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Abstract: A six member ensemble of 2@entury simulations with changes to only
time-evolving global distributions of black carbaerosols in a global coupled climate
model is analyzed to study the effects of blackoanBC) aerosols on the Indian
monsoon. The BC aerosols act to increase lowposipheric heating over south Asia
and reduce the amount of solar radiation reactiagtrface during the dry season as
noted in previous studies. The increased meraliopospheric temperature gradient in
the pre-monsoon months of March-April-May, partaoly between the elevated heat
source of the Tibetan Plateau and areas to thé,souttributes to enhanced precipitation
over India in those months. With the onset ofrtil@soon, the reduced surface
temperatures in the Bay of Bengal, Arabian Sea,oaed India that extend to the
Himalayas act to reduce monsoon rainfall over Ilitdigf, with some small increases
over the Tibetan Plateau. Precipitation over Clyiex@erally decreases due to the BC
aerosol effects. There is a weakened latitudi®al §radient due to BC aerosols in the
model simulations as seen in observations, anceisept in the multiple forcings
experiments with CCSM3 that include natural andhaogogenic forcings (including BC
aerosols). The BC aerosols and consequent weakaitadinal SST gradient in those
experiments are associated with increased pretguitduring MAM in northern India
and over the Tibetan Plateau, with some decreasetppgation over southwest India, the
Bay of Bengal, Burma, Thailand, and Malaysia as $e®bservations. During the
summer monsoon season, the model experiments slad\B€ aerosols have likely
contributed to observed decreasing precipitatiends over parts of India, Bangladesh,
Burma, and Thailand. Analysis of single ensembdenioers from the multiple-forcings

experiment suggests that the observed increasewpitation trends over southern China



appear to be associated with natural variabilitynewted to surface temperature changes

in the northwest Pacific.

Introduction

Modeling studies have shown that that black cafB®) aerosols can affect the
monsoons of Asia (e.g. Menon et al., 2002; Ranmamaét al., 2005). These BC
aerosols make up a significant part of what has lba#led the atmospheric brown cloud
(ABC) over Asia (Ramanathan and Crutzen, 2003)he black carbon considered in this
study represents the soot produced by fossil folbristion and biomass burning
(Collins et al, 2002). These BC aerosols both dband reflect incoming solar radiation,
thus heating the lower troposphere and coolingthtace (Meywerk and Ramanathan,
1999). The effects of the ABC on longwave radiatare contributed primarily by
natural aerosols and are not appreciable for antigenic BC (Ramanathan et al, 2001).
Lau et al. (2006) have pointed out that such AB@s@s can combine with naturally-
occurring dust loading over the Tibetan Plateaactentuate the elevated heat source
during the pre-monsoon months, thus enhancing gramnal temperature gradient and
contributing to increased rainfall over India dgrithe pre-monsoon and summer
monsoon seasons. However, their experiments veere with a model that had fixed sea
surface temperatures (SSTs). Ramanathan et ab)a@Ing a global coupled climate
model with an interactive ocean and specifying B€aols only over the Indian region,
showed that BC aerosols can indeed increase preenomainfall, but actually reduce

Indian summer monsoon rainfall due in part to tfects of ocean coupling and



consequent cooler SSTs in the northern Indian Qce&atditionally, the effects of BC
aerosols may extend beyond areas where their cvatiens are greatest, perhaps

effecting precipitation and SSTs over the tropRatific (Wang, 2007).

Chung et al. (2002) used an atmospheric modelfixgldl SSTs and specified ABC
aerosols (only over south Asia) for the dry morftiievember to May) to show that their
effect was to decrease solar radiation at the seirfath consequent surface cooling, but
to absorb radiation in the lower troposphere, peadypheating there with an
enhancement of the meridional temperature gradietstronger pre-monsoon rainfall
(their experiment was not applicable to the summensoon season). Menon et al.
(2002) also used a climate model with fixed SSifsl showed a mixture of increased
and decreased precipitation over India during tlrerser monsoon season as a result of
relatively dark ABC aerosols (specified only ovee Asian region) representing a high
proportion of BC, with decreased precipitation otfer northern Indian Ocean and
northern China, and increased precipitation ovatrs@€hina. Chung and Ramanathan
(2006) performed sensitivity experiments to shoat the observed weakening of the
meridional SST gradient between the Bay of BengdlArabian Sea and the Indian
Ocean to the south in the second half of tHe@tury (possibly due to the increase of
ABC aerosols with a high BC content) could havetdbuated to observed decreases in
monsoon rainfall over India. Though the net gladfécts of BC aerosols do not
significantly influence the attribution of tempare¢ change due to greenhouse gases,
significant regional cooling over India, parts dii@a, and West Africa was noted in

experiments with an atmospheric model coupledrtoradynamic slab ocean that



included BC aerosols (Jones et al., 2005). Iy timé effects of the recent observed
increase of greenhouse gases were affecting th@nlngdbnsoon, the monsoon season
rainfall should have been increasing (e.g. Meehl.eR000a). The fact that Indian
monsoon precipitation has been observed to be a&®ogesuggests that aerosols may

have been playing a role as argued by the studess above.

For 20" century experiments with a global coupled clinratedel, the CCSM3 (model
documented by Collins et al., 2006) included coratioms of natural and anthropogenic
forcings, as well as globally and seasonally vayyrstributions of both reflecting and
absorbing BC aerosols scaled in time over tHecmtury by global human population
increase (Meehl et al., 2006a). In previous expenits with another model (the Parallel
Climate Model, PCM), Meehl et al. (2004) documertlthate system responses to the
individual anthropogenic (greenhouse gases or GldiBs;t effect of sulfate aerosols,
ozone) and natural (volcanoes, solar) forcings,than various combinations. These
experiments showed that the observed globally geeravarming in the second half of
the 20" century could only have occurred with a substantatribution from
anthropogenic forcings. For the CCSM3"2@ntury experiments (Meehl et al., 2006b),
there were comparable anthropogenic and naturahfgs as in the PCM, but BC
aerosols were also included (along with prescraesasonally and spatially varying
distributions of mineral dust and sea salt but witttrend in time). Subsequently,"20
century simulations were performed where only B€sols were changed (as they were

specified in the multiple-forcing simulations). tdeve compare these experiments with



a control run to determine the BC aerosol roldneresponse of the multiple-forcings

experiments.

Therefore, the purpose of the present paper isterhine the effects on the climate
system of including BC aerosols in the simulatioh20" century climate. Though the
BC time and space varying distributions are glaba&xtent in CCSM3, we focus here on
the Asian monsoon region since effects of BC adésdsave been shown to likely be

significant in that region (as noted above).

1. Description of model and experiments

The Community Climate System Model version 3 (CC$NERd in this paper is
described by Collins et al. (2006). We analyz® @éntury simulations from the T85
version of CCSM3, with grid points in the atmosheyughly every 1.4latitude and
longitude, and 26 levels in the vertical, with tbp two model hybrid level midpoints at
3.54 and 7.39 hPa. The ocean is a version d?énallel Ocean Program (POP) with a
nominal latitude-longitude resolution of {1/2° Eq. Tropics) and 40 levels in the
vertical, and Gent-McWilliams and KPP mixing. Tlhad surface model is the
Community Land Model (CLM), and the EVP dynamic d@nekrmodynamic sea ice
component is the CSIM4 (all described in Collinalet2006). No flux adjustments are
used in the CCSM3. The CCSM3 simulation represerany of the regional and

seasonal aspects of the South Asian monsoon (Méah| 2006b).



The CCSM3 was run for a pre-industrial (1870) calntun that was used as an initial
state for the 2D century simulations (Meehl et al., 2006a). A fisember ensemble of
CCSM3 20" century multiple forcing simulations is analyzestdr The 2B century
simulations were started from different times ia 870 control run separated by 20
years with the first ensemble member branching fiteencontrol run at year 360. The
natural (volcanoes and solar) and anthropogenid3§Hsulfate direct, black carbon, and
ozone) forcings are described in Meehl et al. (2)06he CCSM3 ZDcentury
simulations include time and space-varying glolistridbutions of BC aerosols as noted
above. A present-day distribution was generateah @ three-dimensional assimilation
model described by Collins (2001) and Rasch.€2801). To summarize briefly, the
aerosol assimilation system consists of the MoaleRtmospheric Chemistry and
Transport (MATCH) and an assimilation of satelfiéd¢rievals of aerosol optical depth.
MATCH version 4 is integrated using the Nationah@es for Environmental

Predication (NCEP) reanalysis at T63 resolutiohe Satellite estimates of aerosol
optical depth are from the NOAA Pathfinder Il da&t. The sources of black carbon are
based upon climatological inventories of aerosadgipced by fossil fuel combustion and
biomass burning (Collins et al, 2002). The aemsaot treated as external mixtures. For
the ABC, the shortwave aerosol function changelesythan 10% if the aerosol particles
are treated as homogeneous internal mixtures ofaheus aerosol species (Ramanathan
et al, 2001). An ensemble of aerosol models inoMATCH simulates the absorption
optical depth and imaginary index of refractioriled ABC in eastern Asia with
reasonable fidelity relative to the Aeronet surfabeervations (Kinne et al, 2006). The

vertical profiles of the ABC produced by MATCH owée Pacific are in good agreement



with aircraft observations (Clarke et al, 2001)haligh the model does not reproduce the

frequency of elevated aerosol plumes over the m@ieean (Rasch et al, 2001).

The BC aerosols are a combination of black andrecgzarbon that both absorb and
reflect solar radiation. The indirect effects & Berosols on cloud albedo and cloud
lifetime are not included, although the semi-direffécts on cloud amount are treated
(Ackerman et al, 2000). . Also included in theltiple-forcings 28 century climate
simulations were climatological monthly present-fiagd concentrations (i.e. no trend
in time) global distributions of mineral dust areassalt, also generated from the three-

dimensional assimilation (Collins, 2001; Raschle2001).

Subsequently, a six-member ensemble ¥ &thtury climate simulations were
performed with the CCSM3 where only the BC aerosbénged over the course of the
20" century. These simulations branched from stagtmigts in the 1870 control run
separated by 20 years, and the pattern of BC dsr(aitern derived from present-day
emissions) was increased as a function of globaliladion from 1870 values to the 1999
distributions which are shown for the four seasarfsg. 1. There are significant
geographic differences in the BC distributions veason. Note large contrasts between
DJF and JJA over tropical South America, AfricaytboAsia, Indonesia, and Australia.
Corresponding rainfall differences generally sha@erdased rainfall over regions with
large BC concentrations, in particular the Wesigain monsoon in JJA (not shown).
There are interesting seasonal differences in B& south Asia (Fig. 1), with large

values in the dry season (DJF and MAM seasonsriicpkar), and a sharp drop during



the summer monsoon season (JJA). These seasangleshwill turn out to be important
in the analyses to follow. For the model simulagido be analyzed here, since all other
forcings were held at their 1870 values, the difiee between the BC simulations and
the 1870 control run quantifies the effects of B@ha on the climate system.
Differences, where applicable, will be compute@asemble averages for the period

1980-99, BC aerosol experiments minus comparabledsein the 1870 control run.

2. Effects of BC aerosols on the Indian monsoon

As noted above, there are interesting seasonalticars of BC over the south Asian
region. Fig. 2a shows this seasonal cycle of BGsmés as a function of month for the
year 1999, averaged over the Indian longitude séxim 70E-100E. Maximum values
occur throughout the dry season from October to Mdke latitudes from about 10N-
25N, with minimum values during the rainy monsoeason of June to September (the
BC is rained out during the monsoon). In conjrids dust aerosol seasonal cycle is
almost opposite to BC (Fig. 2b), with maximum loggifrom March to August at
somewhat higher latitudes (about 20N to 30N). Ret#hese experiments that the dust
loadings in Fig. 1b are constant throughout theearpents, but the concentrations of BC
aerosols increase (with the same pattern) as éidaraf population through the course
of the 20" century. The sulfate aerosol seasonal cyclavigasito dust, with maximum
values near 20N during the monsoon season (notrghd®adiative forcing from sulfate
aerosols influence south Asia throughout the yeay. Meehl et al., 2000b). The

possible effects of sulfate aerosols vs. carboosats will be discussed later.



The interplay between the seasonal cycles of BQdastihas been pointed out, for
example, by Lau et al (2006). They noted the ingmze of black carbon in the pre-
monsoon months in altering the vertical and mendigrofiles of heating. For the
present experiment, Fig. 3 shows the shortwavertteedte differences for the black
carbon experiments minus the control run. Notéghppling in this figure and the ones
to follow indicates areas where the ensemble miggalsdivided by the inter-ensemble
standard deviation exceeds 1.0, and is a measuaeneistency of model response to
facilitate interpretation of physical significan@g. Cubasch et al., 2001). The effect of
black carbon is to warm the lower troposphere belbaut 700 hPa south the Tibetan
Plateau during March, April and May. By June, whies black carbon aerosol loading
decreases (Fig. 2a), so does the correspondinm@edVith this heating in the lower
troposphere, net solar radiation at the surfaceedses. Ensemble area averages over the
region 5-25N, 70-90E, land-points only for the Brdregion, show a decrease of net
solar radiation at the surface for the MAM pre-namts season of -6.5 WM (with a
decrease in net solar at the top of the atmospifenely -1.0 Wn? , indicating that

about 85% of the change in solar radiation seémeasurface is due to absorption by the
BC aerosols). This reduction of net solar atsingace is about half the observed
decrease from the 1960 to 2000 from surface s&btwear India (Ramanathan et al.,
2005, their Fig. 2a). Though part of the obsem#eaming could also be due to sulfate
aerosols, this implies that the black carbon fa@auld be underestimated due in part to
the lack of indirect effects of black carbon aeteso the model. This will be revisited in

the discussion of the interpretation of the mudtifdrcings experiments in comparison to

1C



observations later. If ocean points are includedall from 5-25N, 60-95E, the change
in net solar at the top of the atmosphere for tWdWseason is -0.5 Wrh (with a total
change in net radiative flux at the top of the apt®re of -0.8 Wif ), while the
reduction of solar at the surface is -4.1 Wm The longwave heating rates (not shown)
change with the alterations in vertical temperapuciles, but these changes result from

the shortwave effects of the ABC as discussedanritroduction.

Consequently, surface temperatures decrease @vérdian region south of the Tibetan
Plateau in the pre-monsoon months (Fig. 4), withdst decreases consistent across the
ensemble members (denoted in the figure by stigptsfi about 1°C during May (Fig.

4c). The consistent decreases of surface temyperaxtend over the Arabian Sea and
Bay of Bengal with smaller amplitude. Thus, th@ayic coupling of ocean and
atmosphere plays a key role in changing surfaceeeatures over land and ocean

regions.

Meanwhile, to the north over the elevated heatcouaf the Tibetan Plateau, there are
increases of temperature in each of the pre-monswmths approaching 0.5°C (Fig. 4).
Lau et al (2006) referred to an “elevated heat gusnph that the effects of the
shortwave heating from black carbon, combined ithelevated topography north of
India, results in advection of the warmer air haréird and upward over the Tibetan
Plateau. This produces increased temperaturesighra significant depth of the
troposphere over the Tibetan Plateau in the presoanmmonths of March, April and

May (Fig. 5) as well as at the surface (Fig. 4his has the additional effect of reducing
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snow depth over the Tibetan Plateau by about P0% (not shown), which also
contributes to warmer surface temperatures ancetiteanced meridional temperature

gradient that strengthens the monsoon (e.g. M&6B}).

The increase of the tropospheric meridional tentpesagradient, associated with
consistent cooling over south Asia and warming ¢herelevated heat source of the
Tibetan Plateau region during MAM (Fig. 6a), prodsiincreases of rainfall up to about
0.4 mm day (roughly 10%) over India during the MAM pre-monsageason (Fig. 6b).
This is associated with higher SLP over south ASig. 6¢) and corresponding
anomalous southerlies over much of India that canmisture from the Indian Ocean over
the Indian land area, and warmer air in the lon@vdsphere, up and over the Tibetan
Plateau(Fig. 6d). Meanwhile, the increased SLR thwa and parts of Burma and
Thailand is associated with anomalous northerlymmment off-shore surface winds over
China (Fig. 6d) that cut off the moisture souraarfrthe South China Sea, with
consequent decreases of precipitation over ChinagiMAM (Fig. 6b) due to the BC

aerosols.

As the BC aerosols are reduced during the monsamths (Fig. 1a), their influence also
decreases. However, conditions that were set AN influence the subsequent
outcome of the Indian summer monsoon. As the aloureaneridional temperature
gradient shifts north in June at the surface withatest anomalous warming near 45N
while northern India is consistently cool (Fig. 4dfe anomalous meridional temperature

gradient in the troposphere also is dominated lojireg over nearly the entire Indian
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sector, with deep anomalous heating well to théhnoear 45N (Fig. 5d). Therefore, for
the JJA monsoon season, much of south Asia is doastg cool, including much of the
Arabian Sea and Bay of Bengal (Fig. 7a), with cgnsat decreases of rainfall over
much of India, the Bay of Bengal and the Arabiaa,%&d only small increases well to
the north near 35N, and to the south near the 13@4 the Indian Ocean near 5N (Fig.
7b). This pattern, induced by the presence of B@sls, is similar to “break” monsoon
conditions over India when the monsoon trough asteated rainfall shift northward
over the foothills of the Himalayas with a consegueduction of monsoon rainfall over
India (Ding and Sikka, 2006). This type of coraditwas noted to be associated with the
effects of BC aerosols and weakened north Indieee®&ST gradients (Chung and
Ramanathan, 2006). That is, the SST decreashs Wraibian Sea and Bay of Bengal
(Fig. 7a) contribute to precipitation decreases&lfEig. 7b), while the SST increases
near 5N (Fig. 7a) are conducive to increases afijpitation there (Fig. 7b). Similar
effects of Indian Ocean SSTs on Indian region monsainfall were noted in sensitivity

experiments by Meehl and Arblaster (2002, see tigir8).

Rainfall is decreased over most of China as wedltduBC aerosols, particularly north
China, while it is increased over parts of Thaildnabs and Vietnam, and Baiu rainfall
over Japan is increased (Fig. 7b). The decreaserdéll over India is associated with
positive SLP anomalies (Fig. 7c) and an anomalatisyelonic circulation over the
western coast of India (Fig. 7d), while anomalogdanic circulations over the South
China Sea and East China Sea (Fig. 7d) contributeetdecreased Meiyu rainfall over

southern China and the increased Baiu rainfall dapan (Fig. 7b; for more description
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of these circulation characteristics associatetl watiations in these regional rainfall
regimes see, for example, Ding and Sikka, 200@)erdfore, the effects of BC aerosols
are to increase pre-monsoon rainfall over Indid, decrease it during the monsoon
season, with season-averaged break monsoon corsditgsociated with cooler SSTs in
the Arabian Sea and Bay of Bengal and warmer S8I4q the south, thus weakening

the latitudinal SST gradient.

To illustrate this weakening of the latitudinal S@&dient, Fig. 8a shows zonally
averaged SST differences, BC aerosol experimef80(29) minus 1870 control, for the
Indian sector 60-100E for June. As noted abowewbakening latitudinal SST gradient
as a consequence of the BC aerosols is charactdryzeegative differences that are
greater in magnitude north of about 10N, with bgjgkecreases of nearly -0.15°C near
20N, and small positive differences between thextayiand 5N. To see how these
effects of BC aerosols are manifested in the melfigrcings experiment, Fig. 8b shows
a similar plot for those experiments for the sanoatin and sector, 1980-99 minus 1930-
50. We choose these periods for this differenceesive will be examining trends from
1950 to 1999, so we want to difference a recente20d period (1980-99) minus the 20
years just prior to 1950. Though SSTs increasd! &titudes, the increases are greatest
near about 5N with values approaching +0.4°C, leithest amplitude increases of about
+0.25°C near 20N. The observations (from the B8dldataset as documented by
Rayner et al., 2003) from this time period (Fig) 8bow a greater decrease of SST
gradient, with largest values of above +0.4°C B&#jrdecreasing to about +0.1C at 20N.

Both the model and observations indicate a weakdatitudinal SST gradient. To

14



provide an indication of the contribution of BC esols to the weakening of latitudinal
SST gradient in the multiple-forcings experimeng. Bb also includes values for the
difference of the multiple-forcings SSTs minus B@ aerosol experiment, with zonal
means calculated in the same way as the multiptanigs experiment (assuming linear
additivity to a first order, e.g. Meehl et al., 200 As expected from Fig. 7, the effect of
the BC aerosols is to decrease SSTs particulatlygmorthern Indian Ocean due to the

cooler surface temperatures there, with the rednictearly 0.1C.

The contributions of these changes in SST gra@ienevident in Fig. 9 that shows the
trend in pre-monsoon season (MAM) precipitatiomfrd950-99 for the observations
(Fig. 9a) compared to the five member ensemble roeétdre CCSM3 multiple forcings
experiments (Fig. 9b). Both the observationstaednodel results show decreased
precipitation over southwest India, much of Burfiaailand, Malaysia, Laos, Vietham
and China, with increasing trends in northeastdnadnd over the areas of the Tibetan
Plateau to the north (note different color scategtie two panels; the observed trends

are about twice the magnitude of the model).

For the monsoon season itself (JJAS, Fig. 10), pewimg the multiple-forcings results
(Fig. 10b) to the BC aerosol experiment precipiatthanges (Fig. 7b), the consistent
increase of precipitation just south of India sthétg across the Indian ocean near 5N-
10N at the same latitude where there is largestwway of SSTs (Fig. 8b) is comparable
to the band of increased precipitation near 5N fBitnaerosols (Fig. 7b). Similarly,

increased rainfall over the Tibetan Plateau, L¥@stham, and Japan was also seen in the
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BC aerosol experiments (Fig. 7b). The decreaseamffll over parts of India and the
Bay of Bengal, southern China and Taiwan are aatatiwith the decreased
precipitation over those regions from BC aerosbig.(7b). Comparing the multiple-
forcings precipitation trends (Fig. 10b) to the @fved trends for the monsoon season
(Fig. 10a), though the decreasing precipitationdseover India are greater in the
observations (area averaged precipitation differenver the area 15N-30N, 75E-95E of -
0.81 mm day) compared to the model (area averaged precipitaifterence over that
same area of -0.04 mm dy patterns are similar over parts of that regieith

increasing trends over the Tibetan Plateau, anckdsing trends over Bangladesh,

Burma, and Thailand.

Examination of the individual ensemble membergHiermultiple-forcings experiment
shows comparable patterns of precipitation treadeé¢ ensemble mean in Fig. 10b but
with varying amplitudes. The greatest decreaseedi-averaged precipitation for the
Indian region is -0.31 mm ddystill less than half the amplitude of the obsertrends

in that region. This suggests the possibility thataerosol forcing is not large enough in
the model, and the inclusion of aerosol indiretd#at could bring the model into closer

agreement with the observations.

Additionally, there is disagreement in sign ovautbern China between the observed
and the multiple-forcings model precipitation tredidr the summer monsoon season
(Fig. 10). This suggests that either the change®tare not related to changes in forcing

and could perhaps be linked to inherent decad&stiale variability (the ensemble mean
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results from the model represent the forced respemee inherent variability is averaged
out for the most part), or there are model erroas tlo not allow a reasonable simulation
of observed precipitation trends over China (thotighpattern of observed precipitation
trends over much of China in MAM in Fig. 9a is ix@mulated by the model ensemble

mean in Fig. 9b).

To further explore the possible role of naturagingl variability in the model results in
Fig. 10, Fig. 11 compares the observed surfacpdesture trends (Smith and Reynolds,
2005, Fig. 11a) to the multiple-forcings ensembiam(Fig. 11b) for the JJAS season.
Both show relatively less warming trends over nemthindia. But over China the model
ensemble mean (Fig. 11b) shows a greater warmangl wver southern China compared
to northern China, while the observations (Fig.) slew the opposite, consistent with
the different model and observed precipitationdsaim Fig. 10 in that region. The other
notable difference between model and observed tenye trends in Fig. 11 is that the
observations (Fig. 11a) show a cooling trend olverdcean east and southeast of Japan,
while the model ensemble mean shows relativelyoamfwarming over this region, with
somewhat greater warming near Japan than to thb.s®dhe assumption is that a multi-
member ensemble mean averages out any internabitéyi and leaves only the signal
of the forced response. If that is the case,rtt@ication of the observed negative
temperature trends in the Pacific (Fig. 11a) i$ they are a manifestation of internal
variability, and that these SST trends affect Umase temperature trends over China to
the west where minimum warming stretches from theffe near Japan across Korea to

southern China.
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Since the observations are a single realizatiatimfate variability and change, we
examined the trends in the individual multiple-fogs members from CCSM3 and found
one that had some cooling trends over the Paaifar dapan that extended to southern
China (Fig. 11d) similar to the observed Fig. 118ince the ensemble mean in Fig. 11b
does not show any such cooling trends, the assamggtithat inherent natural variability
in the ensemble member in Fig. 11d produced théngptvends over the northwestern
Pacific extending over southern China. The assetigrecipitation trends from that
ensemble member are shown in Fig. 11c, and showlymosreases of precipitation over
southern China in contrast to the decreases oigaaon in the multi-member ensemble
mean in Fig. 10b. The single ensemble membergniHic with northwest Pacific
temperature trends more resembling those in theres@igsons also produces precipitation
trends over China more like the observed precipitatends in Fig. 10a. This suggests
that at least part of the observed temperaturgegapitation trends over China could
have been due to inherent natural variability mnlerthwest Pacific as evidenced by the

results from the single ensemble member compartetmulti-member ensemble mean.

Another possibility is that effects from sulfate@sls may be contributing to some of
the multiple-forcings temperature and precipitasggnals in the pre-monsoon and
monsoon seasons. There are no sulfate-only expetinfrom the CCSM3, but such
experiments were run with the Parallel Climate M{B€M, Meehl et al., 2004). To
provide an indication of what the contributions lcblbe from sulfate aerosols in CCSM3,

we show surface air temperature and precipitatifiardnces for MAM (Fig. 12a, b,
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respectively), and for JJA (Fig. 12c, d, respedyivior a four member sulfates-only
ensemble mean from the PCM. Both seasons shotndesreases of surface
temperature associated with the reflection of inognsolar radiation from the sulfate
aerosols (sulfates in this prescription have nowidsg properties in either PCM or
CCSM3). Consequently there are decreases of pmp in both MAM and JJA.
However, there are marked differences in the resptmsulfates in PCM, and BC
aerosols in CCSM3. As noted in Figs. 3-6, the giigmn of solar radiation in the lower
troposphere by the BC aerosols in MAM helps to poedcooling over India, and
warming to the north over the Tibetan Plateau (6&). The resulting enhanced
meridional temperature gradient contributes togased precipitation over India from
BC aerosols in MAM (Fig. 6¢). In contrast, the gyrreflective properties of the sulfate
aerosols produce cooling over all of south Asia emisequentecreasesf precipitation
in MAM (Fig. 12a,b). Thus, the increases of préaijon over India in MAM in the
observations and the multiple-forcings experimentdAM (Fig. 9) are likely due to the
increases of BC aerosols over the second halfeo2@ century. However, sulfate
aerosols could have contributed in part to theeleses of monsoon rainfall over the
Indian region in the summer monsoon season inlisergations and multiple-forcings
experiments (Fig. 10) since BC and sulfate aerdsatls are acting to decrease rainfall in
the Indian region during the monsoon season andeang opposed by the tendency to

enhance monsoon rainfall due to increases of Gld@s feehl and Arblaster, 2003).

3. Conclusions
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To study the effects of black carbon aerosols eriidian monsoon, a six member
ensemble of 20th century simulations is performéd wnly BC aerosols varying, while
all other natural and anthropogenic forcings atediat their pre-industrial values.
Differences of the BC simulations minus the 187&-ipdustrial control run highlight the
effects of BC aerosols on the Indian monsoon regifrtee radiative effects of BC
aerosols are most dramatic during the dry seasensmuth Asia, in particular the pre-
monsoon months of March-April-May. Surface tempas cool over most of India, the
Bay of Bengal and the Arabian Sea due to the dsedesolar radiation at the surface
caused by the absorption and reflection of soldiaten by the BC aerosols. The
warmer air from the effects of the shortwave hepimthe lower troposphere is advected
northward and manifested by warming over the etsl/aeat source of the Tibetan
Plateau, thus producing an anomalously strengthereelional temperature gradient
through most of the depth of the troposphere duvidd. Consequently, there is
anomalous inflow from the Indian Ocean to the spaitidl enhanced rainfall over most of
India during the pre-monsoon season of MAM. Howgas the BC aerosol
concentrations decrease during the monsoon seasoanomalous elevated heat source
and meridional temperature gradient decreasess, ithcombination with the
anomalously cool SSTs in the Arabian Sea and B&8eafal left from the effects of the
BC aerosol effects in MAM, produce reduced raindair much of India, the Arabian

Sea and Bay of Bengal during the monsoon seasaih?of
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The effects of the BC aerosols are also felt @ena, with weakened Meiyu rainfall
during JJA that extends over northern China. Mdaleywparts of Southeast Asia
experience increased rainfall, and there is enlthBegu rainfall over Japan. The role of
the BC aerosols in precipitation trends over tleosd half of the 20 century in
multiple-forcings experiments with CCSM3 (with niatliand anthropogenic forcings,
including BC aerosols) compared to observationsvsheimilar patterns in the MAM and
JJAS seasons (though the decreases in precipitaterindia are less in the ensemble
mean multiple forcings experiments), suggesting tthi@BC aerosols play an important
role in observed precipitation trends over mucbafth Asia. However, there is little
agreement in the model and observed precipitatemds over China during JJAS.
suggesting either model errors or other processdd de playing a role in that region.
An examination of surface temperature trends frieennultiple-forcings ensemble mean
and observations indicate that inherent naturahldity over the northwest Pacific
extending to southern China could have influenbedobserved precipitation trends that
show increases over southern China. One memlitke ohultiple-forcings experiment
shows similar negative surface temperature tremdstbe northwest Pacific extending
over southern China, and consequent precipitateds that show an increasing
precipitation trend more in line with the obsergas. This suggests that inherent natural
variability may have played a larger role thanftiveing from BC aerosols over southern

China in the second half of the®™6entury.

These experiments point to the regional importarid&C aerosols for rainfall patterns

over much of Asia, and in the Indian monsoon regigparticular, and rely in part on
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changes to SSTs in the Arabian Sea and Bay of Bengag MAM that extend to the

summer monsoon season to contribute to the desreésainfall over parts of India due

to BC aerosols.

Acknowledgments

Portions of this research were supported by the®©tf Science (BER), U.S.
Department of Energy, Cooperative Agreement No.HOIIB2-97ER62402, and the
National Science Foundation. The National CerdeAtmospheric Research is

sponsored by the National Science Foundation.

22



References

Ackerman, A.S., O.B. Toon, D.E. Stevens, A.J. Hdialts V. Ramanathan, and E.J.

Welton, 2000: Reduction of Tropical Cloudiness lmpSScience288 1042 — 1047.

Chen, M., P. Xie, J. E. Janowiak, and P. A. Ar002: Global land precipitation: A 50-

yr monthly analysis based on gauge observatidnklydrometear 3, 249-266.

Chung, C.E., V. Ramanathan, and J.T. Kiehl, 20B8ects of the South Asian absorbing
haze on the northeast monsoon and surface-aiekelaange.J. Climate 15, 2462—

2476.

Chung, C.E., and V. Ramanathan, 2006: Weakenitpah Indian SST gradients and

the monsoon rainfall in India and the Sah&lClimate 19, 2036—2045.

Clarke, A., W.D. Collins, P.J. Rasch, V. KapusknMoore, and S. Howell, 2001:

Pollution transport on global scales: Measuremantsmodel predictions]. Geophys.

Res,106 32555—32570

Collins, W.D., 2001: Parameterization of geneeli cloud overlap for radiative

calculations in general circulation models.Atmos. Scib8, 3224—3242.

23



Collins, W.D., P.J. Rasch, B.E. Eaton, D.W. Filleod.T. Kiehl, T.C. Beck, and
C.S. Zender, 2002: Simulation of aerosol distritmsi and radiative forcing for

INDOEX: Regional climate impactsl. Geophys. Resl07, doi:10.1029/2000JD000032.

Collins, W.D., and co-authors, 2006: The Commugilynate system Model version 3

(CCSM3). J. Climate 19, 2122—2143.

Cubasch, U., G. A. Meehl, G. J. Boer, R. J. Stoufe Dix, A. Noda, C. A. Senior, S.
Raper, and K. S. Yap, 2001: Projections of futdiraate changeClimate Change 2001:
The Scientific Basi€ontribution of Working Group | to the Third Assezent Report of
the Intergovernmental Panel on Climate Change, Blotighton, Y. Ding, D. J. Griggs,
M. Noguer, P. van der Linden, X. Dai, K. Maskell,ICJohnson, Eds., Cambridge

University Press, 525-582.

Ding, Y., and D.R. Sikka, 2006 : Synoptic systeand weather. IiThe Asian Monsogn

B. Wang, ed., Springer-Verlag: New York, 131—201.

Jones, G.S., A. Jones, D.L. Roberts, P.A. Stott,kab. Williams, 2005 : Sensitivity of

global-scale climate change attribution resultmttusion of fossil fuel black carbon

aerosol. Geophys. Res. Let82 L14701, doi:10.1029/2005GL023370.

Kinne, S., M. Schulz, C. Textor, S. Guibert, Y. Baiski, S. Bauer, T. Berntsen,

T. Berglen, O. Boucher, M. Chin, W. Collins, F. Damer, T. Diehl, R. Easter,

24



H. Feichter, D. Fillmore, S. Ghan, P. Ginoux, SnGaA. Grini, J. Hendricks,

M. Herzog, L. Horrowitz, I. Isaksen, T. Iversen,Janes, S. Kloster, D. Koch, M. Krool,
A. Lauer, J. F. Lamarque, G. Lesins, X. Liu, U. hwdmn, V. Montanaro, G. Myhre,

J. Penner, G. Pitari, S. Reddy, D. Roberts, O.rnfeela. Stier, T. Takemura, and X. Tie,

2005: An AeroCom initial assessment -- optical rtips in aerosol component modules

of global modelsAtmos. Chem. Phys, 18151834.

Lau, K.M., M.K. Kim, and K.M. Kim, 2006: Asian sumer monsoon anomalies induced

by aerosol direct forcing: The role of the TibeRlateau.Clim. Dyn, 26, 855—864.

Meehl, G.A., 1994: Coupled land--ocean--atmosppeneesses and south Asian

monsoon variability.Science266 263--267.

Meehl, G. A., W. D. Collins, B. Boville, J. T. Kiehr. M. L Wigley, and J. M. Arblaster,
2000a: Response of the NCAR Climate System Madgldreased Coand the role of

physical processedournal of Climatel3, 1879-1898.

Meehl, G. A., W. M. Washington, J. M. Arblaster, V. Bettge, and W. G. Strand Jr.,
2000b: Anthropogenic forcing and decadal climateability in sensitivity experiments

of 20" and 2% century climate.Journal of Climate13, 3728-3744.

25



Meehl, G.A., and J.M. Arblaster, 2002: GCM sengitiexperiments for the Indian
monsoon and tropospheric biennial oscillation fiteors conditions. J. Climate 15,

923--944.

Meehl, G. A., and J. M. Arblaster, 2003: Mecharssshprojected future changes in

south Asian monsoon precipitatio@limate Dynamic21, 659-675.

Meehl, G. A., W. M. Washington, C. Amman, J. M. kadter, T. M. L. Wigley, and C.
Tebaldi, 2004: Combinations of natural and antbggmic forcings and 30century

climate. Journal of Climatel7, 3721-3727.

Meehl, G.A., W.M. Washington, B.D. Santer, W.D. I, J.M. Arblaster, A. Hu, D.
Lawrence, H. Teng, L.E. Buja, and W.G.Strand, 200BBmate change projections for
twenty-first century and climate change commitmerthe CCSM3. J. Climate 19,

2597--2616.

Meehl, G.A., J.M. Arblaster, D. Lawrence, A. S&K. Schneider, B.P. Kirtman, and D.

Min, 2006b: Monsoon regimes in the CCSM3. Climate 19, 2482--2495.

Menon, S., J. Hansen, L. Nazarenko, and Y. Lud)22limate effects of black carbon

aerosols in China and Indi&cience297, 2250—2253.

26



Meywerk, J., and V. Ramanathan, 1999: Observatbtise spectral clear-sky aerosol

forcing over the tropical Indian Oceand. Geophys. Resl04, 24359—24370.

Ramanathan, V., P.J. Crutzen, J. Lelieveld, D.&\lden, J. Anderson, M.O. Andreae,
W. Cantrell, G. Cass, C.E. Chung, A.D. Clarke, WdBllins, J.A. Coakley, F. Dulac,
J. Heintzenberg, A.J. Heymsfield, B. Holben, J. stud A. Jayaraman, J.T. Kiehl,
T.N. Krishnamurti, D. Lubin, A.P. Mitra, G. McFarhar, T. Novakov, J.A. Ogren,

[.A. Podgorny, K. Prather, J.M. Prospero, K. PlestP.K. Quinn, K. Rajeev,

P.J. Rasch, S. Rupert, R. Sadourney, S.K. SatheeSieridan, G.E. Shaw, and
F.P.J. Valero, 2001: The Indian Ocean Experimentimdegrated assessment of the
climate forcing and effects of the great Indo-Admaze. J. Geophys. Resl06 28371—

28398.

Ramanathan, V., and P.J. Crutzen, 2003: Newtdrec Atmospheric brown “clouds”.

Atmos. Environ 37, 4033—4035.

Ramanathan, V., C. Chung, D. Kim, T. Bettge, L.8uj.T. Kiehl, W.M. Washington, Q.
Fu, D.R. Sikka, and M. Wild, 2005: Atmosphericwroclouds: Impacts on South

Asian climate and hydrological cycl®roc. Nat. Acad. S¢i102,5326—5333.

Rasch, P.J., W.D. Collins and B.E. Eaton, 200hdeystanding the Indian Ocean

Experiment (INDOEX) aerosol distributions with arasol assimilationJ. Geophys.

Res, 106, 7337—7356.

27



Rayner, N.A., D.E. Parker, E.B. Horton, C.K. Follah.V. Alexander, D.P. Rowell,
E.C. Kent, and A. Kaplan, 2003: Global analyseseaaf surface temperature, sea ice, and
night marine air temperature since the late nimtékeeentury,J. Geophys. Redl.08

(D14), 4407, doi:10.1029/2002JD002670.

Smith, T.M., and R.W. Reynolds, 2005: A globalrgesl land-air-sea surface
temperature reconstruction based on historicalrgbiens (1880-1997)1. Climate 18,

2021—2036.

Wang, C., 2007: Impact of direct radiative forcofgolack carbon aerosols on tropical

convective precipitation. Geophys. Res. Lett, L5709, doi:

10.1029/2006GL028416.

28



Figure Captions

Figure 1: Distributions of black carbon opticalpth for the year 1999 by season, a)
DJF, b) MAM, c) JJA, and d) SON. This pattern waaled back in time based on

globally averaged human population.

Figure 2: a) Seasonal cycle of BC optical deptthewvisible divided by the portion of
time the column is lit (because zeros are recofdedighttime values), for the year
1999 (see note on scaling to other years in capbidilg. 1), averaged over the Indian
sector from 70°E-100°E; b) same as (a) excephioeral dust which remains constant
throughout the experiments; ¢) same as (a) exoeptilfate aerosols from a

representative ensemble member.

Figure 3: Latitude-height sections, averaged twveirndian sector from 70°E-100°E, for
solar heating rate (K day due to BC aerosols, differences computed fostkenember
ensemble mean BC aerosol-only experiments, 198@Bfys the comparable time
period in the 1870 pre-industrial control run, &mMMarch, b) April, c) May, and d) June.
Stippling indicates areas where the ensemble nmigaalslivided by the inter-ensemble
standard deviation exceeds 1.0. Pressure leveliiatked by topography are denoted
by white areas that extend farther south over ladithe monsoon low pressure trough

becomes established in May and June.
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Figure 4: Surface air temperature differencestdi&C aerosols, differences computed
for the six member ensemble mean BC aerosol-omggraxents, 1980-99, minus the
comparable time period in the control, for a) MatghApril, c) May, and d) June.
Stippling indicates areas where the ensemble nigaalslivided by the inter-ensemble

standard deviation exceeds 1.0.

Figure 5: Latitude-height sections, averaged tvenndian sector from 70°E-100°E, for
temperature response due to BC aerosols, diffesasaraputed for the six member
ensemble mean BC aerosol-only experiments, 198&Bfys the comparable time
period in the control, for a) March, b) April, c)ay, and d) June. Stippling indicates
areas where the ensemble mean signal divided hiptdreensemble standard deviation

exceeds 1.0.

Figure 6: Effects of BC aerosols during the praisamn season of MAM on a) surface
air temperature (°C), b) precipitation (mm dpyc) sea level pressure (SLP, hPa), and d)
850 hPa winds (scaling vector of 0.5 m5atlower right). Stippling indicates areas
where the ensemble mean signal divided by the-erteemble standard deviation

exceeds 1.0.

Figure 7: Same is Fig. 6 except for the monsoasae of JJA.
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Figure 8: a) zonal mean SST differences (°C)tHersector 60-100E, ensemble mean
BC aerosol experiments (1980-99) minus controlJtore; b) same as (a) except for the
CCSM3 multiple-forcings experiments (solid), 198®#inus 1930-50, HADISST
observations (dashed), and CCSM3 multiple-forcmgsus black carbon only (dash-

dot).

Figure 9: Precipitation trends (mm daer 50 years) for the pre-monsoon season
(MAM), 1950-99, a) observed data derived from g@miges (Chen et al. 2002), b) five
member ensemble mean for the CCSM3 multiple foscewperiments, stippling
indicates areas where the ensemble mean signdedilay the inter-ensemble standard

deviation exceeds 1.0. Note color scale is afafttwo smaller in (a) compared to (b).

Figure 10: Precipitation trends (mm daer 50 years) for the monsoon season (JJAS),
1950-99, a) observed data derived from rain ga(@ksn et al. 2002), b) five member
ensemble mean for the CCSM3 multiple forcings erpents, stippling indicates areas
where the ensemble mean signal divided by the-erieemble standard deviation

exceeds 1.0. Note color scale is a factor ofdmaller in (a) compared to (b).

Figure 11: Observed surface temperature trendpdf G0 years) for the monsoon
season (JJAS), 1950-99 (Smith and Reynolds, 20605pame as (a) except for five
member ensemble mean for the CCSM3 multiple foscexperiments, c) same as (b)
except for precipitation from a single ensemble nemand d) same as (b) except for a

single ensemble member.
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Figure 12: From the Parallel Climate Model (PCBHfjects of sulfate aerosols during the
pre-monsoon season of MAM on a) surface air temipexd°C), b) precipitation (mm
day"), c) same as (a) except for JJA, and d) same) @x¢ept for JJA. Stippling
indicates areas where the ensemble mean signdedilay the inter-ensemble standard

deviation exceeds 1.0.
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CCSM3 black carbon runs

a) black carbon optical depth in visible DJF
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Figure 1: Distributions of black carbon opticaptte for the year 1999 by season, a)
DJF, b) MAM, c) JJA, and d) SON. This pattern wealed back in time based on

globally averaged human population.
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Figure 2 : a) Seasonal cycle of BC optical déptine visible divided by the portion of
time the column is lit (because zeros are recofoedighttime values), for the year
1999 (see note on scaling to other years in captiding. 1), averaged over the Indian
sector from 70°E-100°E; b) same as (a) excephineral dust which remains constant

throughout the experiments.
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Figure 3 : Latitude-height sections, averaged tivelnndian sector from 70°E-100°E, for
solar heating rate (K day due to BC aerosols, differences computed fostkenember
ensemble mean BC aerosol-only experiments, 198@Bfys the comparable time
period in the control, for a) March, b) April, c)ay, and d) June. Stippling indicates
areas where the ensemble mean signal divided bptdreensemble standard deviation
exceeds 1.0. Pressure level data blocked by tapbgrare denoted by white areas that
extend farther south over India as the monsoorpl@ssure trough becomes established

in May and June.
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Figure 4 : Surface air temperature differencestdi&C aerosols, differences computed
for the six member ensemble mean BC aerosol-omggraxents, 1980-99, minus the
comparable time period in the control, for a) MardghApril, c) May, and d) June.
Stippling indicates areas where the ensemble nigaalglivided by the inter-ensemble

standard deviation exceeds 1.0.
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Figure 5 : Latitude-height sections, averaged tivedndian sector from 70°E-100°E, for
temperature response due to BC aerosols, diffesazaraputed for the six member
ensemble mean BC aerosol-only experiments, 198&Bfys the comparable time
period in the control, for a) March, b) April, c)ay, and d) June. Stippling indicates
areas where the ensemble mean signal divided hptéreensemble standard deviation

exceeds 1.0.
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Figure 6: Effects of BC aerosols during the praisamn season of MAM on a) surface
air temperature (°C), b) precipitation (mm dpyc) sea level pressure (SLP, hPa), and d)
850 hPa winds (scaling vector of 0.5 m5atlower right). Stippling indicates areas
where the ensemble mean signal divided by the-arisemble standard deviation

exceeds 1.0.
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Figure 7: Same is Fig. 6 except for the monsoasae of JJA.
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Figure 8: a) zonal mean SST differences (C)tHersector 60-100E, ensemble mean BC
aerosol experiments (1980-99) minus control, fereJub) same as (a) except for the
CCSM3 multiple-forcings experiments, 1980-99 mit@80-50 (solid), HadISST
observations (dashed), and CCSM3 multiple-forcmgsus black carbon only (dash-

dot).
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Figure 9: Precipitation trends (mm dgyer 50 years) for the pre-monsoon season
(MAM), 1950-99, a) observed data derived from g@ges (Chen et al. 2002), b) five
member ensemble mean for the CCSM3 multiple foscewperiments, stippling
indicates areas where the ensemble mean signdeditay the inter-ensemble standard

deviation exceeds 1.0. Note color scale is afaufttwo smaller in (a) compared to (b).
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Figure 10: Precipitation trends (mm daer 50 years) for the monsoon season (JJAS),
1950-99, a) observed data derived from rain ga(@een et al. 2002), b) five member
ensemble mean for the CCSM3 multiple forcings erpents, stippling indicates areas
where the ensemble mean signal divided by the-erieemble standard deviation

exceeds 1.0. Note color scale is a factor ofsmaller in (a) compared to (b).
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Figure 11: Observed surface temperature trendpdf G0 years) for the monsoon
season (JJAS), 1950-99 (Smith and Reynolds, 2805ame as (a) except for five
member ensemble mean for the CCSM3 multiple foscawperiments, ¢) same as (b)
except for precipitation from a single ensemble nemand d) same as (b) except for a

single ensemble member.
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Figure 12: From the Parallel Climate Model (PCBHfjects of sulfate aerosols during the
pre-monsoon season of MAM on a) surface air tenipexg°C), b) precipitation (mm
day?), c) same as (a) except for JJA, and d) same) &x¢ept for JJA. Stippling
indicates areas where the ensemble mean signdedilay the inter-ensemble standard

deviation exceeds 1.0.
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