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Abstract. The impact of aerosols above and around the Ti-1 Introduction

betan Plateau on the Asian Summer Monsoon during pre-

monsoon seasons March-April-May 2007, 2008, and 20090Ver sixty percent of the world’s population depends on wa-
is investigated by means of remote sensing and radiativéer supply from the Asian Summer Monsoon. The coinci-
transfer modelling. Four source regions are found to be redence of natural and anthropogenic aerosol sources in Asia
sponsible for the high aerosol loading around the Tibetarleads to high aerosol concentrations throughout the southern
Plateau: the Taklamakan Desert, the Ganges Plains, the Iart of the continent (Chung et al., 2005). Aerosols in the
dus Plains, and the Arabian Sea. CALIPSO lidar satellitemonsoon region have been the subject of extensive research
data, providing vertically resolved images of aerosols, showde.g. Lau et al., 2008; Ramanathan et al., 2001; Lelieveld et
aerosol concentrations to be highest in the lower 5km ofal., 2001). In this study, we investigate aerosol impacts on
the atmosphere with only little amounts reaching the Tibetarthe Asian monsoon system by means of remote sensing and
Plateau altitude. Using a radiative transfer model we findradiative transfer modelling.

that aerosol plumes reduce shortwave radiation throughout A€rosols are a major source of uncertainty in both the at-
the Monsoon region in the seasonal average by between 2@ibution of past climate change and in future climate pro-
and 30W/m. Peak shortwave heating in the lower tropo- jections (Forster et al., 2007). This is a result of their short
sphere reaches 0.2K/day. In higher layers this shortwavdifetimes and the numerous ways they interact with other el-
heating is partly balanced by longwave cooling. Although €ments of the climate system (Kaufman et al., 2002). Their
high-albedo surfaces, such as deserts or the Tibetan Plateadirect impact on solar and terrestrial radiation in an atmo-
increase the shortwave heating by around 10%, the overafpheric column is commonly estimated with radiative trans-
effect is strongest close to the aerosol sources. A strong effer models (RTMs) (e.g. Tafuro et al., 2007; Xia and Zong,
evated heating which could influence large-scale monsoona?009).

circulations as suggested by previous studies is not found.  Anthropogenic aerosols around the Tibetan Plateau (TP)
have their sources both in the Indian and Chinese megacities

but also in the rural areas. The population growth accompa-
nied by industrialization led, for instance, to a 6-fold increase
in South Asian emissions of fossil fuel $@nd black car-
bon since 1930 (Ramanathan et al., 2005). Organic carbon
released by biomass burning further aggravates the air pollu-
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Natural aerosols in the region originate mainly from local perature gradient, seen as a main driver for the Asian Sum-
and remote deserts. The structure, distribution, and transporher Monsoon, is therefore increased. The heated air above
of this dust has been the subject of wide research (Huanghe elevated surfaces rises and draws in warm, moist air
etal., 2007, 2008; D. Liu et al., 2008; Z. Liu et al., 2008; Xia from the Indian Ocean. This is the effect Lau et al. (2006)
et al., 2008). The concentration of natural aerosol in the re-called “Elevated Heat Pump” (EHP); it leads to an earlier
gion varies strongly from year to year (Gautam et al., 2009b).and stronger monsoon. Both wind speed and precipitation
Mineral dust originating from the Taklamakan Desert (TD) were simulated to strengthen.
north of the TP is transported over very long distances. For The EHP hypothesis has been widely discussed in the liter-
instance, scientists have found this dust in the ice in Greenature; numerous scientists have adopted the idea (e.g. Huang
land and in the French Alps (Hara et al., 2008). Yet it is et al., 2007; D. Liu et al., 2008; Z. Liu et al., 2008; Meehl
unclear whether dust above the TP itself originates from theet al., 2008; Ramanathan and Carmichael, 2008; Randles
surrounding regions or whether it is generated on the spot. and Ramaswamy, 2008; Collier and Zhang, 2009) and the

In the densely populated region of Southern Asia, theoriginal authors have continued to explore it (Lau and Kim,
monsoon crucially affects the inhabitants’ physical and eco-2006; Lau et al., 2008; Bollasina et al., 2008; Gautam et al.,
nomical well-being. There is a strong positive correla- 2009a). Nevertheless, there are three major limitations to the
tion between precipitation amount and food production (Ra-study. First, the Lau et al. (2006) study was lacking interac-
manathan et al., 2005). Furthermore, the uneven distributiotion of atmospheric processes with the ocean. Sea Surface
of monsoon rain, causing either floods or droughts, regularlyTemperatures (SSTs) were prescribed to observed values,
results in loss of human lives and damage of crops and propa common method, yet when Bollasina et al. (2008) com-
erty (Lau et al., 2008). pared different studies of aerosol impact on the Asian Sum-

The impact of aerosols on the Asian Summer Monsoon ismer Monsoon, they noticed that those using coupled ocean-
disputed. Itis still unclear whether aerosols could strengtheratmosphere models yielded opposing results to those using
or weaken the monsoon. While sunlight-absorbing aerosolsmodels with prescribed SSTs. Second, aerosol indirect ef-
especially in the higher troposphere above and around théects have been omitted. Third, and maybe most important,
TP, might lead to an increased Hadley circulation duringthe information about vertical distribution of aerosol concen-
pre-monsoon season (March-April-May) and therefore to atrations was sparse. This last point is crucial as the theory of
subsequently strengthened monsoon (Lau et al., 2006; Laan “ElevatedHeat Pump” is based on the assumption that the
and Kim, 2006; Randles and Ramaswamy, 2008), there ardirect aerosol effect is reinforced in high altitudes and above
opposing theories suggesting a weakening of the land-sedright surfaces. These bright surfaces, however, exist mainly
contrast by solar dimming (Ramanathan et al., 2005) or byin high altitudes, e.g. on snow-covered Himalayan moun-
increased cloudiness resulting from the strengthened Hadletains. For aerosols to interact with these surfaces, they have
circulation (Collier and Zhang, 2009). The impact might also to ascend at least up to 5kma.m.s.l. (above mean sea level).
vary from month to month and from region to region (Menon The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
et al., 2002; Bollasina et al., 2008; Meehl et al., 2008) or theObservations (CALIPSO) satellite gives us the possibility to
dust above the TP might be the result rather than the cause déarn whether or not this condition is fulfilled.

a strengthened monsoon (Gautam et al., 2009a). In a recent We will begin with presenting the data and methods em-
model study, Wang et al. (2009) stressed the importance oployed in this study (Sect. 2). Thereafter, we will use
absorbing aerosols increasing moist static energy during pre€ALIPSO data from the pre-monsoon seasons March-April-
monsoon season, which resulted in a simulated northward/lay (MAM) 2007, 2008, and 2009 to monitor aerosol dis-
shift of monsoon precipitation. tributions above and around the TP (Sect. 3) as well as their

This work is inspired by the papers written by K.-M. Lau possible transport pathways (Sect. 4). Finally, we will es-
and co-authors (Lau et al., 2006; Lau and Kim, 2006) and thdimate aerosol radiative impacts in the region with an RTM
Elevated Heat Pump (EHP) hypothesis they propose thereinSect. 5). The results might indicate which of the various
Their idea was to run the NASA finite volume atmospheric proposed mechanisms for aerosol-monsoon interactions fit to
general circulation model (fvGCM) (Lin et al., 2004) first the observations and which do not.
without any aerosol forcing as a control run, then with re- The geographical region relevant for this study is the TP
alistic aerosol distributions as an anomaly experiment. Theas well as surrounding regions from which aerosols might
difference between the two runs revealed aerosol impacts obe advected. The choice of the region of interest (ROI) is
the monsoonal system in the form of strong heating over thanotivated as follows: CALIPSO roughly covers the regions
slopes of the TP due to absorption of sunlight by dust ad-surrounding the TP every day. Taking into account wind
vected from neighboring deserts and black carbon from lo-speeds in the order of 40 km/h, an aerosol layer might ad-
cal pollution. In their simulation, the heating is particularly vance around 1000 km between one CALIPSO measurement
strong above high-albedo surfaces such as snow-covereahd the next. In order to capture every aerosol plume that
mountain slopes, even though Aerosol Optical Depth (AOD)might reach the TP within the following day, we define a
is not especially high at these altitudes. The meridional tem-ROI that stretches from 2N to 50° N and from 60 E to
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120 E, see Fig. 1. Also marked in the figure are sub-regions 70°
of special interest: The TP as target region and the Arabian
Sea (AS), the Ganges Plains (GP), the Indus Plains (IP), an¢®”
the TD as likely source regions.

50°

2 Data and methods .

30°

2.1 CALIPSO satellite data

20° ('). 2
The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite M @
Observations (CALIPSO) is a satellite developed by NASA 100/7 ° 5 :

and CNES for the monitoring of cloud and aerosol properties
(Winker et al., 2093). .It carries the CIoud—AgrosoI Lidgr vyith 0 ae B0 70°  80°  90° 100° 110°  120° 130°  140°
Orthogonal Polarization (CALIOP), an active polarization-

sensitive lidar instrument which produces vertically resolvedFig. 1. Map of the Region of Interest (ROI) in red and the differ-
images of cloud and aerosol layers as well as their respecent subregions in blue: Arabian Sea (AS), Ganges Plains (GP), In-
tive optical properties (Winker et al., 2006). Unlike earlier dus Plains (IP), Taklamakan Desert (TD), and Tibetan Plateau (TP).
remote sensing instruments, CALIPSO can reliably detectlhick black lines indicate the coast, thin black lines represent levels
aerosol over bright surfaces, e.g. deserts, and beneath thff €dual altitude (each 500 m).

clouds.

CALIPSO was launched on 28 April 2006. It orbits thg length within the solar spectrum, the instrument is more

earth on a sun-synchronous orbit at 705 km altitude. The N ansitive during nighttime than during daytime. However,

s e e 1 S1s A1) DM s the ol satelite provedng ol hee-simensionl

lite orbits the earth 15 times Iy\/leaSl;rements a’re taken bot@erosol measurements in a region where in-situ obsgrvatlons

i:w the daytime and in the niéhttime parts of the track, with re sparse. Furthermore, the issue of cloud attenuation turns
' out to be of minor importance in the regions considered here:

da_tra;]fo:jthre_e yearﬁ egllallabll_e_ ¢ NASA (http-// b even for atmospheric layers close to the surface, CALIPSO
e data Is available online from (http://eosweb. provides aerosol data in around 80 to 90% of the cases.

!arc.ﬂgsa.ggv/ PRODOCS/p?Iipso/ ta.bzhddipso.htrr?l)h Dur'—d However, in cloudy skies potential direct radiative effects of
Ing this study, we use mainly Level 2-data, which provides erosols, especially in the shortwave, would presumably be

top and base _alt|tudes o_f aerosol or cloud layers identifie mall, so neglecting this should only imply a small error.
by NASA retrieval algorithms. In the present study we

use aerosol layer top altitude, base altitude, optical depth @ 2 NCEP/NCAR reanalysis wind data

532 nm, aerosol type, and surface elevation as functions of

latitude and longitude. The dataset for MAM 2007, 2008, Data for wind patterns in the region is obtained from

and 2009 consists of 1390 CALIPSO tracks that cover thethe NCEP/NCAR Reanalysis Project (http://www.cdc.noaa.

ROI. The results are qualitatively insensitive to a particular gov/cdc/reanalysis/reanalysis.shtml). The NCEP/NCAR Re-

choice of a pre-monsoon season (e.g. April-May instead ofanalysis Project creates wind fields by assimilating raw-

March-April-May). insonde measurements, cloud-tracked winds from geosta-
Level 2-data comes with a classification of the detectedtionary satellites, aircraft observations, and oceanic reports

aerosol layers. According to its radiative properties, each(Kistler et al., 2001). Wind data im-, v- andw-direction are

aerosol layer is assigned to one of six aerosol clasdear{ available on a 25x2.5 grid for each day.

marine dust polluted continental clean continental pol-

luted dustandsmoke. This classification is documented in 2.3 The radiative transfer model

Omar et al. (2004) and in Liu et al. (2005). Each aerosol o )
class is a mixture of aerosol particles of a different Com_The radiative effects of aerosols depend on various factors,

position characteristic for a specific source region or an airSUch as AOD, complex aerosol refractive indices, size distri-

mass. Mixtures of two classes are therefore not assigned tButions, properties of the surrounding air, and surface prop-
one aerosol layer. erties. The application of an RTM can yield quantitatively

There are several uncertainties associated with théealistic estimations of these effects. The model used in this
CALIPSO data. For instance, the measurements are cafiudy was developed by Stefan Kinne at the Max Planck In-

ried out along narrow tracks that are separated by large areayitute for Meteorology, Hamburg. Itis described in Tafuro

without measurements: the lidar instrument cannot measurgt al. (2007). In the model, the direct aerosol radiative effect

aerosols beneath thick clouds:; and due to the lidar wave!S Simulated based on Mie scattering.

www.atmos-chem-phys.net/10/4673/2010/ Atmos. Chem. Phys., 10, 4673-4688, 2010
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The RTM simulates the ragiativg transfer using.an inde'Table 1. Spectral dependence of the surface albedo in the RTM for
pendent column approximation with 46 layers with vary- gimulations with thdand-presetting.

ing aerosol concentration and optical properties. In aerosol-
free layers, the model simulates a standard tropical atmo-
sphere, including greenhouse gases {COs, N2O, CO,

Wavelength [um]  Albedo

CHy, and water vapor). Cfconcentrations are fixed at a 035 0.03
present-day value of 380ppm and £t 1700 ppb. The 045 003
other greenhouse gases are set to altitude-dependent distri- 0.55 0.06
butions typical for the tropics. The scattering by atmospheric Sw (1)'88 8'%’
molecules is calculated following Rayleigh scattering theory 1:60 0:25
which is appropriate for cases of scattering particles signifi- 220 0.15
cantly smaller than the typical wavelengths of the radiation, 3.00 0.15
such as gas molecules. Profiles of pressure, temperature and LW 4.25-80.00 0.04

water vapour mixing ratio are set to tropical standard values.
The RTM models the solar radiation with eight spectral

bands of wavelengths from 0.35 to 3.00 um (cf. Table 1),

i.e. in the visible and near infrared spectral regions. The thergerosol-induced anomalies only, the simulation of aerosols

mal infrared radiation emitted by the earth is represented byin clear-sky conditions seems justified.

twelve spectral bands withfrom 4.25 to 80.00 um. This ap-

proach allows for wavelength-dependent optical properties

of aerosols, atmospheric molecules, and surface albedo. D& Satellite measurements of vertical aerosol

pending on the latitude, the model calculates radiative im-  distributions

pacts for different solar angles throughout the diurnal cycle

to obtain a daily average. The model approximates the scat©mMpared to previous remote sensing instruments capturing
tered radiation’s angular distribution to the theoretical result2€rosol characteristics, CALIPSO has mainly two new fea-

for Mie scattering with the major part scattered towards thelUrés: it is able to detect the vertical dimension of aerosol
surface and the minor part scattered back to the sky. Addilayers and it distinguishes between different aerosol types in

tionally, it superimposes a delta peak in the exact forwargmMore detail. ,
direction. In Fig. 2, the bottom 10 km of the atmosphere are cut in

The surface albedo for the solar radiation is adjustabld@Yers of 100m height. Then, for each measurement along
in the RTM as well. One may either fix the albedo to a the CALIPSO track, we determine whether or not aerosols

wavelength-independent value or define a spectral functiofVith an optical depth above the detection threshold were
for the albedo. The RTM allows to chose four typical sur- identified in a layer. The probability distributions shown are

face types: land, ocean, desert and ice. The albedo’s spectrdPrmalized by the number of measurements at the altitude
dependence for thand-presetting is representative for veg- in question since the number of total measurements is lower

etated regions (Table 1). In tireeanpresetting, the albedo at low altitudes: the lidar does not give any information for
is a function of both wavelength and solar zenith angle. points beneath the surface or below altitudes at which the

Tafuro et al. (2007) learned in their simulations with the Signal is fully attenuated. As a measure of variability, we

very same model that albedo effects were particularly impor_divided each subregion into four equal-sized parts and used
tant. As they did in their study, we also use Moderate Reso &M’ bars to indicate the value of the lowest and highest quar-
lution Imaging Spectroradiometer (MODIS) satellite albedo ter- These error l_Jars cannot account for various other error
data from the MOD43B3 product on a 1/601/60° grid. sources, such as instrument errors, cloud and molecular scat-
This product is available for several wavelengths. Since ab!€fng, or noise from solar illumination, but they provide an
sorption and scattering of solar radiation is thought to be thdd€2 of the geographical variability within the subregion.
predominant direct aerosol effect, we chose the albedo prod- Figure 2a shows the vertical distribution of the different
uct for the spectral region of 0.3 to 5.0 um. Note that we Varyaerosol types in the entire ROI (see Sect. 1 for the definition

only the shortwave (SW) albedo; the longwave (LW) albedo©f the ROl and the sub-regions). Dust is the most important
remains fixed to 0.04. aerosol, with around 20% of all measurements between 1 and

Furthermore, the model can simulate cloud layers in ad3 km above sea level affected. Polluted dust is about half
dition to aerosol layers. In this study, however, we only & Prominent in the region. Although smoke is somewhat

consider cloud-free skies, an assumption which maximise@rese_”t in Fig. 2a, its regional distribution shows t'hat it is
aerosol direct radiative effects. Including clouds into our €SS likely to be advected near the TP or central India, there-

simulations would be more realistic, though it would also fore being less important to the monsoonal system: smoke is

introduce new uncertainties due to imperfect estimation ofPundant mainly in South-East Asia and China.
cloud optical properties. Since we are concerned with

Atmos. Chem. Phys., 10, 4673-4688, 2010 www.atmos-chem-phys.net/10/4673/2010/
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Fig. 2. Vertical distribution of the frequency of occurrence of the different aerosol typgs the entire region of interesfh) the Arabian

Sea,(c) the Ganges Plaingd) the Indus Plains(e) the Taklamakan Desert, arff) the Tibetan Plateau. Note the different scalings of

the respective x-axis. Data displayed separately for MAM 2007 (solid lines), 2008 (dotted lines), and 2009 (dashed lines). Tha numbers
indicate the total number of sample profiles that was considered for each averaged profile. The error bars indicate the geographical variability
within the subregions.

Considering the different sub-regions (Fig. 2b through 2f), which can be due to advected Arabian dust or local sources,
important differences are visible. Figure 2b shows that abovdor instance the Thar Desert. In this region, the maximum
the AS, there are high dust loadings with up to 80% of thealtitude of dust elevates to around 7 km. A very different pat-
measurements detecting either dust or polluted dust. Poltern in the vertical aerosol distribution can be seen above the
luted dust above the AS has previously been observed bysP (Fig. 2c). We may note two major differences: first, the
Pease et al. (1998) and Tindale and Pease (1999). The dustquency of occurrence of dust reaches only values of 0.3
plumes above the AS, however, are mostly confined to loweto 0.45, depending on the year, considerably less than above
atmospheric layers. CALIPSO hardly detects any dust aboveéhe AS and the IP. We can attribute this to the fewer local
5km, the crucial altitude determining whether the aerosolsdust sources, as there are no major deserts in the GP. Sec-
can reach the TP and produce additional upper level heatingnd, CALIPSO detects high amounts of polluted dust, the
which would enhance the monsoonal circulation. The dustfrequency of occurence reaches around 0.2. Population den-
advected from the AS towards the TP is likely to cross thesity in this region is among the highestin the world, hence the
IP (Fig. 2c). The concentrations in the IP are equally high,dust is coated by carbon or sulfate aerosols which reinforces

www.atmos-chem-phys.net/10/4673/2010/ Atmos. Chem. Phys., 10, 4673-4688, 2010



4678 J. Kuhlmann and J. Quaas: How can aerosols affect the Asian summer monsoon?

its radiative properties. As above the IP, the dust above thes- 08
GP rises to about 7 km.

The TD region (Fig. 2e) is sparsely populated, and advec-
tion of polluted aerosols is effectively blocked by the moun- o
tains of the TP. Therefore, only pure dust originating from
local sources exists here. The dust in this region rises to
higher altitudes than anywhere else — sometimes up to arouneo°
10 km. This is likely due to local topography since the desert ~
is surrounded by mountain ranges. Hence, dust transpor w\ijs L VNI
from the TD to the TP seems plausible. Xia et al. (2008), who % 00 eoe o 1000 . a0
investigated aerosol transport on this pathway, observed it tcs
occur much more often during summer than during spring. }
They explained dust occurrences above the TP in spring with
local dust emissions rather than with advection from the TD. *°"

Aerosols above the TP itself are mostly dust, occasion-
ally mixed with polluted dust (Fig. 2f). Polluted dust is only
measured south, not north of the TP, thus beyond the highes™'|
mountains. From the occurrence of polluted dust above the
TP we conclude that aerosol advection from both sides of the J L
TP is occurring, despite its diminutive quantities. “60° 70° g0 e 100° 110° 120°

The interannual comparison shows little variation in most )

Fig. 3. Fraction of days when aerosols are blown towards(#)e

cases. Only the occurrence of dustin MAM 2008 was excep northern andb) southern slopes of the Himalaya (indicated by the
tionally weak in the TD, while it was exceptionally strong in biue lines) during MAM 2007, 2008, and 2009,

the GP and in upper layers above the IP. Averaged over the
entire ROI, 2008 was the strongest dust period.

vector intersects with a part of the blue polygon, the second
4 Combination of wind and aeorsol data condition is fulfilled. An approximation in this context is
the conversion from the vertical coordinates of the CALIPSO

The EHP hypothesis of aerosol-monsoon interaction is base#ata, which are given in km, to the vertical coordinates of the
on aerosol transport towards the slopes of the TP. In orNCEP/NCAR reanalysis wind data, which are given in hPa.
der to determine the most prominent source regions for thi¢Ve chose the pressure level of 500 hPa, since, in accordance
kind of transport, we combine CALIPSO aerosol data andto the 1976 US Standard, it roughly corresponds to the alti-
NCEP/NCAR reanalysis wind data. There are two necessarjtde in question (between 5.5 km and 8 km).
conditions for aerosol transport from a given geographical Lastly, for each location, we divide the number of cases for
location to the TP: first, aerosols must be present in atmowhich both conditions are fulfilled by the number of cases for
spheric layers higher than the elevation of the TP. Secondywhich only the first condition is fulfilled. Thereby, we obtain
the local wind must be directed towards the TP. a geographical distribution of the portion of elevated aerosols

We inspect the first condition with the CALIPSO aerosol at each location that are advected towards the slopes of the
data: for each day during the pre-monsoon-season and fofP.
each geographical location we determine if aerosol layers Figure 3 shows this fraction. Quantitatively, note that in
exist above the maximum TP elevation in the respectivesome regions with heavy aerosol production, e.g. Thar or
CALIPSO track. Thereby, we account for the varying ele- Taklamakan, 40 to 60% of all available aerosols above the
vation of the TP. In the case of multiple CALIPSO measure-threshold are blown towards the TP. Comparing this to the
ments in close vicinity with differing outcome, we declare profiles in Fig. 2, aerosol amounts contributing to a possible
that the region under consideration contains aerosols and thEHP can be estimated quantitatively. Aerosols from the IP
first condition is fulfilled. are likely to be advected to the slopes of the TP Meanwhile,

Subsequently, we inspect the second condition. This ighe GP is located slightly to the south of the slopes, which
done with the NCEP/NCAR reanalysis wind data. We in- lets the westerlies transport the local pollution and dust away
vestigate the horizontalu,v) wind vector and determine from the monsoon region towards East Asia. Desert dust
whether this vector is directed towards the TP. Thereforefrom the Arabian Peninsula is more likely to reach the slopes
we trace the shape of the TP slopes with a polygon structureof the TP if its transport pathway crosses not the Arabian Sea
The blue lines in Fig. 3 depict this sequence for the northerrbut Iran and Pakistan, from where around 40% of all elevated
as well as for the southern slopes. If the wind vector is di-aerosols are advected towards the TP. Note that pollution
rected towards the TP slopes, i.e. if the extension of the windrom agglomerations in Eastern China and dust from Gobi

Atmos. Chem. Phys., 10, 4673-4688, 2010 www.atmos-chem-phys.net/10/4673/2010/
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Desert, although quantitatively important, cannot contributecan finally be displayed in a way that makes it easily compa-
to a possible EHP. The predominant westerlies blow theseable to the initial satellite data. This approach is similar to
aerosols away from the TP. This finding using statistics fromthat of Huang et al. (2009) who also passed CALIPSO data
three entire spring seasons matches with the results of a case input to an RTM.
study performed by Eguchi et al. (2009), who observed dust To begin the analysis of the RTM results, it is useful to
and pollution plumes from Gobi and Taklamakan Deserts be-chose an exemplary day of CALIPSO data and perform dif-
ing advected across the Pacific towards North America. Itferent simulations with this aerosol data. As case studies we
suggests that aerosols from Eastern China and Gobi Desechose such CALIPSO tracks that comprise several regions
cannot influence the Asian Summer Monsoon via the EHPthat are crucial for the theories in question (cf. Sect. 1), for
mechanism. instance the Ganges Plains (GP), the Tibetan Plateau (TP)
and the Taklamakan Desert (TD). Furthermore, the days we
o o chose are such with heavy aerosol loading above and around
5 Radiative impacts of aerosols: the radiative transfer the TP. Four days during MAM 2007 notably meet these
model requirements: 30 April, 14 May, 16 May, and 30 May. All
of the data considered for the case studies has been recorded
during nighttime, when the instrument is more sensitive to

In order to simulate the radiative impacts of the aerosol lay-2€70S0! signals (Z. Liu et al., 2008). While the particular nu-
ers detected by CALIPSO, the RTM described in Sect. omerical values for the different glmulated physical quanptu_as
needs certain modifications. We define an atmospheric colY2"Y from case to case, the basic features are always similar.
umn of 46 layers. The lower 40 layers — the only ones that! herefore, ln_thls Section, we show results fpr 1_4 May only.
can contain aerosols — are each 0.2 km thick. The top height CALIPSO images of 14 May are shown in Fig. 4. Both
of the 40th layer is therefore situated at 8 km above sea levef1Orth and south of the TP, thick aerosol layers are present.

Aerosol occurrence above 8 km is extremely rare, so omittingEVen though they do not reach much higher than approxi-
its possibility should not bias the results. The lower bound-Mately Skm, a certain amount of aerosol is present above the
ary of the atmospheric column is fixed at 0kma.m.s.I. This 1P+ Féw clouds are present; this simplifies the analysis. The
simplification introduces errors of 5% at most, which is neg- & @bove the GP contains both pure and polluted dust, while
ligible compared to the uncertainties in satellite retrievals ofthe @erosol layers above the TP consist mostly of pure dust.
aerosols. Above 8km, we build in 6 layers covering the at-APart from rare smoke occurrence, other aerosol types are
mosphere up to 50km. Thereby, we account for the effectd0t Present in this scene. The separation of aerosol types by
of UV absorption by the ozone layer in the stratosphere. A_the.TP'— polluted du.st is absent north of the mountains —is an
coarser vertical resolution is adequate for our purpose sincé'dication of the unlikelihood of cross-TP aerosol transport.
the stratosphere is more homogeneous than the troposphere. 1€ CALIPSO data which is shown in Fig. 4 is subse-

CALIPSO satellite data is the input source for the RTM. duently used as input for the RTM. The runs differ on
The CALIPSO Level 2-data contains top and base altitude ofVhether aerosols are included or not and on whether the sur-
aerosol layers, the optical depth, as well as a classificatioac€ @lbedo is fixed or varies according to MODIS satellite
of aerosol types“tlean marine”, “dust’, “polluted con- dgtg. Like thIS,'It is possible to compute anomallgs of the ra-
diative budget induced by aerosols and to quantify the effect
of high-albedo surfaces on the aerosol heating.

5.1 Preparation of the RTM

tinental”, “clean continental”, “polluted dust”, “smoke”,
“other” ) for every layer. For each of these aerosol types,
Omar et al. (2004) described approximate size distribution%
and optical properties. We use these values to produce a stan-
dard input file for each aerosol type._ This file can later be 5 plots shown are normalized by an aerosol-free atmo-
treated by the RTM. These standard input files are set up S@ppere with only molecular scattering and absorption. The
they produce an aerosol layer of the given type with an AOD e run with CALIPSO aerosol distribution and MODIS

of 0.1 per km. In the application of the model, the aerosol 5jpeqo is normalized by a model run with the same albedo
concentration in a given layer will be scaled by the actualp i ng aerosols. Thus, the anomalies in fluxes and heating
AOD measured by CALIPSO. rates are solely due to aerosols. For instance, the heating rate
anomaly due to aerosols is

3 Case study of 14 May 2007

5.2 Application method

aT aT
Each CALIPSO laser shot produces a one-dimensional pro—AaeS: <_> - <_> ) @)
: . ) ot ) aa 3t /nadmopis
file of the atmospheric column measured approximately at o o
nadir. Each of the files provided by NASA contains severalWhere the indices signify whether all aerosols (AA) or no
thousands of these profiles along a track across the globéerosols (NA) were included in the simulation. The index
Figure 4 depicts an extract of one such track. Each one of thé/IOD|S indicates that in both simulations the albedo values
profiles can be used as input source for the RTM. The resulfetrieved by MODIS have been implemented.
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Fig. 4. CALIPSO backscatter signal for the case study of 14 May 2007. Vertically resolved total attenuated backscatter along the track. The
TP (between approximately 30l and 3% N, geographical coordinates are shown on the x-axis) is enclosed by aerosol layers, both from the
southern and from the northern sides. Grey colour corresponds to clouds, yellow to red colours correspond to aerosol layers. Top-left corner:
a map of the CALIPSO track used for the case study. The Indian subcontinent, the Himalaya and the Taklamakan Desert are covered. Image
from http://www-calipso.larc.nasa.gov/.

The result for the anomalies in SW fluxes is shown in below. The downward LW flux at the surface increases when
Fig. 5a. The downward flux at the top of the atmosphereaerosols are present as the upwelling LW radiation is partly
(TOA) is not changed by aerosols in the atmosphere belowre-emitted back to the surface. The increase in downward
thus the green dots are all on the x-axis. The downward fluxflux at the surface is strongly dependent on aerosol concen-
at the surface is reduced by around 80 to 120 Yifmihe TD trations; it reaches +20 WArabove the TD and +10 W/fm
where thick homogeneous aerosol layers are present. In thebove the GP. In contrast, the upward LW flux at the TOA
GP, aerosol concentrations are more variable, and so are this reduced by the presence of aerosols due to the same effect
SW flux anomalies at the surface, but they are of the samend by a similar amount.

order of magnitude. Itis now apparent that the aerosol layers The overall effect of aerosols on both SW and LW fluxes
above the TP that were visible in Flg 4 have little impaCt on Combined, shown in F|g 5c, is a reduction by around 60 to
the radiative fluxes in the modeled atmosphere. Even thougr@,p to 90 W/nt at the surface. The net effect at the TOA
they are advected to h|gh altitudes and above bnght Surface% mosﬂy an increase in upward ﬂux’ ie. Outgoing radia-
they leave the downward SW flux at the surface virtually un-tion, while the downward flux remains unaltered. Thus, the
altered. aerosols in this particular simulation cool the system. This
Aerosol layers lower the upward flux at the surface both ineffect is especially pronounced above the GP.
the TD (—20 to—30 W/n¥) and, more weakly, inthe GP (0to A closer look at the heating rates, shown in Fig. 6, gives
—20Wi/n?). The high total values above the high albedo more insights into where in the atmosphere the actual absorp-
surfaces of the TD apparently leave more room for variationtjgn is happening. The strongest SW heating of up to 2 K/day
due to aerosol absorption. Aerosol presence increases thg |ocated at around 5kma.m.s.l. in the TD and somewhat
upward flux at the TOA in both regions due to reflection. |gwer, at 4 to 5Skma.m.s.l., in the GP. In a given aerosol
It is similar in magnitude (around +25 WA though more  |ayer, the heating is simulated to be strongest on the upper
varying above the GP. edge. On the one hand, this behavior is physically correct, as
Dust has a comparably strong influence on LW fluxes andthe incoming solar radiation at higher altitudes is stronger.
heating rates as it has in the SW spectral range. In Fig. 5bOn the other hand, the magnitude of this effect might be
we see the aerosol influence on the simulated LW fluxes. Iroverestimated. This is due to the measurement technique
these thermal infrared wavelengths, the earth is simulated tof CALIPSO: for each aerosol layer, regardless of its ver-
be the only source of radiation. Not simulated is LW ra- tical extent, the CALIPSO algorithms calculate only one in-
diation emitted by the sun, which is negligible in magnitude tegrated AOD value with assumed vertically homogeneous
when the troposphere is considered. Thus, the downward L\Waerosol distributions. A more realistic scenario would be
flux at the TOA remains zero with or without aerosol layers a varying distribution of aerosol concentration with highest

Atmos. Chem. Phys., 10, 4673-4688, 2010 www.atmos-chem-phys.net/10/4673/2010/



J. Kuhlmann and J. Quaas: How can aerosols affect the Asian summer monsoon?

(a)

4681

150
. Suﬂace Elevation
SW Down Bottom
SW Down Tcp
100 SW Up Bottom 25
SW Up Top £
c
g o 28
= g
£
% 0 — — 158
T a
z o
@ _s50- 1 8
a
o
-100- 0.5
TP
-150 0
35
Latitude
(b) 150 : . 3
= Surface Elevation
LW Down Bottom
[l « LW Down Top
100 * LW Up Bottom 25
LW Up Top £
<
— S50 2 o
E | 8
2 V\W N L z
I~ = F— L T T T Y £
3 0 =TT I " X ; 1.5 3
Lg ]
3 so- 1 8
=
o
-1001- = 0.5
_150 L ., TP I \GP ||| 0
45 40 35 30 25
Latitude
(c) 150 : T 3
= Surface Elevation
Total Down Bottom|
* Total Down Top
100 * Total Up Bottom 25
Total Up Top £
c
g %0 2 g
= w
! 155
s @
3 3
2 50 1L
=
[e]
-100 05

-150

35
Latitude

Fig. 5. Anomalies in(@) SW, (b) LW, and(c) Total (SW+LW) fluxes induced by aerosols at the top (50 km a.m.s.l.) and bottom (0 kma.m.s.l.)

of the modeled atmosphere in both upward and downward directions. The background shading indicates the AOD at 532 nm as measured b
CALIPSO. MODIS surface albedo values and CALIPSO aerosol distributions are used as input. Approximate extensions of the TD, TP, and
GP regions are marked on the x-axis.

values close to the sources, i.e. close to the ground. A dis—1K/day. Near-surface regions particularly in the TD are
tribution of this kind might reduce the simulated effect of heated (+1 K/day) by aerosols absorbing LW radiation. It
enhanced elevated heating apparent in Fig. 6a. However, els instructive to compare the heating rates in the LW with
evated aerosols often form vertically rather uniform layers,those simulated in the SW (Fig. 6a). While SW heating oc-
which frequently are also relatively thin. Thus, as far as thecurs throughout the vertical extent of the aerosol layers and is
simulations for this study approximate reality, higher parts of strongest in the upper parts, LW radiation cools these upper
the aerosol layers show a twofold increase in heating in relaparts and slightly heats the lower parts.
tion to their vertical position only. Note that the optically ~ The SW heating is generally stronger than the LW cooling,
thin aerosol layers above the TP produce only little heat-creating a positive overall effect on the atmosphere, shown
ing of 0.2K/day and less even for this case with relatively in Fig. 6¢c. The distribution of heating throughout an aerosol
heavy aerosol load. Cooling of lower atmospheric layersjayer shows a maximum at the bottom for strongest combined
due to dimming by aerosols is apparent, but with2 K/day ~ SW and LW heating in the TD; in the GP, the heating is more
equally small. evenly distributed vertically.

The heating rates due to LW absorption by aerosol lay-
ers are shown in Fig. 6b. The aerosols above the TD5.4 Albedo effects on heating rates
and, less pronounced, above the GP, cool the higher atmo-
spheric layers by absorbing and reflecting LW radiation com-A central assumption in the EHP hypothesis by Lau et al.
ing from the surface. Above the TD, this effect reaches(2006) was the enhancement of the direct aerosol effect by
—1 to —2K/day, while in the GP it is limited to-0.5 to a high albedo of the underlying surface. In order to quantify
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(a) ther the satellite-derived albedo (MODIS) or a fixed typical

8 2 . . .
value (const). This way of calculating the anomalies allows
7 > to separate the albedo-induced anomalies due to aerosols
6 13 from the albedo-induced anomalies that occur even in an
Es " aerosol-free atmosphere due to molecular scattering. A sim-
= g le calculation of 37) —(45) would com-
24 ' ‘ \ 0 T ple ar ) AamoDIS ~ a7 ) AA const
Ef ‘ ‘ i 2 prise the latter effects, Eq. (2) does not.
=3 ‘ o The plot of Agp for the SW heating rates in Fig. 7 displays
P il | | 4T the increased aerosol heating due to albedo effects above the
1 g % TD and a smaller effect in the same direction above the GP.
GP Aerosol heating above the TD is enhanced by 0.1 K/day close
025 20 35 30 25 2 to the surface and by 0.06 K/day at the top of the layers be-
Latitude tween 5 and 6 km. The increased heating above the GP gen-

(b) erally remains close to 0.02 K/day in lower layers; it mixes

with slight cooling above that level. On top of the TP, the
signal remains close to zero — the high surface albedo does
not produce enhanced heating, as the present aerosol layers
are too thin.

Comparing Fig. 7 to Fig. 6a, a first estimate is that the
higher albedo in desert areas contributes to SW aerosol heat-
ing with around 10%. The heating enhancement is more pro-
nounced in lower aerosol layers, i.e. close to the surface that
produces the effect. A bright surface additionally heats the
aerosol layer from below.

LW Heating Rate [K/day]

Altitude [km]
o == N W & 0O O N

© 5.5 Regional and seasonal aerosol radiative effects

8 2

7 B The above case study does not show elevated heating in par-

6 P § ticular, but this might also be due to an unlucky hand in
= 5 choosing a particular day. Therefore, we processed the en-
=5 § tire CALIPSO dataset for MAM 2007, 2008, and 2009 with
S4 0 o the method described in Sect. 5.2. We have performed three
é 3 = model runs: the first run was driven by CALIPSO satellite
< T data on aerosol distributions, the surface albedo was fixed

2 = o to the values given in Table 1, i.e. to the proposed values

1 2 for land surfaces implemented in the RTM; the second run

0 = ) used the same aerosol distributions, but the values for the

45 40 surface albedo in the visible wavelengths were prescribed by

Latitude

MODIS satellite data; the third run simulated an aerosol-free

Fig. 6. Anomalies in(a) SW, (b) LW, and(c) Total (SW+LW) heat- ~ atmosphere, yet the MODIS albedo values were used. The
ing rates induced by aerosols throughout the vertical extent of théhird run is therefore the control run which the second run is
atmosphere in K/day. MODIS surface albedo values and CALIPSOnormalized with in order to account for aerosol effects only.
aerosol distributions are used as input. First, let us consider the regional distribution of the
seasonal-average downward SW fluxes (Fig. 8). The aerosol-
induced anomalies in downward SW fluxes follow from scat-
the effect of albedo on aerosol forcing, Eq. (1) has to be mod+ering and absorption of solar radiation in all layers above

ified towards the level considered in the respective map. At 5 km (Fig. 8a),
aT aT the absorption and reflection of higher aerosol layers have
Aalp = [(5) - <§> } reduced the downwelling sunlight by up to 2 \W/iocally.
AA NA IMoDIS

Already at this altitude — above most of the Himalayan moun-

— [(3_T> — (3_T> ] , 2) tains — the TD and the Thar Desert are the most prominent
ot ) pa 9t/ nadconst regions for SW absorption due to dust while aerosols in the

igher tropospheric layers above India, China, and the TP

where — as above — the heating rates are calculated in sin{1 i &
ly reduce solar irradiation by around 0.5 W/m

ulations with either all aerosols (AA) or no aerosols (NA) "
included. Furthermore, the simulations are driven with ei-
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Fig. 7. Effect of albedo variations on aerosol forcing4jp) in SW
heating rates throughout the vertical extent of the atmosphere in
K/day.

_ . Fig. 8. Downward SW fluxes anomalies due to aerosol@pb km
The reduction in SW flux at surface level (Fig. 8b) shows and (b) Okma.m.s.l. in W/rA. Simulation with MODIS surface

a more pronounced pattern. There are two clear minima inypedo. Note the different scalings of the colorbars, each time ad-
the TD and the IP/GP regions. Furthermore, a minimum sojysted to the respective extreme value. The thick lines indicate

lar irradiation is located above the area around Beijing andcoasts and the Tibetan Plateau.
Shanghai in China, yet these aerosols cannot contribute to TP
warming as shown in Fig. 3. In the three regions of strongest )
d|mm|ng mentioned’ the model Computes SW flux anoma”eseastern and western Surround|ngs of the TP are less p0||uted,
of around—20 to—30 W/n?, hence of an order of magnitude Put the aerosols still produce heating rates in the lower atmo-
larger than anywhere in the upper troposphere. sphere of around 0.05 K/day.

In the next step, we study the SW heating rates due t o .
aerosols shown in Fig. 9. We divide the atmosphere in ar?s'6 ﬁﬁg::ﬁg%g:;k%:{; SW aerosol effects: total
upper and a lower layer. The border between the two layers 9
issetatSkmam.s.l, the a_pproxmate mean surface eIevatlo% answer the question of whether aerosols locally heat the
of the TP. The atmospheric heating results solely from sun-

liah . | . it atmosphere and how strong this heating is, it is, after all, in
ight absorption by aerosols, but it may be reinforced by ré-yh o tomporal mean irrelevant in what spectral bands this heat-
flection from lower-lying features — either reflecting aerosols

; = 'ing occurs. In the previous sections, we have seen that radia-
air molecules, or the ground. The distribution of upper layery e effects in the LW are at least comparable in magnitude
heating (Fig. 9a) is close to the distribution of solar dimming and location to SW effects, although sometimes of opposite

shown in Fig. 8a with the highest values above the TD andsign. Therefore, it is important to add up both SW and LW

the IP/GP and lower values above the TP and India. Th&e ts and to look at total fluxes and heating rates. Figure 10

TD’s prlommelnpe n ';l'g' 9a |sdan |r|1d|cat|or; tnat thet?om()ghe'shows the resulting total heating rates, vertically averaged
neous lower-lying reflecting dust layers of the TD boost the o, the entire atmospheric column. Heating above the TD

heating of higher atmospheric layers stronger than the highZ’:lnd above northern India is similar in magnitude with val-

albedo surfaces of the Himalayan slopes or the TP do. Th%es ranging between 0.1 and 0.15 K/day. All other areas sur-

TP's role in reinforcing aerosol heating and thereby increasy, . ing the TP display lower but positive heating rates close

ing monsoonal circulation might therefore be less important,, 4 o5 k/day. On the southern and northern slopes of the TP,
than previously thought. The maximum upper troposphericy g qiing rates decrease with increasing surface elevation. The

heating between 9@ and 110 E probably results from TD TP itself is, in comparison to other regions, virtually unaf-

dust outl.‘lovy trgnsported by upper-le\{el Westerlies. ~_ fected by heating. As for direct aerosol effects influencing
The distribution of lower level heating (Fig. 9b), again, is {he Asian Summer Monsoon, the dust and pollution plumes

close to the distribution of solar dimming shown in Fig. 8b. ahove India are therefore more meaningful than those above
Thick aerosol layers above most of India and the TD producepe Tp.

seasonal mean heating rates of between 0.2 and 0.3 K/day: 5
to 10 times more than those in the upper atmosphere. The
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120°

- . Fig. 10. Vertically averaged total heating rate anomalies due to
L o.18 aerosols between 0 and 8kma.m.s.l. in K/day. Simulation with
—\ = | o MODIS surface albedo. The thick lines indicate coasts and the Ti-
/ // 4 N betan Plateau.
ji X0 5.8 Albedo effects on fluxes and heating rates

" i ”/C o Aerosol-induced heating of the atmosphere is strongest
N " “ above strongly reflecting surfaces (Haywood and Boucher,

Fig. 9. Vertically averaged SW heating rate anomalies due to2000). In the ROI of this study, the Taklamakan Desert,
aerosols betwee(a) 5 and 8km anc(b) 0 and 5kma.m.s.l. in the Thar Desert, and partS Of the Tibetan Plateau ShOW
K/day. Simulation with MODIS surface albedo. Note the different high albedo values, therefore aerosol effects in these regions
scalings of the colorbars, each time adjusted to the respective exshould be reinforced. It is the aim of this section to examine
treme value. The thick lines indicate coasts and the Tibetan Plateaithe extent to which this is happening.

We calculate the effect of albedo variations on aerosol
forcing, in the following referred to aagp, with Eq. (2).
Aalp can be calculated for fluxes and for heating rates, both
in the SW and in the LW. Yet, the albedo effect in the LW is
negligible as only the SW albedo is varied in the simulations.
herefore, we do not separate the different spectral regions in
e following, rather, we only show results for total heating

5.7 \Vertical distribution of aerosol-induced heating

The previous inquiries prove the ROI strongly heteroge-
neous, but the different subregions defined in Fig. 1 repeat
edly show up as areas of strongest — or weakest — effect
in aerosol concentration and, consequently, radiative impactt.

: - Jetes.
Therefore, averaging over each of these regions should n Ei 12 showsAv. for total heai ‘ Bet
constitute a major error but give a statistically reliable pic- 0 |g(;ju5r>ek S OWI ?Lt.’ 0{20 ath cating tra es. be wefen
ture of where in the atmospheric column heating and cooling an m a.m.s.l. (Fig. 12a), there are two regions of ma-

is occurring. Fig. 11 shows the vertical distributions of heat-/°" aerosol heatir_lg enhancement by high alb_edo values: the
. g- "9 éI'D and the IP with the Thar Desert. The Middle East, the

Gobi Desert, and most of India is affected to a smaller ex-
tent. The latter indicates that the surface albedo is generally
underestimated by the model’s standard land surface values.

The effect of additional heating in the lower atmosphere
s strongest in the IP and the TD, however it does not exceed
.02 K/day. Thus, albedo effects are responsible for not more

well as their combination to a total heating rate. The overall
situation in the ROI (Fig. 11a) is one of SW heating occur-
ring between 0 and 6 km with the highest values of close to
0.1K/day between 2 and 3km. LW heating occurs in the,
lower 1.5km of the atmosphere, whereas higher layers ar

exposed to LW cooling. This effect reaches its maximum at . .
P g than 10% of the SW heating estimated for the lower 5 km

3km. LW heating and cooling effects are smaller in mag- L . : .

nitude by at least a factor of 2 throughout the atmospheric""bove the TD in Fig. 9b. Negatwe Qnomalles exist above the

column. The total result is therefore a net heating at all alti-0c€ans, where aerosol hea_\tmg shrinks by around 0'01. K/day.

tudes, strongest between the surface and 3 km. Between 5 and 8km (Fig. 12bJ\ap generally remains
below 0.003 K/day. The strongest additional heating is found

The interannual variability is close to what we noted for b he TD and ds the Gobi D In oth .
dust variability in Sect. 3: effects south of the TP are strongel"Jl ove the and towards the Gobi Desert. In other regions,

in 2008, while north of the TP they are weaker in that year. thiiign?fl s snf1a|ler st.illl,lattaini_ng n(l)bm(cj)re th:;n O'.002 K/day.
The variability stays below-0.03 K/day. e effect of a spatially varying albedo on heating rates Is
therefore modelled as predicted with positive valuesgp

particularly above bright surfaces such as deserts and the TP.
The quantitative analysis shows us however that the effect is
quite small compared to the total aerosol-induced heating.
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Fig. 11. Vertical distribution of the heating rates in K/day due to SW radiation (blue lines), LW radiation (green lines), and total radiation
(red lines) in(a) the entire region of interesth) the Arabian Sea(c) the Ganges Plaingd) the Indus Plains(e) the Taklamakan Desert,

and(f) the Tibetan Plateau. Simulation with MODIS surface albedo. Note the different scalings of the respective x-axis. Data displayed
separately for MAM 2007 (solid lines), 2008 (dotted lines), and 2009 (dashed lines).

Increased monsoonal circulation due to aerosol heating ipart based on general circulation model (GCM) simulations
therefore more likely to occur above the IP and GP thanonly.

above the Himalayan slopes. CALIPSO lidar satellite data of MAM 2007, 2008, and
2009 should close gap in our knowledge about vertical
aerosol distribution. The dataset delivers meaningful hor-
6 Summary and conclusions izontal and vertical distributions of different aerosol types
in the ROI. Pure dust is the most prominent aerosol type
Satellite observations are a useful tool to assess aerosol inmorth of the Tibetan Plateau. It originates from the Takla-
pacts on the Asian Summer Monsoon. The quantification andnakan Desert, a sparsely populated desert in western China.
localization of aerosol occurrence above and around the TiContrarily, the air above India and the adjacent oceans is
betan Plateau and their use as input data for a radiative transtrongly contaminated with polluted dust. It is a mixture
fer model help to evaluate theories that have circulated in thef dust from the Thar Desert in the Indus Plains, advected
scientific community for several years and were for the mostdust from the Arabian Sea and the Middle East, and pollution

www.atmos-chem-phys.net/10/4673/2010/ Atmos. Chem. Phys., 10, 4673-4688, 2010



4686 J. Kuhlmann and J. Quaas: How can aerosols affect the Asian summer monsoon?

s e " - diative impacts to be most decisive. The aerosols reflect and
absorb enough sunlight to reduce surface irradiation by one
third. The absorption occurs particularly in the upper parts

of the aerosol layers, counterbalanced to some extent by the

<j . aerosol’s role as insulators in the LW. Heating rates locally
< reach 1.5K/day. Higher surface albedos increase the heating

1 Bloo effect by producing multiple reflections between the surface

‘ and the aerosols.

»’/E 02 A study of the direct aerosol effects throughout the ROI
1o’ 120° in MAM 2007, 2008, and 2009 yields an estimated seasonal
‘ 005 average SW flux reduction at the surface in the monsoon re-

o gion of between 20 and 30 W/ This compares well with
& ] ' the 8% reduction that Ramanathan et al. (2005) calculated.
) C o The aerosols heat the lower atmosphere in the SW by 0.2 to
° 0.3K/day in India and the Taklamakan Desert. This heating
[ ooor is about twice as strong as what Wang et al. (2009) simulated
0002 for the lower atmosphere. However, when comparing our re-
00 sults to the their study, note that Wang et al. (2009) accounted
for anthropogenic aerosols only, thereby neglecting the most
prominent aerosol in the region: dust.
Fig. 12. Effect of albedo variations on aerosol forcing ) in A large elevated heating, particularly above the Tibetan
vertically averaged total heating rates betwésn0 and 5km and  Plateau, is absent in our results. SW heating above the Ti-
(b) 5 and 8kma.m.s.I. in K/day. Note the different scalings of the betan Plateau does not exceed 0.05K/day in the seasonal
colorbars, each time adjusted to the respective extreme value. Thgyean and is thus considerably weaker than in the surround-
thick lines indicate coasts and the Tibetan Plateau. ing regions. In our simulations, the Himalayan slopes do
not emerge as regions of particularly strong heating. This
, . o result stands in contrast to the Elevated Heat Pump (EHP)
from Indian megacities. The aerosol distribution throughomhypothesis by Lau et al. (2006) who simulated SW heating

the ROl emerges as highly heterogepeous. ~ of between 0.2 and 0.4 K/day above the Tibetan Plateau.
CALIPSO observations of the vertical aerosol distribution  The combined SW and LW direct effect of the aerosol

show that the bulk of the aerosol is concentrated in the lowefyymes is an average heating of 0.1 to 0.15 K/day through-

5km of the atmosphere. The 5-km limit is crucial to the gyt the lower 8 km of the atmosphere in both India and the
possibility of cross-Tibetan Plateau dust transport. Compu-takjamakan Desert. The aerosols hence re-distribute energy
tations of zonal mean vertical profiles comprising the entiréfrom the surface towards the lower troposphere. Vertical pro-
ROI —a common method used in much of the previous litera-fjjes of heating rate anomalies show that the total heating ef-
ture — turn out to be of limited use due to the irregular shapesect is mostly located in the lower 3km of the atmospheric
of source regions and topographical features. column, with small interannual variations that prove the ro-
The embedding of reanalysis wind data allows to assesgustness of the presented results. The model study that led to
possible pathways of aerosol transport. While the typicalthe EHP hypothesis localized aerosol-induced heating rates
monsoon pattern of near-surface south-westerlies above th@accurately and overestimated them by omitting LW effects.
Arabian Sea arises in June, higher-level westerlies dominate The quantification of the role of varying surface albedo
during the pre-monsoon season. On the basis of this observaalues in aerosol heating reveals that an intensified heating
tion and its combination with aerosol data, we identify four above bright surfaces is manifest. Nevertheless, the effect
putative source regions for aerosols that might influence thgs unable to increase heating rates above the Tibetan Plateau
Asian Summer Monsoon via radiative effects: the Arabianvigorously enough to compensate for the low aerosol con-
Sea, the Indus Plains, the Ganges Plains, and the Taklamakaentrations in this region. Albedo effects amplify aerosol-
Desert. Contrarily, aerosols from major source regions suchinduced heating rates by 10% at most.
as the Gobi Desert and the Beijing/Shanghai area are trans-

ported away from the monsoon region. _
Radiative transfer model calculations of their direct effectsACknOWledgememSCALlPSO data were obtained from the NASA
Langley Research Center Atmospheric Science Data Center; NCEP

prove aerqsqls in the RQI to have a sizable !mpaCt Or_] thq?eanalysis Derived data were provided by the NOAA/OAR/ESRL
earth’s radiative budget, i.e. on fluxes and heating rates in th@sp Boulder, Colorado, USA; MODIS albedo data were made

shortwave (SW) and the longwave (LW) spectral regions. Aayailable by the MODIS Atmosphere project at NASA Goddard
case study of 14 May 2007, a day with exceptionally high Space Flight Center. We are grateful to Stefan Kinne, MPI, Ger-
aerosol loading around the Tibetan Plateau, reveals SW ramany, for his help in the application of his radiative transfer model.
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