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Abstract. The Tibetan Plateau (TP) has long been identified

to be critical in regulating the Asian monsoon climate and

hydrological cycle. In this modeling study a series of numer-

ical experiments with a global climate model are designed

to simulate radiative effect of black carbon (BC) and dust

in snow, and to assess the relative impacts of anthropogenic

CO2 and carbonaceous particles in the atmosphere and snow

on the snowpack over the TP and subsequent impacts on the

Asian monsoon climate and hydrological cycle. Simulations

results show a large BC content in snow over the TP, espe-

cially the southern slope. Because of the high aerosol content

in snow and large incident solar radiation in the low latitude

and high elevation, the TP exhibits the largest surface radia-

tive flux changes induced by aerosols (e.g. BC, Dust) in snow

compared to any other snow-covered regions in the world.

Simulation results show that the aerosol-induced snow

albedo perturbations generate surface radiative flux changes

of 5–25 W m−2 during spring, with a maximum in April or

May. BC-in-snow increases the surface air temperature by

around 1.0 ◦C averaged over the TP and reduces spring snow-

pack over the TP more than pre-industrial to present CO2 in-

crease and carbonaceous particles in the atmosphere. As a re-

sult, runoff increases during late winter and early spring but

decreases during late spring and early summer (i.e. a trend

toward earlier melt dates). The snowmelt efficacy, defined as

the snowpack reduction per unit degree of warming induced

by the forcing agent, is 1–4 times larger for BC-in-snow than

CO2 increase during April–July, indicating that BC-in-snow

more efficiently accelerates snowmelt because the increased

net solar radiation induced by reduced albedo melts the snow

more efficiently than snow melt due to warming in the air.
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The TP also influences the South (SAM) and East (EAM)

Asian monsoon through its dynamical and thermal forcing.

Simulation results show that during boreal spring aerosols

are transported by southwesterly, causing some particles to

reach higher altitude and deposit to the snowpack over the

TP. While BC and Organic Matter (OM) in the atmosphere

directly absorb sunlight and warm the air, the darkened snow

surface polluted by BC absorbs more solar radiation and

increases the skin temperature, which warms the air above

through sensible heat flux. Both effects enhance the upward

motion of air and spur deep convection along the TP dur-

ing the pre-monsoon season, resulting in earlier onset of the

SAM and increase of moisture, cloudiness and convective

precipitation over northern India. BC-in-snow has a more

significant impact on the EAM in July than CO2 increase

and carbonaceous particles in the atmosphere. Contributed

by the significant increase of both sensible heat flux asso-

ciated with the warm skin temperature and latent heat flux

associated with increased soil moisture with long memory,

the role of the TP as a heat pump is elevated from spring

through summer as the land-sea thermal contrast increases

to strengthen the EAM. As a result, both southern China

and northern China become wetter, but central China (i.e.

Yangtze River Basin) becomes drier – a near-zonal anomaly

pattern that is consistent with the dominant mode of precipi-

tation variability in East Asia.

The snow impurity effects reported in this study likely rep-

resent some upper limits as snowpack is remarkably overesti-

mated over the TP due to excessive precipitation. Improving

the simulation of precipitation and snowpack will be impor-

tant for improved estimates of the effects of snowpack pollu-

tion in future work.
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1 Introduction

Snow albedo is important in determining the surface energy

transfer within the cryosphere. One factor that affects snow

albedo is the presence of absorbing particles (e.g. soot, dust)

(Warren and Wiscombe, 1980, 1985; Painter et al., 2007).

The visible snowpack albedo can be reduced from 0.95 for

pure snow to 0.1 for dirty snow with 100 ppm by weight

(ppmw) of soot (Warren and Wiscombe, 1980). Although

estimates of present-day global-mean radiative forcing (RF)

from soot in snow are only ∼0.04–0.20 W m−2, the local RF

could be much higher. Climate models suggest this mecha-

nism has greater efficacy than any other anthropogenic agent

(Hansen and Nazarenko, 2004; Jacobson, 2004; Hansen et

al., 2005; Flanner et al., 2007; Qian et al., 2009a), owing

largely to its effectiveness in removing snow cover. The 2007

IPCC report listed the radiative forcing induced by “soot on

snow” as one of the important anthropogenic forcings affect-

ing climate change. It is important to understand the control

of snow cover evolution because most of the interannual vari-

ability in mid- and high-latitude planetary albedo is caused

by changes in snow and sea-ice cover (Qu and Hall, 2006).

Modeling studies have shown that the long-term average of

snow accumulation or melt patterns may significantly alter

global and regional climate and have a strong impact upon

the general circulation and hydrological cycle (e.g., Barnett

et al., 1988; Qian et al., 2009a).

The Tibetan Plateau (TP) is the highest and largest plateau

in the world. It covers an area of 3.6 million km2 at 2000 m

above the mean sea level (MSL) (see Fig. 1). Glaciers on the

TP hold the largest ice mass outside the Polar region and the

snowpack can persist year round at higher altitude regions

over the TP (Xu et al., 2009; Pu and Xu, 2009). The TP

has long been identified to be critical in regulating the Asian

hydrological cycle and monsoon climate (e.g. Yanai et al.,

1992; Wu and Zhang, 1998; Xu and Chan, 2001). First, the

glaciers over the TP act as a water storage tower for South

Asia, Southeast Asia and East Asia. Precipitation and re-

leased melt water from the TP provide fresh water to billions

of people through the major rivers that originate from the TP.

For example, the glacial and snow melt provides up to two-

thirds of the summer flow in the Ganges and half or more of

the flow in other major rivers (Qin et al., 2006). The long-

term trend and/or seasonal shift of water resource provided

by the TP may significantly affect agriculture, hydropower

and even national security for the developing countries in the

region.

Second, thermal heating of the TP has profound dynami-

cal influences on the atmospheric circulation in the Northern

Hemisphere (Manabe and Terpstra, 1974; Yeh et al., 1979).

Anomalous snow cover can influence the energy and water

exchange between the land surfaces and the lower tropo-

sphere by modulating radiation, water and heat flux (Cohen

and Rind, 1991). Lau and Kim (2006) and Lau et al. (2006)

proposed a so-called Elevated Heat Pump (EHP) effect,
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Fig. 1. Terrain of Tibetan Plateau (Unit: m).

whereby heating of the atmosphere by elevated absorbing

aerosols strengthens local atmospheric circulation, leading

to a northward shift of the monsoon rain belt, with increased

rainfall in northern India and the foothills of the Himalayas

in the late boreal spring and early summer season. Although

Nigam and Bollasina (2010) showed that there is little ob-

servational evidence that supports the EHP because the ob-

served aerosol and precipitation anomalies are in fact not col-

located, their analysis of hydroclimate lagged regressions on

aerosols suggests that precipitation anomalies in Northern In-

dia can be interpreted as impacts of aerosols, rather than an

aerosol-precipitation relationship due to aerosol removal by

precipitation. Lau and Kim (2011) argued that validation of

the EHP has to be based on the forcing and response of the

entire monsoon system from pre-onset to termination, and

not based on local correlation of aerosol and rainfall at one

time. Meanwhile, many studies based on modeling and ob-

servational data analysis have found a remarkable relation-

ship between the winter or spring snow over the TP and rain-

fall over the mid- and lower-reaches of the Yangtze River

Basin (YRB) in eastern China and South China in the sub-

sequent summer (e.g. Wu and Qian, 2003; Qian et al., 2003;

Zhang et al., 2004), primarily through two important effects

of snow cover – influence on surface albedo and soil moisture

(Barnett et al., 1989; Yasunari et al., 1991).

Observational evidence indicates that the surface tempera-

tures on the TP have increased by about 1.8 ◦C over the past

50 years (Wang et al., 2008). IPCC 2007 reported that under

the A1B emissions scenario, a 4 ◦C warming will likely oc-

cur over the TP during the next 100 yr (Meehl et al., 2007).

Both observed and projected warming over the TP is much

larger than the global average. Consequently, the glaciers on

the TP have been retreating extensively in past decades (Qin

et al., 2006). In the short term, this will cause lakes to expand
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and bring floods and mudflows. In the long run, the glaciers

are vital lifelines for Asian rivers such as the Indus and the

Ganges. Once they vanish, water supplies in those regions

will be in peril.

Accelerated melt of global snowpack and glaciers is driven

by warming due to increasing greenhouse gases (GHGs)

(Barnett et al., 2005), but the larger rate of warming and ra-

pidity of glacier retreat suggest that additional mechanisms

may be involved (Xu et al., 2009). The TP is located close

to regions in South and East Asia that have been and are pre-

dicted to continue to be the largest sources of BC in the world

(Bond et al., 2006; Menon et al., 2010). For example, the In-

dian sub-continent, especially the Indo-Gangetic Plain, is one

of the largest BC emission sources in the world (Ramanathan

et al., 2007). Although the Himalayas may inhibit transport

from the Gangetic Plain to the TP, some BC is transported

and deposited to snow in the Himalayas and TP. Himalayan

ice core records indicate a significant increase in deposition

of both BC and OC over the northern slope of the TP, espe-

cially since 1990 (Ming et al., 2008; Xu et al., 2009).

In contrast to the more straightforward radiative effects of

GHGs in the atmosphere, atmospheric particles influence the

snowpack energy budget in more complicated ways via sev-

eral mechanisms (Flanner et al., 2009). First, through ab-

sorption and scattering, aerosols reduce downwelling inso-

lation at the surface (dimming) (e.g., Ogren and Charlson,

1983; Qian et al., 2006), thus decreasing absorbed solar en-

ergy by snowpack. Second, absorbing particles (e.g. soot)

may warm the troposphere via solar heating. Recent ob-

servational studies attributed the accelerated warming of the

troposphere over the TP to atmospheric heating by aerosols

(Gautam et al., 2009a, b; Prasad et al., 2009). Ramanathan

et al. (2007) suggest that brown clouds contribute as much

surface air warming over the Himalayas as anthropogenic

greenhouse gases. This warming may transfer thermal en-

ergy into snow and drive earlier melt, but may also stabi-

lize the atmosphere and reduce surface-air energy exchange.

Based on GCM experiment, Lau et al. (2010) find that at-

mospheric heating by black carbon and dust can induce a

reduction of the Himalayan and Tibetan snowpack cover by

6–10%, without greenhouse warming. Third, deposited par-

ticles (e.g. soot) reduce snow reflectance (surface darkening),

counteracting the dimming effect. BC measurements in Mt.

Everest ice core show mixing ratios that produced a summer

darkening effect of 4.5 W m2 in 2001 (Ming et al., 2008).

The surface darkening caused by dirty snow may be magni-

fied with the snow aging process, which can be accelerated

under warmer climate.

In this study, we simulate the deposition and concentration

of black carbon (BC) and dust over the TP, and calculate their

radiative effect (i.e., impact on surface radiative flux changes,

SRFC). We strive to understand the relative and combined

impacts of anthropogenic CO2 and carbonaceous particles

in the atmosphere and snow on the snowpack over the TP,

as well as their subsequent impacts on the Asian monsoon

climate and hydrological cycle, based on a series of global

climate simulations with various combinations of active car-

bonaceous aerosols and CO2. Carbonaceous aerosol effects

can be active or inactive in the atmosphere and in snow in

the simulations, respectively, and the effect of different CO2

concentration is also simulated and compared with that for

the aerosols. Our analysis focuses on the change of spring-

time snowpack over the TP and their subsequent impacts on

the SRFC and hydrological cycle (Sect. 3) and summer mon-

soon climate over the India and East Asia (Sect. 4).

2 Model evaluation and experiments design

2.1 Model and experiments

Equilibrium global climate model (GCM) experiments were

conducted with the National Center for Atmospheric Re-

search (NCAR) Community Atmosphere Model version

3.1 (CAM) (e.g., Collins et al., 2006) with resolution

∼2.8◦
× 2.8◦ near the equator. These simulations applied a

slab ocean model to allow for fast equilibration, and were

forced with constant greenhouse gas levels and monthly-

varying, annually-repeating concentrations of mineral dust,

sulfate, and sea-salt from an assimilation (Collins et al.,

2001). BC and organic matter (OM) were treated prognos-

tically (Rasch et al., 2000, 2001), with annually-repeating

emissions (i.e., varying by month but identical each year)

from a global 1◦
× 1◦ inventory (Bond et al., 2004), rep-

resenting the values at 1996. Emissions of organic carbon

from this inventory were multiplied by 1.4 to represent or-

ganic matter. This OM:OC ratio is appropriate for fossil

OC emissions (Russell, 2003). Biofuel and biomass burning

emissions can contain higher ratios. The prescribed biomass

burning OM emissions (and hence OM:OC ratios) vary with

vegetation type (van der Werf et al., 2006). Hydrophobic

species were transformed to hydrophilic with an e-folding

time of 1.2 days. BC optical properties were modified to con-

form to Bond and Bergstrom (2006), and include an absorp-

tion enhancement factor of 1.5 for coated hydrophilic parti-

cles (Bond et al., 2006). Optical properties for OM (Hess

et al., 1998) include dependence on local relative humidity.

The OM effect in snow is very small based on the sensitivity

experiments we did, so we simply turned it off in this study.

BC and mineral dust in snow were treated with the Snow,

Ice, and Aerosol Radiative (SNICAR) component of CAM,

described by Flanner et al. (2007, 2009). We also apply the

representation of snow cover fraction (Niu and Yang, 2007),

dependent on snow depth and density, that is included CLM

4.0.

The BC content in snow follows from the simulated life-

cycle of BC, starting with emissions. Hence, our defini-

tion of BC is identical to that used in Bond et al. (2004)

in developing the emission inventories, namely: “the mass

of combustion-generated, sp2-bonded carbon that absorbs
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Table 1. Model experiments.

Experiment CO2 FF+BF BC+OMa FF+BF BC BB BC+OM and dustb BB BC and dustb

Case (ppm) active in atmos.? active in snow? active in atmos.? active in snow?

pi1c 289 no no no no

pi2 380 no no no no

pi3 289 yes no no no

pi4 289 no yes no no

pi6 380 yes yes no no

pd1d 380 yes yes yes yes

a Fossil fuel and biofuel black carbon and organic matter. b Biomass burning black carbon and mineral dust. c pi is initialized with pre-industrial climate. d pd applies present-day

boundary conditions and CO2 level.

the same amount of light as the emitted particles”. Thus,

the simulated BC is indeed refractory-like, but is meant to

account for an identical amount of light absorption as the

emitted refractory BC and colored organics. Dust was not

the focus of this study, but we included dust in experiment

pd1 to achieve a more realistic simulation. Prognostic dust

emissions are based on the Dust Entrainment and Deposi-

tion Model (Zender et al., 2003), and advected in 4 bulk size

bins. Dust emissions are prognostic, and depend on local

soil moisture, surface wind speed, soil erodibility, and veg-

etation. Hence model dust emissions vary seasonally and

inter-annually. Dust processes in this version of CAM are

summarized in Mahowald et al. (2006). The visible single-

scattering albedo values assumed for the four size bins of

dust in snow range from 0.88 (largest size) to 0.99 (smallest

size), as mentioned in Flanner et al. (2009). In the experi-

ment pd1 the dust is included together with Biomass Burn-

ing (BB) BC and OM, so dust effect cannot be isolated in the

current experiment design.

Configurations of model experiments are described in Ta-

ble 1. These experiments were designed to assess the rel-

ative climate impacts of anthropogenic CO2 and carbona-

ceous particles in the atmosphere and snow, and are a sub-

set of those experiments described by Flanner et al. (2009).

Experiments tagged “pi” were initialized with pre-industrial

climate, whereas experiment pd1 applied present-day bound-

ary conditions. Experiment pi1 is a control simulation, with

pre-industrial CO2 levels and BC + OM inactive in the atmo-

sphere and snowpack. Experiment pi2 applies modern CO2

levels (380 ppm), but maintains inactive carbonaceous par-

ticles. Experiment pi3 maintains pre-industrial CO2 levels,

but includes active fossil and biofuel sources of BC + OM in

the atmosphere. Experiment pi4 also maintains pre-industrial

CO2 levels, but includes active fossil and biofuel sources of

BC in the snow. Experiment pi6 introduces all three forc-

ing mechanisms (modern CO2, active BC + OM in atmo-

sphere and BC in snow). Finally, experiment pd1 applies full

modern conditions, including all sources of carbonaceous

particles (fossil, biofuel, and biomass burning) and mineral

dust active in both the atmosphere and snowpack. Biomass

burning BC + OM emissions applied in pd1 were 1997–2006

mean emissions from the Global Fire Emissions Database

(van der Werf et al., 2006), version 2 (GFEDv2).

In all equilibrium experiments, results were averaged over

the last 15 yr of the 50-yr simulations, during which the TOA

net energy flux showed no significant trend. So we are giv-

ing the system 35 yr to equilibrate. Statistical difference be-

tween the simulations was determined with two-sided pooled

t-tests, using realizations from each of the 15 analysis years.

Since the climate had equilibrated by the beginning of the

15-yr period, each year is treated as an independent sample

of the equilibrium state. Thus, statistical significance is de-

fined relative to the inherent inter-annual variability in the

model.

2.2 Evaluation

To simulate the impacts of aerosol-induced snow albedo

change, it is important to assess the basic features of the

simulated climatic variables, especially the snowpack and

the aerosol content in snow. A more detailed evaluation for

CAM3 performance in simulating the climate variables can

be found in Collins et al. (2006). Here we just give a brief

comparison of the measured and CAM-simulated snow cover

fraction and BC content in snow over the TP. Controlled by

precipitation and complex terrain over the TP, snow cover

fraction (SCF), as retrieved from the Moderate Resolution

Imaging Spectrometer (MODIS) and shown in Fig. 2, ex-

hibits an extremely inhomogeneous spatial distribution, with

higher SCF in the mountain ranges (Pu and Xu, 2009). The

most persistent snow-covered areas (i.e. SCF > 50%) are lo-

cated over the Himalayas, Karakoram, Kunlun ranges and

the western part of the Yarlung Zangbo Valley, especially

the conjunction areas between the Karakoram and Kunlun

glacier mountains with more than 70% of snow/ice covered

days annually. In the southeast TP, the SCF is also higher

because of heavy precipitation resulting from the abundant

moisture of the Yarlung Zangbo Valley. Due to rain shadow

Atmos. Chem. Phys., 11, 1929–1948, 2011 www.atmos-chem-phys.net/11/1929/2011/
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Fig. 2. Snow Cover Fraction (SCF) averaged for March-April-May

(MAM) over Tibetan Plateau, (top) MODIS and (bottom) Model.

effect from the Himalaya and Karakoram mountains, the

SCF is smaller over the interior area of the TP, although the

average elevation is above 4000 m. During summer, snow

covered areas are more scattered. The CAM3 remarkably

overestimates the SCF, especially over the interior of the TP,

due to its apparent inability to capture rainshadow effects of

the massive plateau. Due to the coarse spatial resolution,

CAM3 fails to capture the complex terrain that generates the

observed spatial variability of SCF.

Figure 3a shows the monthly mean SCF and snow water

equivalent (SWE) from model and SCF from MODIS. The

observation shows around 25–35% of areas are covered by

snow during winter and spring over the TP. The model over-

predicts SCF by 20–100% from November to April, but un-
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Fig. 3. (a) Monthly snow cover fraction (SCF, %) and sow wa-

ter equivalence (SWE, mm) from model, and SCF from MODIS;

(b) monthly precipitation (mm per day) from model and three

different observational datasets (see Qian and Leung, 2007); (c)

dry, wet and total deposition for BC (10−12 kg m−2 s−1) and the

mass of BC in top snow layer averaged over the areas when snow

presents (10−7 kg); (d) dry, wet and total deposition for dust

(10−9 kg m−2 s−1).

derpredicts SCF in the warm season probably because the

model with coarse horizontal resolution and smoothed ter-

rain fails to capture the perennial snowpack at very high el-

evation during summer. Although SCF reaches a maximum

in winter, snow continues to accumulate so SWE peaks in

March until snowmelt.

To investigate the causes of snowpack overestimation over

the TP, we compared the simulated monthly precipitation

over the TP against three different observational datasets

(Fig. 3b). The model substantially overpredicts precipitation

during the cold season, which is a primary factor causing the

excessive snowpack over the TP in winter and spring.

Figure 3c shows the seasonality of BC deposition. Model

results show that total deposition of BC is mainly (>80%)

contributed by wet deposition partly because of the finer size

and longer lifetime of BC, which is consistent with other

model studies (Textor et al., 2006). Overall the seasonal vari-

ation of BC deposition is not very large. It should be noted

that aerosol deposition is not linearly correlated with aerosol

concentration in the atmosphere, i.e., a higher (lower) BC

concentration in the atmosphere does not necessarily mean a

higher (lower) BC deposition on the ground because precip-

itation and cloud control wet removal, and boundary layer

structure and land surface properties affect dry deposition.

Measurements studies show that maximum concentrations

of BC occur during the pre-monsoon season, while min-

ima appear during the monsoon and post-monsoon period

for the coarse mass (Marinoni et al., 2010; Decesari et al.,

2010; Bonasoni et al., 2010). The lower BC content in the
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atmosphere measured over the TP in the monsoon season

is probably due to the frequent and rapid washout process

(Marinoni et al., 2010), which implies a possible higher wet

deposition in the summer. In other words, removal rate is

probably higher and aerosol lifetime is probably shorter in

the rainy season. It should be noted that measurements are

only made over the southern slope of Himalayas, but the

model results shown in Fig. 3c and d are an average over

the entire TP. Besides India, emissions from other regions

also contribute to the BC over the TP (Ming et al., 2008,

2009). To evaluate the model results, surface measurements

of aerosol deposition rather than concentration in the atmo-

sphere are urgently needed in a variety of regions over the TP

(Kaspari et al., 2011).

BC deposition in the summer is not critical since very little

snowpack is left over the TP in the summer from both mod-

els and observations (Fig. 3a). The seasonal dependence of

snowpack impurities is driven both by seasonality of snow

on the ground and timing of aerosol deposition. In Fig. 3c

we show the monthly mass of BC in the top snow layer av-

eraged over areas with snow in the TP. The highest BC mass

in snow can be found in late spring because deposition con-

tinues in spring but less new snow is accumulated. In addi-

tion, snowmelt in spring may decrease snow thickness and

increase the BC mass accumulating over snow since only a

fraction of BC is washed away by the melt water.

In contrast to BC, dust deposition peaks at April, as shown

in Fig. 3d, because BC and dust have different sources and

lifetime. The magnitude of dry deposition for dust is com-

parable to that of wet removal due to the larger size of the

particles.

Figure 4 shows the simulated annual mean BC content in

snow against the measured (Ming et al., 2009). The sim-

ulated maximum BC content in snow is over the TP, es-

pecially the southern slope with concentrations larger than

100 µg kg−1. The southern slope of the Himalayas is di-

rectly exposed to Indian emissions and likely receives more

BC than the northern slope via the southwesterly and via the

southern branch of the winter westerlies that sweep over the

south side of the Himalaya-Hindu Kush range (Kaspari et al.,

2007; Xu et al., 2009; Yasunari et al., 2010). As suggested

by Menon et al. (2010), the emissions of particulate matter

in India have been increasing over the last few decades and

are expected to increase in the future due to rapid industrial

growth and slower emission control measures.

The simulated BC content in snow is larger than

25 µg kg−1 over Xingjiang, Western Mongolia and the

nearby central Asian countries, indicating that BC is generat-

ing a non-negligible impact on snowpack over these regions.

The measured BC contents in ice core are denoted as circles

in Fig. 3 (Xu et al., 2006; Ming et al., 2008, 2009). Because

of limited sampling, the spatial distribution of BC content is

not well defined by the measurements. The magnitudes of

measured BC in snow are between 10 and 110, which are

comparable to the simulations in the order of magnitude. It

Unit: µg kg-1

O 0 – 25

O 25 – 50

O 50 – 75

O 75 – 100

O 100 – 125

O
O

O

O
O
O

O

O

O

O
O O

O

Fig. 4. Simulated annual mean (shaded) against measured (in circle)

BC content in snow (Unit: ug kg−1). The observation is from Xu et

al. (2006) and Ming et al. (2009).

should be noted, however, that only an order of magnitude

comparison is possible between the simulated and ice core-

recorded BC content, because (1) the simulated number rep-

resents an average over a big GCM grid cell but the ice core

records only a local point measurement; (2) the simulated

number is a climatological multiple-year average, but mea-

surements are made during a specific season or year; (3) the

simulated number is from the top 2 cm of snow, whereas the

ice core record reflects near-surface and deeper snow. Ming

et al. (2008, 2009) provided bias and standard deviation for

these observations. More in situ measurements for BC-in-

snow content and BC deposition are urgently needed in dif-

ferent areas over the TP.

3 Hydrological effects

In this section we compare results of the CAM global cli-

mate simulations with pre-industrial or present CO2 levels,

and with carbonaceous aerosols inactive or active in the at-

mosphere and snow, to investigate the relative importance of

these agents on the surface energy and water budgets over

the TP. The following analyses focus on SRFC and equilib-

rium changes in variables such as temperature, snowpack,

and runoff. These variables are the most relevant to the hy-

drological cycle and water resources.

3.1 Surface radiative flux changes

Figure 5 shows the global distribution of SRFC induced by

both BC and Dust in snow, averaged annually only when

snow is present. From Fig. 5 the maximum SRFC over

the TP is apparent. Compared with other snow covered re-

gions, the mean downward solar radiation at the surface is

largest over the TP because of its lower latitude (i.e. higher

mean solar height angle) and higher altitude (i.e. less extinc-

tion by aerosol and cloud). Therefore the SRFC induced by

a unit snow albedo change is relatively large over the TP.
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Fig. 5. Global distribution of annual mean surface forcing induced

by BC + Dust in snow, averaged only when snow is present (Unit:

W m−2).

Meanwhile, as shown in Fig. 4, aerosol deposition over the

TP is significant because (1) the TP is exposed to mineral

dust emissions from the central Asian desert/Gobi and large

anthropogenic emission sources (e.g. India and central Asia),

and (2) the winter westerlies and pre-monsoon circulation

with high aerosol content facilitate the transport of pollutants

onto the plateau (Xu et al., 2009).

To further look at the effects induced by different types

of aerosols, Fig. 6 compares the spatial distribution of sur-

face SRFC induced by fossil fuel and bio-fuel BC only in

snow (Fig. 6a) and induced by total BC and dust in snow

(Fig. 6b), averaged only when snow is present over Asia dur-

ing MAM. The SRFC is spatially correlated with the change

of snow albedo (Fig. 6c) induced by the presence of BC

in snow. The largest SRFC are over the TP, especially the

southwestern TP, where the MAM mean SRFC is larger than

10 W m−2 from only fossil fuel and bio-fuel BC, and larger

than 13 W m−2 when dust is also included in snow. Corre-

spondingly, the snow albedo reductions over the TP reach

0.04 and 0.06, respectively. Another two areas with larger

flux changes are located over northeastern China and west-

ern Mongolia, where the SRFC is around 3–8 W m−2 and 3–

5 W m−2, respectively, for fossil fuel and bio-fuel BC only

in snow. When both BC and dust are considered, the surface

flux change over western Mongolia reaches 5–10 W m−2, in-

dicating the snowpack over western Mongolia is remarkably

affected by mineral dust emitted from the local sources and

central Asian countries. The SRFC in other parts of the do-

main is relatively lower.

Figure 7 shows the monthly changes of SRFC averaged

over the TP region (shown as the rectangle in Fig. 6a). As

only the fossil fuel and bio-fuel BC in snow is considered,

the surface SRFC is larger than 2.5 W m−2 from February to

May and the maximum value reaches 5 W m−2 during April.

With a dramatic decrease in snowpack from April to July, the

SRFC is very small during the summer and early fall. With

both BC and dust (i.e. pd1), the SRFC is larger than pi4 by

1–2 W m−2 from January to April and the maximum change

is over 6 W m−2 during March, indicating the aerosol depo-

sition on snow associated with the winter and early spring

dust storm makes an important contribution to the SRFC. The

SRFC is very small during summer and fall.

3.2 Surface air temperature

Figure 8 shows the spatial distribution of surface air tem-

perature change averaged over MAM for four cases of CO2

increase, BC + OM in atmosphere, BC-in-snow, and all of

the above, respectively. As the CO2 concentration increases

from pre-industrial to present levels, the surface air temper-

ature increases significantly at 90% level over a majority of

areas of Asia. The warming is more than 1◦ over the region

north of 25◦ N, except over the TP, where the temperature

increases is slightly smaller than the surrounding areas (not

passing the significant test), partly because of cloud feed-

back (see Fig. 14). The observed warming in the past several

decades, however, is larger over the TP than the global aver-

age and surrounding regions (Wang et al., 2008), indicating

that besides the increasing CO2 concentration other factors

need to be considered in explaining the faster warming over

the TP.

Aerosols in the atmosphere have more complicated effects

on surface air temperature change. On one hand, by absorb-

ing and scattering sunlight, aerosols reduce the solar radi-

ation reaching the surface, thus cooling the skin and sur-

face air. On the other hand, aerosols, especially carbona-

ceous aerosols such as BC and OM, absorb solar radiation

and heat the atmosphere. Thus it is not surprising to see the

non-significant and mixed pattern of surface air temperature

changes induced by BC and OM in the atmosphere, as shown

in Fig. 8b. The remarkable cooling over the TP and India is,

however, associated with cloud feedback, which will be dis-

cussed in Sect. 4.1 (see Fig. 14b). If we combine the temper-

ature changes induced by both CO2 increase and BC + OM

in the atmosphere (i.e. Fig. 8a, b), a weaker warming or even

cooling trend can be expected over the TP, which implies that

only considering CO2 increase and BC + OM in the atmo-

sphere may not be enough to explain the accelerated warm-

ing over the TP.

Figure 8c shows the surface air temperature change in-

duced by BC-in-snow. We can see that the surface air temper-

ature increases (significant at 90% confidence level) by more

than 1◦ over the TP and northern part of the region. Com-

paring with Fig. 8b, we see that BC-in-snow exerts stronger

warming than direct forcing from carbonaceous aerosols in

the atmosphere. From Fig. 8d, temperature increases by

0.5–1.0◦ south of 25◦ N, but the warming is more significant

over the northern part of the region, especially over western

China (including the TP), Mongolia, and northeastern China,

where the warming is more than 2◦. It should be noted that

the temperature changes induced by CO2 increase, BC + OM
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Fig. 6. Spatial distribution of surface forcing (a) induced by BC only in snow in pi4 (unit: W m−2), (b) induced by BC + Dust in snow in

pd1 (unit: W m−2), (c) snow albedo change induced by the presence of BC in snow only (i.e. snobcfrc2l/fsds) in pi4, averaged only when

snow is present, and (d) broadband surface albedo change in pi4, which is caused by changes of snow fraction/depth and BC in snow. All

are averages for MAM.
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Fig. 7. Monthly surface forcing induced by BC or BC + Dust in

snow over Tibetan Plateau (pi4-pi1, pi6-pi1, pd1-pi1).

in the atmosphere and BC-in-snow, as shown in Fig. 8d, is

not a linear combination of the effects induced by each forc-

ing mechanism shown in Fig. 8a–c. The warming over the

TP in pi6 is larger than the linear combination of the warm-

ing in the experiments pi2, pi3 and pi4 due to the interactions

between aerosol-induced changes in surface albedo, atmo-

spheric absorption, and climate feedback.

Figure 9 shows the seasonal changes of surface air tem-

perature averaged over the TP for each case compared to the

control simulation pi1. For the case of the CO2 increase (pi2-

pi1), the temperature generally increases by around 1.0◦ due

to the well-known greenhouse effect. The warming reaches

a maximum in March and April, probably related to the

snow albedo feedback, but overall the seasonal variability

of warming is not significant, except for a minimum warm-

ing in June. For the case of BC and OM in the atmosphere

(pi3-pi1), because of the competing effects previously men-

tioned, it is not surprising to see the temperature increasing

in some months and decreasing in others, and the range of

temperature changes is less than 1◦. For the case of BC-in-

snow (pi4-pi1), the temperature increases by 0.7–1.0◦ over

the TP during spring and summer. When all three effects are

included in the simulation (pi6-pi1), the mean temperature
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Fig. 8. Spatial distribution of surface air temperature change aver-

aged for MAM for pi2-pi1 (a, induced by CO2 increase), pi3-pi1

(b, induced by BC + OM in atmosphere), pi4-pi1 (c, induced by BC

in snow), and pi6-pi1 (d, induced by CO2 increase + BC + OM in

atmosphere + BC-in-snow), respectively. Unit: K. Dash contour

line is for 1◦. Regions passing the 90% significance level are high-

lighted by cross.
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Fig. 9. Monthly surface air temperature differences between (pi2,

pi3, pi4, pi6, pd1) and pi1 averaged over Tibetan Plateau (Unit: K).

increases by around 2◦ over the TP, with a maximum warm-

ing of 3◦ on April. With the addition of dust and biomass

burning BC, more seasonal variation of temperature change

is seen, with a maximum warming of 4◦ in April and cooling

from April to December. The mean temperature over the TP

increases by around 2.9◦ for January–June and increases by

around 1.3◦ for July–December.
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Fig. 10. Same as Fig. 8 but for snow cover fraction (SCF, 0–1).

3.3 Snowpack

Figure 10 shows the spatial distribution of MAM SCF change

for the different sensitivity experiments (pi2, pi3, pi4 and pi6,

as discussed), relative to the control (pi1). With CO2 forcing

(Fig. 10a), the SCF decreases significantly by 0.05–0.15 (ab-

solute) over the northwestern part of the region. Over the

TP, only a small SCF reduction can be found over the south-

ern slope of the plateau. The SCF changes are very small

over other regions. For the case of atmospheric BC and OM

(Fig. 10b), the SCF change is negligible. Overall, the effects

of CO2 increase and atmospheric BC + OM on snowpack are

small over the TP, suggesting that these may not be the pri-

mary factors causing faster melting of the glaciers over the

TP. For the case of BC-in-snow, as a result of the increase in

net solar heating at the surface, there are significant reduc-

tions in snowpack over the TP as shown in Fig. 10c. Max-

imum reductions of SCF are over the western and southern

TP. The reduction of SCF is also significant over northeast-

ern china, a heavy-industrialized area (Huang et al., 2010).

When CO2 forcing, BC + OM in the atmosphere, and BC-

in-snow are all considered (Fig. 10d), a more and significant

reduction of SCF can be found over the northern part of re-

gion. The larger reductions in SCF are over western China,

with the maximum reduction of SCF around 0.2–0.3 over the

western and southern part of the TP. The pattern of the mean

snow water equivalent (SWE) changes (not shown) is gener-

ally consistent with that of SCF.

Figure 11 shows the seasonal changes of SCF and SWE

averaged over the TP for the five cases. Remarkable changes

in snowpack occur between February and June, and the

changes are very small for July–October. For CO2 increase

(pi2-pi1), the seasonal cycle of snowpack change is distinct,
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Fig. 11. Same as Fig. 9 but for snow cover fraction (top), snow

water equivalence (SWE) (middle, Unit: mm) and runoff (bottom,

Unit: mm day−1).

with the maximum changes in both SCF and SWE occur-

ring in April (0.08 and 13 mm, respectively). For BC and

OM in the atmosphere (pi3-pi1), the snowpack changes are

very small throughout the year, which is consistent with the

temperature change shown in Fig. 9. For BC-in-snow (pi4-

pi1), an apparent seasonal cycle can be seen in both SCF and

SWE, with a maximum reduction in May, around one month

later than the maximum surface RF. The May reductions in

SCF and SWE are 0.09 and 35 mm, respectively. The warmer

temperatures induced by CO2 increase and BC-in-snow may

lead to a greater percentage of precipitation coming in the

form of rain rather than snow, resulting in less snow accumu-

lation during the peak snow season. Meanwhile, warmer sur-

face temperatures speed up snowmelt during late winter and

spring. Driven by reduced snow accumulation in the winter

and increased snowmelt in spring, SWE reduction reaches a

maximum in late spring.

When CO2 increase, BC + OM in the atmosphere and BC-

in-snow are all included (pi6-pi1), we can find increased am-

plitude of seasonal cycle in both SCF and SWE. The max-

imum reduction occurs in April – 0.18 for SCF and 50 mm

for SWE. With the dust and biomass burning BC included

(pd1-pi1), the pattern of seasonal variation for the snowpack

change remains similar to that of pi6-pi1 but with a larger

magnitude, and the maximum reduction occurring in April

reaches 0.25 for SCF and 70 mm for SWE.

3.4 Runoff

The runoff resulting from snowmelt on the TP is an important

water source for the rivers originating in the TP. Figure 11

also shows the seasonal cycle of runoff averaged over the

TP for the five cases. The total runoff is mainly controlled

by precipitation and snowmelt over the TP. For the CO2

increase, although warming increases snowmelt in spring,

runoff changes are very minor in spring and other months be-

cause MAM precipitation decreases. For BC + OM in the at-

mosphere, the runoff changes are minor, which is consistent

with the small change in temperature and snowpack prop-

erties throughout the year. For pi4, pi6 and pd1, with the

BC-in-snow effect included, the runoff generally increases

during late winter and early spring but decreases during late

spring and early summer. When all three effects are in-

cluded (pd1-pi1), the runoff increases by around 0.44 mm per

day during February-March-April and decreases by around

0.57 mm per day during May-June-July, with a maximum in-

crease of 0.72 mm per day in March and a maximum reduc-

tion of 0.82 mm per day in June. As discussed in Sect. 3.3,

the warmer temperature may accelerate snowmelt and cause

a greater percentage of precipitation to come in the form

of rain rather than snow, both of which contribute to more

runoff during late winter and early spring. Because less

snowpack accumulates during winter, the snow line recedes

more quickly in the perturbed simulations with BC-in-snow
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included, so the runoff from snowmelt is reduced during late

spring and early summer.

3.5 Snow albedo feedback process

In Sect. 3.1, we discussed the correlation between the surface

SRFC and snow albedo change. The snow albedo changes

shown in Fig. 6c are albedo values averaged over areas when

snow is present so they represent the instantaneous effects in-

duced by the presence of aerosols in snow. Figure 6d shows

the spatial distribution of broadband surface albedo change

averaged for MAM for pi4. This surface albedo change is a

weighted average of the albedo over snow/ice and non-snow

covered areas within each GCM grid cell. It is affected not

only by the impurity of snow but also by snow fraction and

depth. Since the albedo changes in Fig. 6d represent the dif-

ference in surface albedo between the equilibrium climate

simulations with and without the BC-in-snow effect, they in-

clude the changes of snow fraction and depth resulting from

the full climate feedback.

The albedo changes for CO2 increase and BC + OM in at-

mosphere are found to be very small (less than 0.05) over

the entire region (not shown). With the BC-in-snow added,

the albedo reduction (Fig. 6d) reaches 0.08–0.20 over the TP

and northeastern China, and is much larger than the snow

albedo change shown in Fig. 6c. The BC-in-snow induced

warming reduces snow fraction and depth, both contribut-

ing to the decrease of grid cell mean albedo. When CO2

increase, BC + OM in the atmosphere and BC-in-snow are

all included, the albedo reduction (0.12–0.20) becomes more

significant over the TP (not shown). However, we caution

that in regions where there is excessive snow cover in the

control simulation, there is greater potential for snow cover

loss and hence albedo change could be overestimated.

In summary, the BC-induced decrease in snow albedo

causes the land surface to absorb more solar radiation, in-

creasing the skin and air temperatures. As a result of the

perturbed SRFC and warming, snow depth and fraction de-

crease can further reduce the albedo over partially or entirely

snow covered areas. As discussed by Qian et al. (2009a), this

positive feedback process is initiated by the BC deposition on

snow which can be illustrated as: BC deposited on snow →

reduced snow albedo → increased surface net solar radiation

→ skin and air warming → snow fraction and depth reduced

→ further reduced surface albedo.

3.6 Snowmelt efficacy

Hansen et al. (2005) define “the efficacy of a climate forc-

ing” as the global mean temperature change per unit forcing

produced by the forcing agent relative to the response pro-

duced by a standard CO2 forcing from the same initial cli-

mate state. They estimated a global radiative forcing induced

by BC-in-snow of +0.10 (±0.10) W m−2, with an efficacy of

1.7. Here we define “the snowmelt efficacy” as the snowpack
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Fig. 12. Ratios of SCF (top) and SWE (bottom) changes against per

unit degree of warming induced by CO2 increase and BC-in-snow,

respectively, from January to August.

(e.g. SWE or SCF) reduction per unit degree of warming in-

duced by the forcing agent. It should be noted this is not a

strict definition since some of temperature changes is caused

by snowmelt itself due to the positive feedback as described.

It is interesting to note that the snowpack reduction in-

duced by BC-in-snow is more significant than that induced

by CO2 increase in most months (Fig. 11), although the sur-

face air warming induced by CO2 increase is larger than that

induced by BC-in-snow in all months except for June (see

Fig. 9). Figure 12 compares the SCF and SWE changes per

unit degree of (equilibrium) warming induced by CO2 in-

crease and BC-in-snow from January to August, respectively.

The snowmelt efficacy induced by BC-in-snow is 1–3 times

larger for SCF and 2–4 times larger for SWE than induced

by CO2 increase during April–July. Greater snowmelt ef-

ficacy for BC-in-snow follows from the forcing depositing

additional solar energy directly to snow, and at a time when

the net energy into the snowpack is maximal, compared to

the CO2 forcing, which transfers thermal energy to snow in-

directly, after longwave heating within the atmosphere has

equilibrated with other thermal reservoirs within the system.
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Fig. 13. Spatial distribution of surface skin temperature change av-

eraged for May for pi2-pi1 (a, induced by CO2 increase), pi3-pi1

(b, induced by BC + OM in atmosphere), pi4-pi1 (c, induced by BC

in snow), and pi6-pi1 (d, induced by CO2 increase + BC + OM in at-

mosphere + BC-in-snow), respectively. (Unit: K). Regions passing

the 90% significance level are highlighted by cross.

4 Thermal and dynamical effects

The TP as the Roof of the World or the Third Pole influences

the South and East Asian monsoon circulation through its dy-

namical and thermal forcing. Through the hypothesized EHP

effect (Lau and Kim 2006; Lau et al., 2006, 2010), the ele-

vated absorbing aerosols heat the atmosphere over the TP and

strengthen local atmospheric circulation, leading to a north-

ward shift of the South Asian monsoon (SAM) rain belt in

the late boreal spring. Over East Asia, many studies have

found that anomalies of winter or spring snowpack over the

TP can affect precipitation in the subsequent summer over

East Asia, through strong thermal and dynamical influences

on the East Asian monsoon (EAM) circulation (e.g. Wu and

Qian, 2003; Qian et al., 2003; Zhang et al., 2004; Ding et al.,

2009). The anomalous water flux resulting from snowmelt

could increase the soil moisture of the land surface, and thus

change the land-air energy exchange and alter the boundary-

layer structure and atmospheric circulation. This effect may

be time-lagged because of the long memory of soil mois-

ture (Chow et al., 2008). Using the GCM experiments pre-

viously discussed, we now compare how CO2 increase, car-

bonaceous aerosols in the atmosphere, and BC-in-snow af-

fect the SAM and EAM. Our analysis focuses on May for

the SAM and July for EAM.
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Fig. 14. Same as Fig. 13 but for Total Cloud Fraction (Unit: %).

4.1 South Asian Monsoon

Figure 13 shows the spatial distribution of the May surface

skin temperature change for CO2 increase, BC + OM in the

atmosphere, BC-in-snow, and all of the above, respectively.

The increase of CO2 concentration generally increases the

surface skin temperature, consistent with the direct atmo-

spheric warming. The corresponding cloud, precipitation and

circulation changes are relatively small, probably partly be-

cause the warming induced by CO2 increase is more spa-

tially uniform. Atmospheric aerosols, however, significantly

(at 90% confidence level) cool the skin temperature by more

than 1◦ over central and northern India, mostly because of

feedback due to increased total cloud fraction (TCF). Indeed,

the TCF increases by 5–20% at 90% confidence level over

northern India (Fig. 14b), while precipitation also signifi-

cantly increases by 0.5–2.5 mm per day over northern India

and foothills of the Himalaya (Fig. 15b). These features are

consistent with results obtained from simulations with the

NASA fvGCM (see Fig. 3 of Lau et al., 2010). They suggest

that during boreal spring, the dust and black carbon are trans-

ported and accumulated along the foothills of the Himalayas,

with the finer particles reaching the higher altitude over the

TP region. The elevated dust and black carbon absorb solar

radiation and heat the atmosphere around the south slope of

the TP, further enhancing the upward motion along the TP

during the pre-monsoon season, which increases moisture,

cloudiness and deep convection over northern India.

For BC-in-snow, the skin temperature over the TP in-

creases by 1–5◦ due to the darkened snow surface and re-

sulting feedback of cloud (Fig. 14b). The skin temperature

decreases by 0.5–2◦ over central and northern India, where

both the TCF and precipitation increase (Figs. 14c and 15c).
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Fig. 15. Spatial distribution of changes for precipitation (shaded, Unit: mm day−1) and 850 hPa wind fields (vector, Unit: m s−1) averaged

for May for pi2-pi1 (a, induced by CO2 increase), pi3-pi1 (b, induced by BC + OM in atmosphere), pi4-pi1 (c, induced by BC in snow), and

pi6-pi1 (d, induced by CO2 increase + BC + OM in atmosphere + BC-in-snow), respectively.

During late spring and early summer (April through mid-

June), the increased low-level southwesterly brings in not

only additional moisture from the Arabian Sea and Indian

Ocean but also aerosols (e.g. dust and BC) from the Indian

subcontinent to northern India and the Himalayan foothills,

that are possibly deposited over the southern slope of the TP

(Yasunari et al., 2010). The enhanced warming over the dark-

ened surface increases the convective instability and spurs

deep convection, which further strengthens the low-level

southwesterly flow and increases precipitation (Fig. 15c) and

cloudiness (Fig. 14c) over central and northern India during

the pre-monsoon season. This is a positive feedback process.

The increased cloudiness associated with the enhanced low-

level southwesterly flow and deep convection is, in large part,

responsible for the large surface cooling found over central

and northern India (Fig. 13c). The aforementioned features

comprise the essence of the warming effect of BC-in-snow.

It is interesting to compare the effects of carbonaceous

aerosols suspended in the atmosphere and deposited on the

snow. While BC and OM in the atmosphere directly absorb

sunlight and warm the air, darkened snow surfaces polluted

by BC absorb more solar radiation and increase the skin tem-

perature first, and then warm the air above through increased

sensible heat flux over the TP. Both effects of carbonaceous

aerosols enhance the upward motion of air and spur deep

convection along the TP during the pre-monsoon season, re-

sulting in an increase of moisture, cloudiness and convective

precipitation over northern India. This implies a stronger and

earlier onset of the South Asian summer monsoon. As antici-

pated, this leads to a larger increase of TCF and precipitation

over central and northern India, as well as the eastern TP,

when both aerosols in the atmosphere and BC-in-snow are

included in the simulation (Figs. 13–15d).

4.2 East Asian Monsoon

The TP has long been identified to be important for the onset

and evolution of the EAM (e.g. Yeh et al., 1979; Yanai et al.,

1992; Chow et al., 2008). Many studies revealed a relation-

ship between the winter or spring snowpack over the TP and

precipitation over the mid- and lower-reaches of the YRB and

South China in the subsequent summer (Wu and Qian, 2003;

Qian et al., 2003; Zhang et al., 2004; Ding et al., 2009). One

general conclusion from these studies is that EAM tends to
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Fig. 16. Same as Fig. 15 but for July.

be weak when snow cover over the TP is large in the previ-

ous winter or spring, and associated with the weak EAM is

anomalous high summer precipitation over the YRB but low

precipitation over North China.

As shown in Fig. 15, the effect of BC-in-snow on the EAM

circulation and precipitation is weak over East Asia in May

because the onset date of EAM is later than that of SAM.

Figure 16 shows, however, that the effect of BC-in-snow on

EAM is more remarkable during summer (e.g. July). Al-

though the albedo effect and SRFC induced by BC-in-snow

become less important in the summer (Fig. 7) because a large

portion of snowpack over the TP disappears by early sum-

mer, the change in soil moisture due to snowmelt change

can remain large during summer and change surface evap-

oration and soil thermal properties, and consequently alter

the surface heating. Due to the long memory of soil mois-

ture, this effect may be time-lagged. Pielke et al. (1999) sug-

gested that the effects of initial soil moisture anomalies on

the subsequent atmospheric circulation could last as long as

12 months.

The energy fluxes between the surface and atmosphere

consist of three components: net radiation, sensible heat

(SH) and latent heat (LH). Figure 17 shows the seasonal evo-

lution of changes in SH and LH averaged over the TP for

the five cases. We can see a remarkable increase in SH dur-

ing late spring and early summer induced by the BC-in-snow

effect because of the surface warming, with a maximum in-

crease in SH of 7.5 W m−2 in May. Based on the previous es-

timates of heat sources and sinks over the TP in summer, the

surface SH is often a dominant component of atmospheric

heating over the TP, especially over the western part of the

TP (Yeh et al., 1979; Ding et al., 2009). The heating con-

tributed by LH is also elevated from March to July (Fig. 17b)

because of wetter soil resulting from the increased snowmelt

(Fig. 11) and convective precipitation (Fig. 16c) over the TP.

Initiated by BC-in-snow, the increased SH (because of el-

evated surface warming) and increased LH (because of wet-

ter soil induced by accelerated snowmelt) both warm the air

and enhance deep convection over the TP, resulting in more

TCF and precipitation over the TP (Fig. 16), which further

increase the soil moisture and LH. This is a time-lagged and

positive feedback process. From the spatial patterns of SH

and LH changes induced by BC-in-snow for May and July

(not shown), we find that both SH and LH increase by more

than 10 W m−2 over the central TP in July. Aided by remark-

able increases of both LH and SH, the role of the TP as a heat

pump is apparently enhanced from spring through summer,

i.e. enhancing the thermal contrast between land and ocean

and strengthening the EAM in summer.
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Fig. 17. Same as Fig. 11 but for sensible heat flux SH (top,

Unit: W m−2) and latent heat flux LH (bottom, Unit: W m−2).

While the most remarkable changes for circulation and

precipitation in May are observed in central and northern

India (Fig. 15), the most remarkable changes for precipita-

tion and circulation in July occur over East Asia, especially

for the BC-in-snow case (Fig. 16c). Generally, as shown

in Fig. 16, in July the impacts of CO2 increase and atmo-

spheric aerosols on circulation and precipitation are smaller

over East Asia than the impacts of BC-in-snow. Because of

its persistent heating effect over the TP, the impact of BC-

in-snow on EAM is most profound in the summer, when the

EAM is stronger. Figure 16c shows an increase (at 90% con-

fidence level) in precipitation of 1–3 mm per day over south-

ern China and South China Sea, associated with the stronger

southwesterly flow over Southeast Asia and the South China

Sea. Associated with the strong EAM is more northward

moisture transport, which increases precipitation in North

China, and reduces precipitation in the central part of East

China (i.e. YRB).

As summarized in Fig. 13 of Ding et al. (2009), a stronger

summer EAM usually results in anomalously wet, dry, and

slightly wet patterns over southern China, the YRB, and

northern China, respectively, which is consistent with the

near zonal precipitation change pattern induced by BC-in-

snow (Fig. 16c). Lau et al. (2000) showed that the dominant

mode of EAM precipitation variability exhibits a near zonal

structure because of the multicellular meridional circulation

over East Asia. Both SST forcing (Lau et al., 2000) and snow

over the TP (Ding et al., 2009) can modify the strength of

EAM, leading to the zonal precipitation anomaly. To fur-

ther elucidate the linkage between warming over the TP and

precipitation in East Asia, Wang et al. (2008) showed that the

diabatic heating over the TP could excite two distinct Rossby

wave trains that propagate downstream (or eastward) to de-

form the West Pacific Subtropical High in a way to enhance

moisture convergence toward the East Asia subtropical front.

This thermal and dynamical linkage between TP warming

and East Asia precipitation may explain the enhanced mois-

ture transport from the southwesterly that increases precipi-

tation in South China in our simulations (Fig. 16c).

5 Summary and discussion

The Tibetan Plateau (TP) has long been identified to be crit-

ical in regulating the Asian monsoon climate and hydro-

logical cycle. The snowpack and glaciers over the TP act

as reservoirs to provide fresh water to billions of people in

Asian countries through the major rivers originating from the

Plateau. Meanwhile heating of the TP has profound thermal

and dynamical influences on atmospheric circulation in the

Northern Hemisphere. By affecting the energy and water ex-

change between the land surface and air, anomalous snow-

pack over the TP will alter the thermal contrast between land

and ocean and change the Indian and East Asian Monsoon

(EAM) circulation and climate.

As emissions of particulate matter in Asia have been in-

creasing over the last few decades, ice core measurements

suggest an increasing trend since 1990 for both BC and OC

concentrations deposited to northern TP glaciers. In this

study we simulate the deposition and concentration of black

carbon (BC) and dust over the TP, and calculate their ra-

diative flux changes and subsequent climatic and hydrologi-

cal changes. A series of experiments using a global climate

model assess the relative impacts of anthropogenic CO2, and

carbonaceous particles in the atmosphere and snow, on the

snowpack over the TP and Asian monsoon climate and hy-

drological cycle. The simulations show a large BC content in

snow over the TP. The magnitudes of simulated BC-in-snow

are of the same order but overestimated compared to the ice-

core measurements. With high aerosol content in snow and

large incident solar radiation because of lower latitude and

higher elevation, the TP exhibits the largest SRFC induced

by aerosols (e.g. BC, Dust) in snow compared to any other

snow-covered regions in the world.
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The aerosol-induced snow albedo perturbations generate

SRFC of 5–25 W m−2 during springtime, with maximum

change in April and May. Correspondingly, the snow albedo

reductions over the TP reach 0.04 and 0.06, respectively.

BC-in-snow increases the surface air temperature by around

1.0 ◦C averaged over the TP, similar in magnitude to warm-

ing induced by 289–380 ppm CO2 increase alone. The at-

mospheric effect of aerosols alone cools the air above the

TP, mostly because of cloud feedback. The BC-in-snow ef-

fect significantly reduces the snowpack over the TP, with a

distinct seasonal dependence of both SCF and SWE changes

(i.e. maximum reduction in May). As a result, the runoff in-

creases during late winter and early spring but decreases dur-

ing late spring and early summer (i.e. a trend toward earlier

melt dates).

In summary, the BC-induced decrease of snow albedo

causes the land surface to absorb more solar radiation, in-

creasing the skin and air temperatures and decreasing snow

depth and fraction, and further reducing the albedo over the

areas with partial or total snow cover. This is a positive feed-

back process. It is interesting that the snowpack reduction

induced by BC-in-snow is larger than that caused by CO2

increase, although the magnitudes of surface air warming in-

duced by the two mechanisms are similar. The snowmelt

efficacy, defined as the snowpack reduction per unit degree

of equilibrium warming induced by the forcing agent, is 1–4

times larger for BC-in-snow effect than for CO2 increase dur-

ing April–July, which indicates that BC-in-snow more effi-

ciently accelerates snowmelt process because the increase in

net solar radiation is more efficiently used for melting snow.

The TP influences not only the water cycle of the Asian

continent through changes in snow and runoff, but it also

affects the South and East Asian monsoon through its dy-

namical and thermal-dynamical forcing, which exert remote

influence on precipitation in regions far away from the TP.

During boreal spring, driven by southwesterly flow, aerosols

are transported to, and accumulate along, the foothills of the

Himalayas, with finer particles reaching higher altitudes and

some depositing onto snowpack on the TP. While BC and

OM in the atmosphere directly absorb sunlight and warm the

air, darkened snow surfaces polluted by BC absorb more so-

lar radiation and increase the skin temperature, which warms

the air above through increased sensible heat flux over the

TP. Both effects of carbonaceous aerosols enhance the up-

ward motion of air and spur deep convection along the TP

during the pre-monsoon season, resulting in an increase in

moisture, cloudiness and precipitation over northern India.

This implies a stronger and earlier onset of the South Asian

summer monsoon.

While most remarkable changes for circulation and pre-

cipitation in May are observed in central and northern India,

the most remarkable change for precipitation and circulation

in July occurs over East Asia as BC-in-snow is included. The

BC-in-snow effect shows a more significant impact on East

Asia Monsoon than CO2 increase and carbonaceous particles

in the atmosphere. Contributed by the significant increase

in both SH associated with warm skin temperature, and LH

associated with soil moisture changes (both immediate and

lagged), the role of the TP as a heat pump is elevated from

spring through summer by increasing the thermal contrast

between land and ocean and strengthening the EAM in sum-

mer. As a result, both southern China and northern China be-

come wetter, while central China (i.e. Yangtze River Basin)

becomes drier, resembling the mode of precipitation variabil-

ity typically found in China in response to the strength of

EAM.

A number of limitations should be taken into account in

evaluating the simulation results in this study. The primary

one is the significant overestimation of snowpack over the

TP, especially in the interior, due to excessive precipitation

simulated during the cold season and failure of the coarse res-

olution GCM to resolve the heterogeneous mountain terrain,

as discussed in Sect. 2.2. Consequently, the BC-in-snow con-

tent is also overestimated in the model. In the real world, the

impact of snow impurity could be larger on the wind-facing

steep slopes than at the top of the plateau. In our model, the

slope effect on deposition and sun-angle effects on the sur-

face radiative flux are not included, and all the BC and dust

effects are plane parallel radiative effects on top of the TP.

Thus, the model has likely substantially overestimated the

BC on snow effect, compared to the real world. Because our

current results likely only represent the upper limits of snow

impurity effect, they should not be extrapolated to the real

world.

Although the sensitivity analyses described in this paper

provided significant insights on the role of polluted TP snow-

pack on the hydrological cycle and monsoon climate of Asia,

more quantitative assessment of this effect will require im-

proved models and/or higher grid resolution to better simu-

late snow and aerosol deposition on the TP. As summarized

in IPCC (2007), uncertainties and inter-model inconsistency

in predicting preciptation are still pretty large among IPCC

AR4 GCMs. The confidence in predicting the snowfall is

even lower, especially over mountainous regions. Roesch

(2006) evaluated the snowpack simulation in a dozen of

IPCC AR4 GCMs and found that most GCMs predict ex-

cessive snow mass (by 20–100%) in spring due to excessive

snowfall during winter and spring. Thus, common problems

in simulating the hydrological cycle in current GCMs pose a

critical limitation for assessing aerosol effects on snow and

the subsequent impacts.

A second limitation is that the indirect effects of aerosols

in the atmosphere are not represented in our simulations. It

is well known that besides direct and semi-direct radiative

effects, aerosols also have important microphysical effects

on clouds and precipitation through their influence on cloud

drop nucleation, which affects cloud life time, cloud albedo,

and precipitation (Ramaswamy, 2001; Qian et al., 2009b; Ja-

cobson, 2010). With indirect effects included, the hydro-

logical cycle and Asian monsoon may respond in a more

Atmos. Chem. Phys., 11, 1929–1948, 2011 www.atmos-chem-phys.net/11/1929/2011/



Y. Qian et al.: Tibetan Plateau snowpack pollution on the Asian hydrological cycle 1945

(a) pi2-pi1

 60E  80E 100E 120E 140E

05N

15N

25N

35N

45N

55N
(b) pi3-pi1

 60E  80E 100E 120E 140E

05N

15N

25N

35N

45N

55N

(c) pi4-pi1

 60E  80E 100E 120E 140E

05N

15N

25N

35N

45N

55N
(d) pi6-pi1

 60E  80E 100E 120E 140E

05N

15N

25N

35N

45N

55N

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 (mm day-1)

Fig. A1 Spatial distribution of changes for precipitation (shaded,

Unit: mm day−1) averaged for May for pi2-pi1 (a, induced by CO2

increase), pi3-pi1 (b, induced by BC + OM in atmosphere), pi4-pi1

(c, induced by BC in snow), and pi6-pi1 (d, induced by CO2 in-

crease + BC + OM in atmosphere + BC-in-snow), respectively. The

regions passing the 90% significance level are highlighted by cross.

complicated way as cloud, precipitation and monsoon circu-

lation are influenced by aerosols in both India and East Asia.

Third, this study considers the impacts of long-range trans-

ported BC on TP snow. Although we included dust in exper-

iment pd1 to achieve a more realistic simulation, the impact

of dust alone on the hydrological cycle and climate is not

included in this paper partly because the dust in pd1 is in-

cluded together with BB BC and OM. Dust may in fact be

the dominant absorber in the study region, but uncertainties

associated with modeling dust are probably even greater than

BC, largely because the emissions of dust are prognostically

simulated, whereas BC emissions are prescribed based on

bottom-up emission inventories (Bond et al., 2004). Besides

the long-range transported dust, many snow surfaces may,

however, be primarily darkened by locally derived, coarse-

grained dust and sand caused, for example, by local graz-

ing. Glaciers can be significantly darkened by debris and

cryoconite, especially in the ablation zone (Takeuchi et al.,

2001). Since our estimated BC-in-snow effect on tempera-

ture is high or comparable to the observed trends that should

include the effects of grazing, debris, and cryoconite, this

suggests that our simulated BC-in-snow impacts are likely

overestimated.

Finally the goal of this study is to better understand how

polluted snow on the TP may affect the hydrological cycle

and monsoon climate, and to compare the role of CO2, and

aerosol effects in the atmosphere and in snow through sensi-

tivity experiments. We make no attempt to compare the sim-

ulated effects with the accelerated warming and glacier re-
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Fig. A2 Same as Fig. A1 but for July.

treat observed over the TP in past decades. In the real world,

many other factors besides snow impurities, carbonaceous

aerosols and greenhouse gases induced warming could com-

bine nonlinearly, leading to the accelerated snow/ice melt-

ing over the TP. These include active land-use and land-

cover change (e.g. Cui and Graf, 2009) and slow-evolving

large-scale climate variability. Attributing changes in the

TP warming and glacial retreat is further complicated when

climate feedbacks such as increased sunlight duration from

reduced cloudiness, increased water vapor and cloud feed-

back can play an important role in determining the climate

response. More integrated earth system modeling and more

reliable observational datasets (including satellite data) are

needed to more comprehensively address the accelerated

warming and faster glacier retreat over the TP.
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