnoisture and moist static energy over these regions to explain
the lower and middle troposphere leads to an increase in préhe different response of the two schemes. We choose the 3rd

cipitation. The moist static energy:f of a layer in the atmo-  Member (model starting at 00 GMT of 3 January 1998) of the

sphere is defined as: ensemble for analysis. This is because the difference in pre-
cipitation over northwest India is largest between the control
and aerosol simulations with the SAS scheme in this case.

h=C,T+Lq+ gz, (2)
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Equatorial Indian Ocean region (B8LO2E, 13-8°S, Ocean). The numbers in red at the top-left corner in the panels show the change in
precipitation due to aerosol forcing over this region.
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Fig. 11. Vertical profile of change in moist static energy (in kJ#y during February—March for SAS (left) and Kuo (right) convection
schemes over the Equatorial Indian Ocean regioi4882E, 13-8°S, Ocean). The numbers in red at the top-left corner in the panels
show the change in vertical moist-static stability (VMS) due to aerosol forcing over this region.

5.1 Oceanic region shown by Neelin and Held (1987), leading to an increase in

precipitation. This can be clearly seen in the ITCZ region, as
In Figs. 10 and 11 we have shown the differences in ver-shown in Figs. 10 and 11. In Fig. 10 the number in red at the
tical profiles of temperature and moist static energy be-top-left corner indicates the change in precipitation (in mm
tween aerosol and control runs using SAS and Kuo convecday 1) over this region during the specified period, and in
tion schemes over the equatorial Indian Ocean regiof{88 Fig. 11 the number shows the change in vertical moist static
102 E, 13-8S). In the Oceanic region, the SST is pre- stability (VMS) which is defined as
scribed and the only effect of aerosols is to heat the lower
troposphere. This heating increases the temperature. ThBMS = h,,p — hpor, ©)]
higher temperature in the lower troposphere reduces the pres-
sure and leads to convergence of moisture. The increaseg@here
moisture leads to an increase in moist static energy of the
lower and middle troposphere. This increase in moist static 1 /P"“'" hdp

Prop

energy results in the reduction of vertical static stability as™'”” = P,,;; — Prop
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hpoy = 1 /P"”' hdp This difference over northwest India could be related to
Ppor — Pmia Jp, the ability of cumulus schemes to respond to changes in ver-
tical stability. Schemes like SAS use vertical moist stability
Here, / is the moist-static energy of the atmosphere Eq. (2).as the primary criteria to model cumulus convection, while
In our studyPpo;, Pnia @and Py, are taken as 1000, 350 and schemes such as the Kuo rely more on the occurrence of
100 hPa, respectively. VMS decreases by 0.7kJ'Kgrthe  |arge-scale low level convergence to trigger cumulus convec-
SAS convection and by 1.0kJ kg for the Kuo convection.  tion. Thus, the destabilization of the lower troposphere has

The aerosol radiative heating leads to a build-up of moisturey |arger influence on the SAS simulation than on the Kuo
in the lower troposphere (and thus a reduction of VMS) dur-gjmuylation.

ing the months of February and March which results in a sig-

nificant increase in precipitation during the month of April.

It is interesting to note that the changes in temperature ané Conclusions
moist static energy over this region are similar for both the

mid

SAS and Kuo convection schemes. The impact of absorbing soot aerosols has been examined us-
ing the NCMRWF GCM. We find that the lower tropospheric
5.2 Continental region temperature over the Indian region shows the largest increase

during the months of February and March. The continental

The effect of cooling the surface and heating the lower andSurface temperature is lower with aeresol forcing in_the pre-
middle troposphere due to aerosols and the consequent feefl0Nsoon and monsoon seasons. We find that the rainfall over
back effects cause the changes in precipitation to be differenf?€ Indian region increases during the Northern Hemisphere
in the two cumulus convection schemes. The region we hav§ummer and over the oceanic ITCZ in April. The reduction
examined is the northwestern part of India{#80¢° E, 20— in surface temperature during the pre-monsoon period is due
25° N, land parts). Over this region, the SAS scheme simu-t© the reduction of solar flux at the surface on account of the
lation shows a significant increase in precipitation, while thePresence of aerosol. However, the reduction in surface tem-

increase in precipitation with the Kuo simulation is not sig- Perature during the monsoon period (June-August) is related
nificant. to higher precipitation and consequent higher surface evap-

oration. A more vertically unstable atmosphere in the pre-

In Figs. 12 and 13 we have shown the differences in oo ) '
vertical profiles of temperature and moist static energy be-MONS00N season causes the precipitation to be higher in the

tween aerosol and control runs for SAS and Kuo convec.monsoon season. The impact of soot aerosol and the regions
tion schemes over northwest India, averaged over the prle significant impact, however, are sensitive to parameteriza-

monsoon period (February—May). The numbers in red in thelion ©f model physics, such as the cumulus scheme, e.g.:

top-left corner of Fig. 12 show the difference in precipitation 1 The impact of aerosol forcing on the Indian summer

between the aerosol and control runs, and in Fig. 13the num- .\ oh<q0n rainfall with the Kuo scheme is about one-

bers show the difference in VMS during the specified period. third of that simulated by the SAS scheme during July
Comparing the averages for the pre-monsoon period (0.35 and 1.11 mm day, respectively).

(February to May) we find that near-surface temperature is

higher in the presence of aerosol in the SAS simulation but 2. While simulations with the SAS scheme show that the

lower than the control in the Kuo simulation. Both Kuo and impact of soot aerosol forcing is significant during the
SAS show a decrease in rainfall during this period, but the early part of the Indian monsoon season, the converse is
decrease is much larger (about 0.4 mm dgyin the SAS true for the Kuo simulation.

simulation than in the Kuo simulation (about 0.1 mm d&y

The higher rainfall in the control simulation reduces the sur-
face temperature and thus annuls the surface cooling due to
absorbing aerosols in the SAS simulations. The aerosols heat
the mid-troposphere in both cases. Due to the reduced rain-
fall of the SAS aerosol simulation as compared to its control
(during the pre-monsoon period, February to May), the air 4 oyer the Indonesian archipelago, the regions of impact
column is warmer from the surface up to the mid-troposphere are found to be different in the two simulations.

in the SAS aerosol simulation. The VMS of the aerosol simu-

lation is 0.2 kJ kg lower than the VMS of the control in the The precipitation averaged over the entire Tropics in the
SAS case. On the other hand, surface cooling due to aerossimulation with aerosol is a little lower than that of the con-
forcing in the Kuo case makes the atmosphere more stable itrol simulation, except during the month of June and August
the aerosol simulation as compared to its control run (VMSin the SAS simulation and except during July and September
is 2.3kJ kg'! more in aerosol case). Hence, at the beginningin the Kuo simulation.

of the monsoon season, a more unstable lower troposphere in During April both simulations show a strengthening of
the SAS simulation leads to higher rainfall during the mon- near-equatorial oceanic ITCZ (in agreement with Chung et
soon season as compared to the Kuo simulation. al., 2002). Since over oceans the SST is prescribed, there

3. Inthe SAS scheme the maximum impact is noticed over
the northwest Indian region, while with the Kuo scheme
the maximum impact shifts to peninsula and eastern In-
dia and there is a reduction in rainfall over the northwest
Indian region.
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Fig. 12. Vertical profile of change in temperature (in K) during February—May for SAS (left) and Kuo (right) convection schemes over
northwest India (70-8C0°E, 20°—25°N, Land). The numbers in red at the top-left corner in the panels show the change in precipitation due

to aerosol forcing over this region.
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Fig. 13. Vertical profile of change in moist static energy (in kJ#y for SAS (left) and Kuo (right) convection schemes over north-west
India (70-8C°E, 20°—25°N, Land). The numbers in red at the top-left corner in the panels show the change in vertical moist-static stability
(VMS) due to aerosol forcing over this region.

is no modulation of surface temperature by aerosol, and théical instability in the troposphere above the boundary layer.
destabilization due to lower tropospheric heating causes a€umulus schemes respond differently to the change in sta-
increase in rainfall over the oceanic ITCZ region during the bility above the boundary layer. Schemes like SAS which
pre-monsoon period in both the schemes. rely on the existence of vertical instability to simulate cumu-
At this juncture it appears that while the impact of aerosolslus convection appears to be more sensitive to the changes
over the entire Tropics can be predicted with some con-in vertical moist-static stability than schemes like Kuo which
fidence, their impact on regional scales over continents isare more dependent on the presence of large-scale low-level
sensitive to the prescription of model physics (e.g. cumu-moisture convergence. This sensitivity appears to be more
lus scheme). The soot aerosol heats the lower tropospheraver continental regions, such as northwest India.
and cools the surface. Hence, the presence of soot aerosolsin conclusion, it appears that while large-scale impacts
is expected to lower the temperature near the ground andjue to aerosols (such as over the entire Tropics) can be pre-
therefore, make the boundary layer more stable. Howeverdicted with a reasonable degree of confidence, assessment on
lower troposphere is heated by soot aerosols, while the uppesmaller regional scales will need to wait for further improve-
troposphere is largely unaffected. This leads to greater verments in modeling techniques.
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