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The impact of aerosols above and around the Tibetan Plateau on the Asian Summer
Monsoon during pre-monsoon seasons March-April-May 2007, 2008, and 2009 is
investigated by means of remote sensing and radiative transfer modelling. Four source
regions are found to be responsible for the high aerosol loading around the Tibetan
Plateau: the Taklamakan Desert, the Ganges Plains, the Indus Plains, and the Arabian
Sea. CALIPSO lidar satellite data, providing vertically resolved images of aerosols,
shows aerosol concentrations to be highest in the lower 5 km of the atmosphere with
only little amounts reaching the Tibetan Plateau altitude. Using a radiative transfer
model we find that aerosol plumes reduce shortwave radiation throughout the Monsoon
2
region in the seasonal average by between 20 and 30 W/m . Peak shortwave heating
in the lower troposphere reaches 0.2 K/day. In higher layers this shortwave heating is
partly balanced by longwave cooling. Although high-albedo surfaces, such as deserts
or the Tibetan Plateau, increase the shortwave heating by around 10%, the overall
effect is strongest close to the aerosol sources. A strong elevated heating which could
influence large-scale monsoonal circulations as suggested by previous studies is not
found.
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Over sixty percent of the world’s population depends on water supply from the Asian
Summer Monsoon. Aerosol concentrations in the monsoon region are remarkably high
due to natural and anthropogenic sources. In this study, we investigate aerosol impacts
on the Asian monsoon system by means of remote sensing and modelling.
Aerosols are a major source of uncertainty in both the attribution of past climate
change and in future climate projections (Forster et al., 2007). This is a result of their
short lifetimes and the numerous ways they interact with other elements of the climate
system (Kaufman et al., 2002). Their direct impact on solar and terrestrial radiation in
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an atmospheric column is commonly estimated with radiative transfer models (RTMs)
(e.g. Tafuro et al., 2007; Xia and Zong, 2009).
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
accompanied by industrialization led, for instance, to a 6-fold increase in South Asian
emissions of fossil fuel SO2 and black carbon since 1930 (Ramanathan et al., 2005).
Organic carbon released by biomass burning further aggravates the air pollution as it
accounts for about two thirds of the carbonaceous aerosol in South Asia (Gustafsson
et al., 2009).
Natural aerosols in the region originate mainly from local and remote deserts. The
structure, distribution, and transport of this dust has been the subject of wide research
(Huang et al., 2007, 2008; D. Liu et al., 2008; Z. Liu et al., 2008; Xia et al., 2008). The
concentration of natural aerosol in the region varies strongly from year to year (Gautam
et al., 2009b). Mineral dust originating from the Taklamakan Desert (TD) north of the
TP is transported over very long distances. For instance, scientists have found this
dust in the ice in Greenland and in the French Alps (Hara et al., 2008). Yet it is unclear
whether dust above the TP itself originates from the surrounding regions or whether it
is generated on the spot.
In the densely populated region of Southern Asia, the monsoon is the lifeline of many.
There is a strong positive correlation between precipitation amount and food production
(Ramanathan et al., 2005). Furthermore, the uneven distribution of monsoon rain,
causing either floods or droughts, regularly results in loss of human lives and damage
of crops and property (Lau et al., 2008).
The impact of aerosols on the Asian Summer Monsoon is disputed. It is still unclear
whether aerosols could strengthen or weaken the monsoon. While sunlight-absorbing
aerosols, especially in the higher troposphere above and around the TP, might lead
to an increased Hadley circulation during pre-monsoon season (March-April-May) and
therefore to a subsequently strengthened monsoon (Lau et al., 2006; Lau and Kim,
2006; Randles and Ramaswamy, 2008), there are opposing theories supposing a
4889

ACPD
10, 4887–4926, 2010

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

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

10

15

20

25

weakening of the land-sea-contrast by solar dimming (Ramanathan et al., 2005) or by
increased cloudiness resulting from the strengthened Hadley circulation (Collier and
Zhang, 2009). The impact might also vary from month to month and from region to
region (Menon et al., 2002; Bollasina et al., 2008; Meehl et al., 2008) or the dust above
the TP might be the result rather than the cause of a strengthened monsoon (Gautam
et al., 2009a).
This work is inspired by the papers written by K.-M. Lau and co-authors (Lau et al.,
2006; Lau and Kim, 2006) and the Elevated Heat Pump (EHP) hypothesis they propose
therein. Their idea was to run the NASA finite volume atmospheric general circulation
model (fvGCM) (Lin et al., 2004) first without any aerosol forcing as a control run, then
with realistic aerosol distributions as an anomaly experiment. The difference between
the two runs revealed aerosol impacts on the monsoonal system in the form of strong
heating over the slopes of the TP due to absorption of sunlight by dust advected
from neighboring deserts and black carbon from local pollution. In their simulation,
the heating is particularly strong above high-albedo surfaces such as snow-covered
mountain slopes, even though Aerosol Optical Depth (AOD) is not especially high at
these altitudes. The meridional temperature gradient, seen as a main driver for the
Asian Summer Monsoon, is therefore increased. The heated air above the elevated
surfaces rises and draws in warm, moist air from the Indian Ocean. This is the effect
Lau et al. (2006) called “Elevated Heat Pump” (EHP); it leads to an earlier and stronger
monsoon. Both wind speed and precipitation were simulated to strengthen.
The EHP hypothesis has been widely discussed in the literature; numerous scientists
have adopted the idea (e.g. Huang et al., 2007; D. Liu et al., 2008; Z. Liu et al., 2008;
Meehl et al., 2008; Ramanathan and Carmichael, 2008; Randles and Ramaswamy,
2008; Collier and Zhang, 2009) and the original authors have continued to explore it
(Lau and Kim, 2006; Lau et al., 2008; Bollasina et al., 2008; Gautam et al., 2009a).
Nevertheless, there are three major limitations to the study. First, the Lau et al.
(2006) study was lacking interaction of atmospheric processes with the ocean. Sea
Surface Temperatures (SSTs) were prescribed to observed values, a common method,
4890
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yet when Bollasina et al. (2008) compared different studies of aerosol impact on the
Asian Summer Monsoon, they noticed that those using coupled ocean-atmosphere
models yielded opposing results to those using models with prescribed SSTs. Second,
aerosol indirect effects have been omitted. Third, and maybe most important, the
information about vertical distribution of aerosol concentrations was sparse. This last
point is crucial as the theory of an “Elevated Heat Pump” is based on the assumption
that the direct aerosol effect is reinforced in high altitudes and above bright surfaces.
These bright surfaces, however, exist mainly in high altitudes, e.g. on snow-covered
Himalayan mountains. For aerosols to interact with these surfaces, they have to ascend
at least up to 5 km a.m.s.l. (above mean sea level). The Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) satellite gives us the possibility
to learn whether or not this condition is fulfilled.
We will begin with presenting the data and methods employed in this study (Sect. 2).
Thereafter, we will use CALIPSO data from the pre-monsoon seasons March-April-May
(MAM) 2007, 2008, and 2009 to monitor aerosol distributions above and around the TP
(Sect. 3) as well as their possible transport pathways (Sect. 4). Finally, we will estimate
aerosol radiative impacts in the region with an RTM (Sect. 5). The results might indicate
which of the various proposed mechanisms for aerosol-monsoon interactions fit to the
observations and which do not.
The geographical region relevant for this study is the TP as well as surrounding
regions from which aerosols might be advected. Since CALIPSO data is available for
every day, only the closer surroundings of the TP (approximately 1000 km in each
direction) need to be monitored. We therefore define a region of interest (ROI) that
◦
◦
◦
◦
stretches from 20 N to 50 N and from 60 E to 120 E (see Fig. 1).
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The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
is a satellite developed by NASA and CNES for the monitoring of cloud and aerosol
properties (Winker et al., 2003). It carries the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), an active polarization-sensitive lidar instrument which produces
vertically resolved images of cloud and aerosol layers as well as their respective optical
properties (Winker et al., 2006). Unlike earlier remote sensing instruments, CALIPSO
can reliably detect aerosol over bright surfaces, e.g. deserts, and beneath thin clouds.
CALIPSO was launched on 28 April 2006. It orbits the earth on a sun-synchronous
orbit at 705 km altitude. The inclination, i.e. the angle between the earth’s equatorial
◦
plane and the satellite’s orbital plane, is 98.2 . Each day, the satellite orbits the earth
15 times. Measurements are taken both in the daytime and in the nighttime parts of
the track, with data for three years available.
The data is available online from NASA (http://eosweb.larc.nasa.gov/PRODOCS/
calipso/table calipso.html). During this study, we use mainly Level 2-data, which
provides top and base altitudes of aerosol or cloud layers identified by NASA retrieval
algorithms. In the present study we use aerosol layer top altitude, base altitude,
optical depth at 532 nm, aerosol type, and surface elevation as functions of latitude and
longitude. The dataset for MAM 2007, 2008, and 2009 consists of the 1390 CALIPSO
tracks that cover the ROI.
Level 2-data comes with a classification of the detected aerosol layers. According
to its radiative properties, each aerosol layer is assigned to one of six aerosol classes
(clean marine, dust, polluted continental, clean continental, polluted dust, and smoke).
This classification is documented in Omar et al. (2004) and in Z. Liu et al. (2005). Each
aerosol class is a mixture of aerosol particles of a different composition characteristic
for a specific source region or an air mass. Mixtures of two classes are therefore not
assigned to one aerosol layer.
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2.2 NCEP/NCAR reanalysis wind data

5

Data for wind patterns in the region is obtained from the NCEP/NCAR Reanalysis
Project (http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml). The NCEP/NCAR
Reanalysis Project creates wind fields by assimilating rawinsonde measurements,
cloud-tracked winds from geostationary satellites, aircraft observations, and oceanic
reports (Kistler et al., 2001). Wind data in u-, v - and ω-direction are available on a
◦
◦
2.5 ×2.5 grid for each day.
2.3 The radiative transfer model
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The radiative effects of aerosols depend on various factors, such as AOD, complex
aerosol refractive indices, size distributions, properties of the surrounding air, and
surface properties. The application of an RTM can yield quantitatively realistic
estimations of these effects. The model used in this study was developed by
Stefan Kinne at the Max Planck Institute for Meteorology, Hamburg. It is described
in Tafuro et al. (2007). In the model, the direct aerosol radiative effect is simulated
based on Mie scattering.
The RTM simulates the radiative transfer using an independent column approximation with 46 layers with varying aerosol concentration and optical properties. In
aerosol-free layers, the model simulates a standard tropical atmosphere, including
greenhouse gases (CO2 , O3 , N2 O, CO, CH4 , and water vapor). CO2 concentrations are
fixed at a present-day value of 380 ppm and CH4 at 1700 ppb. The other greenhouse
gases are set to altitude-dependent distributions typical for the tropics. The scattering
by atmospheric molecules is calculated following Rayleigh scattering theory which
is appropriate for cases of scattering particles significantly smaller than the typical
wavelengths of the radiation, such as gas molecules. Profiles of pressure, temperature
and water vapour mixing ratio are set to tropical standard values.
The RTM models the solar radiation with eight spectral bands of wavelengths λ from
0.35 to 3.00 µm (cf. Table 1), i.e. in the visible and near infrared spectral regions. The
4893
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thermal infrared radiation emitted by the earth is represented by twelve spectral bands
with λ from 4.25 to 80.00 µm. This approach allows for wavelength-dependent optical
properties of aerosols, atmospheric molecules, and surface albedo. Depending on the
latitude, the model calculates radiative impacts for different solar angles throughout
the diurnal cycle to obtain a daily average. The model approximates the scattered
radiation’s angular distribution to the theoretical result for Mie scattering with the major
part scattered towards the surface and the minor part scattered back to the sky.
Additionally, it superimposes a delta peak in the exact forward direction.
The surface albedo for the solar radiation is adjustable in the RTM as well. One may
either fix the albedo to a wavelength-independent value or define a spectral function for
the albedo. The RTM allows to chose four typical surface types: land, ocean, desert
and ice. The albedo’s spectral dependence for the land-presetting is representative for
vegetated regions (Table 1). In the ocean-presetting, the albedo is a function of both
wavelength and solar zenith angle.
Tafuro et al. (2007) learned in their simulations with the very same model that
albedo effects were particularly important. As they did in their study, we also use
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite albedo data from
◦
◦
the MOD43B3 product on a 1/60 ×1/60 grid. This product is available for several
wavelengths. Since absorption and scattering of solar radiation is thought to be the
predominant direct aerosol effect, we chose the albedo product for the spectral region
of 0.3 to 5.0 µm. Note that we vary only the shortwave (SW) albedo; the longwave (LW)
albedo remains fixed to 0.04.
Furthermore, the model can simulate cloud layers in addition to aerosol layers. In
this study, however, we only consider cloud-free skies, an assumption which maximises
aerosol direct radiative effects.
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Two new feature of CALIPSO aerosol data compared to previous remote sensing
instruments, such as MODIS, are the more detailed distinction of different aerosol types
and the ability to detect the vertical dimension of aerosol layers.
In Fig. 2, the bottom 10 km of the atmosphere are cut in layers of 100 m height.
Then, for each measurement along the CALIPSO track, we determine whether or not
aerosols with an optical depth above the detection threshold were identified in a layer.
The probability distributions shown are normalized by the number of measurements
at the altitude in question since the number of total measurements is lower at low
altitudes: the lidar does not give any information for points beneath the surface or
below altitudes at which the signal is fully attenuated.
Figure 2a shows the vertical distribution of the different aerosol types in the entire
ROI. Dust is the most important aerosol, with around 20% of all measurements
between 1 and 3 km above sea level affected. Polluted dust is about half as prominent
in the region. Although smoke is somewhat present in Fig. 2a, its regional distribution
shows that it is less likely to be advected near the TP or central India, therefore being
less important to the monsoonal system: smoke is abundant mainly in South-East Asia
and China.
Considering the different sub-regions (Fig. 2b through 2f), important differences are
visible. Figure 2b shows that above the Arabian Sea (AS), there are high dust loadings
with up to 80% of the measurements detecting either dust or polluted dust. These dust
plumes, however, are mostly confined to lower atmospheric layers. CALIPSO hardly
detects any dust above 5 km, the crucial altitude determining whether the aerosols can
reach the TP and produce additional upper level heating which would enhance the
monsoonal circulation. The dust advected from the AS towards the TP is likely to cross
the Indus Plains (IP) (Fig. 2c). The concentrations in the IP are equally high, which can
be due to advected Arabian dust or local sources, for instance the Thar Desert. In this
region, the maximum altitude of dust elevates to around 7 km. A very different pattern
4895
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in the vertical aerosol distribution can be seen above the Ganges Plains (GP) (Fig. 2c).
We may note two major differences: First, the frequency of occurrence of dust reaches
only values of 0.3 to 0.45, depending on the year, considerably less than above the
AS and the IP. We can attribute this to the fewer local dust sources, as there are no
major deserts in the GP. Second, CALIPSO detects high amounts of polluted dust,
the frequency of occurence reaches around 0.2. Population density in this region is
among the highest in the world, hence the dust is coated by carbon or sulfate aerosols
which reinforces its radiative properties. As above the IP, the dust above the GP rises
to about 7 km.
The TD region (Fig. 2e) is sparsely populated, and advection of polluted aerosols is
effectively blocked by the mountains of the TP. Therefore, only pure dust stemming
from local sources exists here. The dust in this region rises to higher altitudes than
anywhere else – sometimes up to around 10 km. This is likely due to local topography
since the desert is surrounded by mountain ranges. Hence, dust transport from the
TD to the TP seems plausible. Meanwhile, Xia et al. (2008) observed transports of
this kind much more often during summer than during spring. They explained dust
occurrences above the TP in spring with local dust emissions.
Aerosols above the TP itself are mostly dust, occasionally mixed with polluted dust
(Fig. 2f). Polluted dust is only measured south, not north of the TP, thus beyond the
highest mountains. From the occurrence of polluted dust above the TP we conclude
that aerosol advection from both sides of the TP is occurring, despite its diminutive
quantities.
The interannual comparison shows little variation in most cases. Only the occurrence
of dust in MAM 2008 was exceptionally weak in the TD, while it was exceptionally strong
in the GP and in upper layers above the IP. Averaged over the entire ROI, 2008 was
the strongest dust period.
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In order to examine the EHP hypothesis of aerosol-monsoon interaction, one should
determine if, on a given day, in a given location, winds are directed towards the TP,
i.e., whether advection over the TP is possible at all. Furthermore, the coincidental
occurrence of these winds and aerosols at an altitude higher than the average altitude
of the TP is crucial. Therefore, we carry out a combination of the NCEP/NCAR wind
reanalysis data with CALIPSO aerosol data. For each day during the pre-monsoonseason and for each gridpoint of the NCEP/NCAR-grid we determine if aerosol layers
above the maximum TP elevation in the respective CALIPSO track exist. If they
do, we then investigate wind data for the grid point in question with an algorithm
that determines whether the wind is directed towards the slopes of the TP. This
procedure requires several approximations. First, the shape of the TP cannot be traced
exactly, but is approximated as a polygon structure. The blue lines in Fig. 3 depict
this sequence. Second, the vertical dimension of CALIPSO aerosol data is a length
(altitude in km), while NCEP/NCAR reanalysis data are given as a function of pressure
(17 levels from 1000 to 10 hPa). We chose the pressure level of 500 hPa for the
altitude in question (between 5.5 km and 8 km) in accordance to the 1976 US Standard
Atmosphere. Third, we consider a gridpoint to be aerosol contaminated if there is at
least one measurement of an aerosol layer in the specified altitude and the specified
region at the specified time.
Figure 3 shows the fraction of aerosols advected towards the Himalaya out of the
total elevated aerosols. Quantitatively, note that in some regions with heavy aerosol
production, e.g. Thar or Taklamakan, 40 to 60% of all available aerosols above the
threshold are blown towards the TP. Comparing this to the profiles in Fig. 2, aerosol
amounts contributing to a possible EHP can be estimated quantitatively. Note that
pollution from agglomerations in Eastern China and dust from Gobi Desert, although
quantitatively important, cannot contribute to a possible EHP. The predominant
westerlies blow these aerosols away from the TP. This finding using statistics from
4897
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three entire spring seasons matches with the results of a case study performed
by Eguchi et al. (2009), who observed dust and pollution plumes from Gobi and
Taklamakan Deserts being advected across the Pacific towards North America. It
suggests that aerosols from Eastern China and Gobi Desert cannot influence the Asian
Summer Monsoon via the EHP mechanism.
5 Radiative impacts of aerosols: the radiative transfer model
5.1 Preparation of the RTM
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In order to simulate the radiative impacts of the aerosol layers detected by CALIPSO,
the RTM described in Sect. 2 needs certain modifications. We define an atmospheric
column of 46 layers. The lower 40 layers – the only ones that can contain aerosols – are
each 0.2 km thick. The top height of the 40th layer is therefore situated at 8 km above
sea level. Aerosol occurrence above 8 km is extremely rare, so omitting its possibility
should not bias the results. The lower boundary of the atmospheric column is fixed
at 0 km a.m.s.l. This simplification introduces errors of 5% at most, which is negligible
compared to the uncertainties in satellite retrievals of aerosols. Above 8 km, we build
in 6 layers covering the atmosphere up to 50 km. Thereby, we account for the effects
of UV absorption by the ozone layer in the stratosphere. A coarser vertical resolution
is adequate for our purpose since the stratosphere is more homogeneous than the
troposphere.
CALIPSO satellite data is the input source for the RTM. The CALIPSO Level 2data contains top and base altitude of aerosol layers, the optical depth, as well as
a classification of aerosol types (“clean marine”, “dust”, “polluted continental”, “clean
continental”, “polluted dust”, “smoke”, “other” ) for every layer. For each of these
aerosol types, Omar et al. (2004) described approximate size distributions and optical
properties. We use these values to produce a standard input file for each aerosol type.
This file can later be treated by the RTM. These standard input files are set up so
4898
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they produce an aerosol layer of the given type with an AOD of 0.1 per km. In the
application of the model, the aerosol concentration in a given layer will be scaled by
the actual AOD measured by CALIPSO.
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Each CALIPSO laser shot produces a one-dimensional profile of the atmospheric
column measured approximately at nadir. Each of the files provided by NASA contains
several thousands of these profiles along a track across the globe. Figure 4 depicts an
extract of one such track. Every one of the profiles can be used as input source for the
RTM. The result can finally be displayed in a way that makes it easily comparable to
the initial satellite data. This approach is similar to that of Huang et al. (2009) who also
passed CALIPSO data as input to an RTM.
To begin the analysis of the RTM results, it is useful to chose an exemplary day
of CALIPSO data and perform different simulations with this aerosol data. As case
studies we chose such CALIPSO tracks that comprise several regions that are crucial
for the theories in question (cf. Sect. 1), for instance the Ganges Plains (GP), the
Tibetan Plateau (TP) and the Taklamakan Desert (TD). Furthermore, the days we
chose are such with heavy aerosol loading above and around the TP. Four days during
MAM 2007 notably meet these 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 aerosol signals (Z. Liu et al., 2008). While
the particular numerical values for the different simulated physical quantities vary from
case to case, the basic features are always similar. Therefore, in this Section, we show
results for 14 May only.
CALIPSO images of 14 May are shown in Fig. 4. Both north and south of the TP,
thick aerosol layers are present. Even though they do not reach much higher than
approximately 5 km, a certain amount of aerosol is present above the TP. Few clouds
are present; this simplifies the analysis. The air above the GP contains both pure and
polluted dust, while the aerosol layers above the TP consist mostly of pure dust. Apart
4899
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from rare smoke occurrence, other aerosol types are not present in this scene. The
separation of aerosol types by the TP – polluted dust is absent north of the mountains
– is an indication of the unlikelihood of cross-TP aerosol transport.
The CALIPSO data which is shown in Fig. 4 is subsequently used as input for the
RTM. The runs differ on whether aerosols are included or not and on whether the
surface albedo is fixed or varies according to MODIS satellite data. Like this, it is
possible to compute anomalies of the radiative budget induced by aerosols and to
quantify the effect of high-albedo surfaces on the aerosol heating.
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5.3 Case study of 14 May 2007
10

ACPD

All plots shown are normalized by an aerosol-free atmosphere with only molecular
scattering and absorption. The model run with CALIPSO aerosol distribution and
MODIS albedo is normalized by a model run with the same albedo but no aerosols.
Thus, the anomalies in fluxes and heating rates are solely due to aerosols. For
instance, the heating rate anomaly due to aerosols is



 
∂T
∂T
∆aes =
−
,
(1)
∂t AA
∂t NA MODIS
where the indices signify whether all aerosols (AA) or no aerosols (NA) were included
in the simulation. The index MODIS indicates that in both simulations the albedo values
retrieved by MODIS have been implemented.
The result for the anomalies in SW fluxes is shown in Figure 5a. The downward flux
at the top of the atmosphere (TOA) is unchanged by lower aerosols, thus the green
dots are all on the x-axis. The downward flux at the surface is reduced by around 80
2
to 120 W/m in the TD where thick homogeneous aerosol layers are present. In the
GP, aerosol concentrations are more variable, and so are the SW flux anomalies, but
they are of the same order of magnitude. It is now apparent that the aerosol layers
above the TP that were visible in Fig. 4 have little impact on the radiative fluxes in the
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modeled atmosphere. Even though they are situated at high altitudes and above bright
surfaces, they leave the downward SW flux virtually unaltered.
2
Aerosol layers lower the upward flux at the surface both in the TD (−20 to −30 W/m )
2
and, more weakly, in the GP (0 to −20 W/m ). The high total values above the high
albedo surfaces of the TD apparently leave more room for variation due to aerosol
absorption. Aerosol presence increases the upward flux at the TOA in both regions
2
due to reflection. It is similar in magnitude (around +25 W/m ), though more varying
above the GP.
Dust has a comparably strong influence on LW fluxes and heating rates as it has
in the SW spectral range. In Fig. 5b, we see the aerosol influence on the simulated
LW fluxes. In these thermal infrared wavelengths, the earth is simulated to be the only
source of radiation. Not simulated is LW radiation emitted by the sun, which is negligible
in magnitude when the troposphere is considered. Thus, the downward LW flux at the
TOA remains zero with or without aerosol layers below. The downward LW flux at the
surface increases when aerosols are present as the upwelling LW radiation is partly
re-emitted back to the surface. The increase in downward flux is strongly dependent
on aerosol concentrations; it reaches +20 W/m2 above the TD and +10 W/m2 above
the GP. In contrast, the upward LW flux at the TOA is reduced by the presence of
aerosols due to the same effect and by a similar amount.
The overall effect of aerosols on both SW and LW fluxes combined, shown in Fig. 5c,
is a reduction by around 60 to up to 90 W/m2 at the surface. The net effect at the TOA
is mostly an increase in upward flux, i.e. outgoing radiation, while the downward flux
remains unaltered. Thus, the aerosols in this particular simulation cool the system.
This effect is especially pronounced above the GP.
A closer look at the heating rates, shown in Fig. 6, gives more insights into where
in the atmosphere the actual absorption is happening. The strongest SW heating of
up to 2 K/day is located at around 5 km a.m.s.l. in the TD and somewhat lower, at 4
to 5 km a.m.s.l., in the GP. In a given aerosol layer, the heating is simulated to be
strongest on the upper edge. On the one hand, this behavior is physically correct,
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as the incoming solar radiation at higher altitudes is stronger. On the other hand,
the magnitude of this effect might be overestimated. This is due to the measurement
technique of CALIPSO: For each aerosol layer, regardless of its vertical extent, the
CALIPSO algorithms calculate only one integrated AOD value with assumed vertically
homogeneous aerosol distributions. A more realistic scenario would be a varying
distribution of aerosol concentration with highest values close to the sources, i.e. close
to the ground. A distribution of this kind might reduce the simulated effect of enhanced
elevated heating apparent in Fig. 6a. However, elevated aerosols often form vertically
rather uniform layers, which frequently are also relatively thin. Thus, as far as the
simulations for this study approximate reality, higher parts of the aerosol layers show
a twofold increase in heating in relation to their vertical position only. Note that the
optically thin aerosol layers above the TP produce only little heating of 0.2 K/day and
less even for this case with relatively heavy aerosol load. Cooling of lower atmospheric
layers due to dimming by aerosols is apparent, but with −0.2 K/day equally small.
The heating rates due to LW absorption by aerosol layers are shown in Fig. 6b.
The aerosols above the TD and, less pronounced, above the GP, cool the higher
atmospheric layers by absorbing and reflecting LW radiation coming from the surface.
Above the TD, this effect reaches −1 to −2 K/day, while in the GP it is limited to −0.5 to
−1 K/day. Near-surface regions particularly in the TD are heated (+1 K/day) by aerosols
absorbing LW radiation. It is instructive to compare the heating rates in the LW with
those simulated in the SW (Fig. 6a). While SW heating occurs throughout the vertical
extent of the aerosol layers and is strongest in the upper parts, LW radiation cools
these upper parts and slightly heats the lower parts.
The SW heating is generally stronger than the LW cooling, creating a positive overall
effect on the atmosphere, shown in Fig. 6c. The distribution of heating throughout an
aerosol layer shows a maximum at the bottom for strongest combined SW and LW
heating in the TD; in the GP, the heating is more evenly distributed vertically.
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5.4 Albedo effects on heating rates
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A central assumption in the EHP hypothesis by Lau et al. (2006) was the enhancement
of the direct aerosol effect by a high albedo of the underlying surface. In order to
quantify the effect of albedo on aerosol forcing, Eq. (1) has to be modified towards



 



 
∂T
∂T
∂T
∂T
∆alb =
−
−
−
,
(2)
∂t AA
∂t NA MODIS
∂t AA
∂t NA const
where – as above – the heating rates are calculated in simulations with either all
aerosols (AA) or no aerosols (NA) included. Furthermore, the simulations are driven
with either the satellite-derived albedo (MODIS) or a fixed typical value (const). This
way of calculating the anomalies allows to separate the albedo-induced anomalies due
to aerosols from the albedo-induced anomalies that occur even in an aerosol-free
 atmo∂T
−
sphere due to molecular scattering. A simple calculation of ∂T
∂t AA,MODIS
∂t AA,const
would comprise the latter effects, Eq. (2) does not.
The plot of ∆alb for the SW heating rates in Fig. 7 displays the increased aerosol
heating due to albedo effects above the TD and a smaller effect in the same direction
above the GP. Aerosol heating above the TD is enhanced by 0.1 K/day close to the
surface and by 0.06 K/day at the top of the layers between 5 and 6 km. The increased
heating above the GP generally 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 heating with around 10%. The heating enhancement is more
pronounced in lower aerosol layers, i.e. close to the surface that produces the effect. A
bright surface additionally heats the aerosol layer from below.
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5.5 Regional and seasonal aerosol radiative effects
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The above case study does not show elevated heating in particular, but this might also
be due to an unlucky hand in choosing a particular day. Therefore, we processed the
entire CALIPSO dataset for MAM 2007, 2008, and 2009 with the method described in
Sect. 5.2. We have performed three model runs: The first run was driven by CALIPSO
satellite data on aerosol distributions, the surface albedo was fixed to the values given
in Table 1, i.e. to the proposed values for land surfaces implemented in the RTM;
the second run used the same aerosol distributions, but the values for the surface
albedo in the visible wavelengths were prescribed by MODIS satellite data; the third
run simulated an aerosol-free atmosphere, yet the MODIS albedo values were used.
The third run is therefore the control run which the second run is normalized with in
order to account for aerosol effects only.
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
scattering and absorption of solar radiation in all layers above the level considered in
the respective map. At 5 km (Fig. 8a), the absorption and reflection of higher aerosol
layers have reduced the downwelling sunlight by up to 2 W/m2 locally. Already at this
altitude – above most of the Himalayan mountains – the TD and the Thar Desert are
the most prominent regions for SW absorption due to dust while aerosols in the higher
tropospheric layers above India, China, and the TP only reduce solar irradiation by
2
around 0.5 W/m .
The reduction in SW flux at surface level (Fig. 8b) shows a more pronounced pattern.
There are two clear minima in the TD and the IP/GP regions. Furthermore, a minimum
solar irradiation is located above the area around Beijing and Shanghai in China, yet
these aerosols cannot contribute to TP warming as shown in Fig. 3. In the three regions
of strongest dimming mentioned, the model computes SW flux anomalies of around
−20 to −30 W/m2 , hence of an order of magnitude larger than anywhere in the upper
troposphere.
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In the next step, we study the SW heating rates due to aerosols shown in Fig. 9.
We divide the atmosphere in an upper and a lower layer. The border between the
two layers is set at 5 km a.m.s.l., the approximate mean surface elevation of the TP.
The atmospheric heating results solely from sunlight absorption by aerosols, but it may
be reinforced by reflection from lower-lying features – either reflecting aerosols, air
molecules, or the ground. The distribution of upper layer heating (Fig. 9a) is close to the
distribution of solar dimming shown in Fig. 8a with the highest values above the TD and
the IP/GP and lower values above the TP and India. The TD’s prominence in Fig. 9a is
an indication that the homogeneous lower-lying reflecting dust layers of the TD boost
the heating of higher atmospheric layers stronger than the high-albedo surfaces of the
TP do. The TP’s role in reinforcing aerosol heating and thereby increasing monsoonal
circulation might therefore be less important than previously thought. The maximum
◦
◦
upper tropospheric heating between 90 E and 110 E probably results from TD dust
outflow transported by upper-level westerlies.
The distribution of lower level heating (Fig. 9b), again, is close to the distribution of
solar dimming shown in Fig. 8b. Thick aerosol layers above most of India and the TD
produce 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 eastern and western surroundings of the TP
are less polluted, but the aerosols still produce heating rates in the lower atmosphere
of around 0.05 K/day.
5.6 Combination of LW and SW aerosol effects: total fluxes and heating rates

25

To answer the question of whether aerosols locally heat the atmosphere and how
strong this heating is, it is, after all, in the temporal mean irrelevant in what spectral
bands this heating occurs. In the previous sections, we have seen that radiative effects
in the LW are at least comparable in magnitude and location to SW effects, although
sometimes of opposite sign. Therefore, it is important to add up both SW and LW
effects and to look at total fluxes and heating rates. Figure 10 shows the resulting
total heating rates, vertically averaged over the entire atmospheric column. Heating
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above the TD and above northern India is similar in magnitude with values ranging
between 0.1 and 0.15 K/day. All other areas surrounding the TP display lower but
positive heating rates close to 0.05 K/day. The TP itself is, in comparison to other
regions, virtually unaffected by heating. As for direct aerosol effects influencing the
Asian Summer Monsoon, the dust and pollution plumes above India are therefore more
meaningful than those above the TP.
5.7 Vertical distribution of aerosol-induced heating

10
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20

The previous inquiries prove the ROI strongly heterogeneous, but the different
subregions defined in Fig. 1 repeatedly show up as areas of strongest – or weakest
– effects in aerosol concentration and, consequently, radiative impact. Therefore,
averaging over each of these regions should not constitute a major error but give a
statistically reliable picture of where in the atmospheric column heating and cooling is
occurring. Fig. 11 shows the vertical distributions of heating rates in the SW and LW
spectral regions separately as well as their combination to a total heating rate. The
overall situation in the ROI (Fig. 11a) is one of SW heating occurring between 0 and
6 km with the highest values of close to 0.1 K/day between 2 and 3 km. LW heating
occurs in the lower 1.5 km of the atmosphere, whereas higher layers are exposed to
LW cooling. This effect reaches its maximum at 3 km. LW heating and cooling effects
are smaller in magnitude by at least a factor of 2 throughout the atmospheric column.
The total result is therefore a net heating at all altitudes, strongest between the surface
and 3 km.
The interannual variability is close to what we noted for dust variability in Sect. 3:
Effects south of the TP are stronger in 2008, while north of the TP they are weaker in
that year. The variability stays below ±0.03 K/day.
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5.8 Albedo effects on fluxes and heating rates
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Aerosol-induced heating of the atmosphere is strongest above strongly reflecting
surfaces (Haywood and Boucher, 2000). In the ROI of this study, the Taklamakan
Desert, the Thar Desert, and parts of the Tibetan Plateau show high albedo values,
therefore aerosol effects in these regions should be reinforced. It is the aim of this
section to examine the extent to which this is happening.
We calculate the effect of albedo variations on aerosol forcing, in the following
referred to as ∆alb , with Eq. (2). ∆alb 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. Therefore, we do not separate the
different spectral regions in the following, rather, we only show results for total heating
rates.
Figure 12 shows ∆alb for total heating rates. Between 0 and 5 km a.m.s.l. (Fig. 12a),
there are two regions of major aerosol heating enhancement by high albedo values:
the TD and the IP with the Thar Desert. The Middle East, the Gobi Desert, and most
of India is affected to a smaller extent. The latter indicates that the surface albedo is
generally underestimated by the model’s standard land surface values.
The effect of additional heating is strongest in the IP and the TD, however it does not
exceed 0.02 K/day. Thus, albedo effects are responsible for not more than 10% of the
SW heating estimated for the lower 5 km above the TD in Fig. 9b. Negative anomalies
exist above the oceans, where aerosol heating shrinks by around 0.01 K/day.
Between 5 and 8 km (Fig. 12b), ∆alb generally remains below 0.002 K/day. The
strongest additional heating is found above the TD and towards the Gobi Desert. In
other regions, the signal is smaller still, attaining no more than 0.001 K/day.
The effect of a spatially varying albedo on heating rates is therefore modelled as
predicted with positive values for ∆alb 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. Increased monsoonal circulation due
4907
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to aerosol heating is therefore more likely to occur above the IP and GP than above the
Himalayan slopes.
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Satellite observations are a useful tool to assess aerosol impacts on the Asian Summer
Monsoon. The quantification and localization of aerosol occurrence above and around
the Tibetan Plateau and their use as input data for a radiative transfer model help to
evaluate theories that have circulated in the scientific community for several years and
were for the most part based on general circulation model (GCM) simulations only.
CALIPSO lidar satellite data of MAM 2007, 2008, and 2009 should close gap in
our knowledge about vertical aerosol distribution. The dataset delivers meaningful
horizontal and vertical distributions of different aerosol types in the ROI. Pure dust is
the most prominent aerosol type north of the Tibetan Plateau. It originates from the
Taklamakan Desert, a sparsely populated desert in western China. Contrarily, the air
above India and the adjacent oceans is strongly contaminated with polluted dust. It
is a mixture of dust from the Thar Desert in the Indus Plains, advected dust from the
Arabian Sea and the Middle East, and pollution from Indian megacities. The aerosol
distribution throughout the ROI emerges as highly heterogeneous.
CALIPSO observations of the vertical aerosol distribution show that the bulk of the
aerosol is concentrated in the lower 5 km of the atmosphere. The 5-km limit is crucial
to the possibility of cross-Tibetan Plateau dust transport. Computations of zonal mean
vertical profiles comprising the entire ROI – a common method used in much of the
previous literature – turn out to be of limited use due to the irregular shapes of source
regions and topographical features.
The embedding of reanalysis wind data allows to assess possible pathways of
aerosol transport. While the typical monsoon pattern of near-surface south-westerlies
above the Arabian Sea arises in June, higher-level westerlies dominate during the premonsoon season. On the basis of this observation and its combination with aerosol
4908
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data, we identify four putative source regions for aerosols that might influence the Asian
Summer Monsoon via radiative effects: the Arabian Sea, the Indus Plains, the Ganges
Plains, and the Taklamakan Desert. Contrarily, aerosols from major source regions
such as the Gobi Desert and the Beijing/Shanghai area are transported away from the
monsoon region.
Radiative transfer model calculations of their direct effects prove aerosols in the ROI
to have a sizable impact on the earth’s radiative budget, i.e. on fluxes and heating
rates in the shortwave (SW) and the longwave (LW) spectral regions. A case study of
14 May 2007, a day with exceptionally high aerosol loading around the Tibetan Plateau,
reveals SW radiative 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 aerosol’s role as insulators in the LW. Heating rates locally reach 1.5 K/day. Higher
surface albedos increase the heating effect by producing multiple reflections between
the surface and the aerosols.
A study of the direct aerosol effects throughout the ROI in MAM 2007, 2008, and
2009 yields an estimated seasonal average SW flux reduction at the surface in the
2
monsoon region of between 20 and 30 W/m . This compares well with the 8%
reduction that Ramanathan et al. (2005) calculated. The aerosols heat the lower
atmosphere in the SW by 0.2 to 0.3 K/day in India and the Taklamakan Desert, yet a
large elevated heating, particularly above the Tibetan Plateau, is absent. SW heating
above the Tibetan Plateau does not exceed 0.05 K/day in the seasonal mean and is
thus considerably weaker than in the surrounding regions. This result stands in contrast
to the Elevated Heat Pump (EHP) hypothesis by Lau et al. (2006) who simulated SW
heating of between 0.2 and 0.4 K/day above the Tibetan Plateau.
The combined SW and LW direct effect of the aerosol plumes is an average heating
of 0.1 to 0.15 K/day throughout the lower 8 km of the atmosphere in both India and
the Taklamakan Desert. The aerosols hence re-distribute energy from the surface
towards the lower troposphere. Vertical profiles of heating rate anomalies show that
4909
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the total heating effect is mostly located in the lower 3 km of the atmospheric column,
with small interannual variations that prove the robustness of the presented results.
The model study that led to the EHP hypothesis localized aerosol-induced heating
rates inaccurately and overestimated them by omitting LW effects.
The quantification of the role of varying surface albedo values in aerosol heating
reveals that an intensified heating above bright surfaces is manifest. Nevertheless, the
effect is unable to increase heating rates above the Tibetan Plateau vigorously enough
to compensate for the low aerosol concentrations in this region. Albedo effects amplify
aerosol-induced heating rates by 10% at most.
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Table 1: Spectral dependence of the surface albedo in the RTM for simulations with
the land-presetting.
Wavelength [µm]

SW























LW

0.35
0.45
0.55
0.65
1.00
1.60
2.20
3.00
4.25–80.00
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Albedo
0.03
0.03
0.06
0.04
0.40
0.25
0.15
0.15
0.04
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Fig. 1: Map of the Region of Interest (ROI) in red and the different subregions in blue:
Arabian Sea (AS), Ganges Plains (GP), Indus Plains (IP), Taklamakan Desert (TD),
and Tibetan Plateau (TP). Thick black lines indicate the coast, thin black lines represent
levels of equal altitude (each 500 m).
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Fig. 2:

Vertical distribution of the frequency of occurrence of the different aerosol types in (a) the entire region
of interest, (b) the Arabian Sea, (c) the Ganges Plains, (d) the Indus Plains, (e) the Taklamakan Desert, and (f) 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).
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Fig. 3: Fraction of days when aerosols are blown towards the (a) northern and (b)
southern slopes of the Himalaya (indicated by the blue lines) during MAM 2007, 2008,
and 2009.
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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
30◦ N and 35◦ 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. Topleft 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/.
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Fig. 5: Anomalies in (a) SW, (b) LW, and (c) Total (SW+LW) fluxes induced by aerosols
at the top (50 km a.m.s.l.) and bottom (0 km a.m.s.l.) of the modeled atmosphere in
both upward and downward directions. The background shading indicates the AOD
at 532 nm as measured by 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.
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Fig. 6: Anomalies in (a) SW, (b) LW, and (c) Total (SW+LW) heating rates induced
by aerosols throughout the vertical extent of the atmosphere in K/day. MODIS surface
albedo values and CALIPSO aerosol distributions are used as input.
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Fig. 7: Effect of albedo variations on aerosol forcing (∆alb ) in SW heating rates
throughout the vertical extent of the atmosphere in K/day.
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Fig. 8: Downward SW fluxes anomalies due to aerosols at (a) 5 km and (b)
2
0 km a.m.s.l. in W/m . Simulation with MODIS surface albedo. Note the different
scalings of the colorbars, each time adjusted to the respective extreme value.
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Fig. 9: Vertically averaged SW heating rate anomalies due to aerosols between (a) 5
and 8 km and (b) 0 and 5 km a.m.s.l. in K/day. Simulation with MODIS surface albedo.
Note the different scalings of the colorbars, each time adjusted to the respective
extreme value.
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Fig. 10: Vertically averaged total heating rate anomalies due to aerosols between 0
and 8 km a.m.s.l. in K/day. Simulation with MODIS surface albedo.
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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 interest, (b) the Arabian Sea, (c) the Ganges Plains, (d) 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).
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Fig. 12: Effect of albedo variations on aerosol forcing (∆alb ) in vertically averaged total
heating rates between (a) 0 and 5 km and (b) 5 and 8 km a.m.s.l. in K/day. Note the
different scalings of the colorbars, each time adjusted to the respective extreme value.
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