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Abstract We investigate the snow albedo variation in spring
over the southern Tibetan Plateau induced by the deposition of
light-absorbing aerosols using remote sensing data from
moderate resolution imaging spectroradiometer (MODIS)
aboard Terra satellite during 2001–2012. We have selected
pixels with 100 % snow cover for the entire period in March
and April to avoid albedo contamination by other types of
land surfaces. A model simulation using GEOS-Chem shows
that aerosol optical depth (AOD) is a good indicator for black
carbon and dust deposition on snow over the southern Tibetan
Plateau. The monthly means of satellite-retrieved land surface
temperature (LST) and AOD over 100% snow-covered pixels
during the 12 years are used in multiple linear regression
analysis to derive the empirical relationship between snow
albedo and these variables. Along with the LST effect, AOD
is shown to be an important factor contributing to snow albedo
reduction. We illustrate through statistical analysis that a 1-K
increase in LST and a 0.1 increase in AOD indicate decreases
in snow albedo by 0.75 and 2.1 % in the southern Tibetan
Plateau, corresponding to local shortwave radiative forcing
of 1.5 and 4.2 W m−2, respectively.

1 Introduction

The mighty Tibetan Plateau, with an average altitude of
4.7 km and an area of about 2.4 million km2, is referred to
as the third pole of the Earth due to its massive permanent
glacier and snow fields. It profoundly influences atmospheric
general circulation because of its uplift of large-scale flows
and its insertion of heating with a confining lower boundary
at high levels. Numerous papers have testified to the two un-
solved problems imposed by the Tibetan Plateau in the under-
standing of regional and global climate and climate change:
the surface radiative heating rates over complex topography
(Liou et al. 2007; Lee et al. 2013) and the snow albedo feed-
back induced by light-absorbing aerosols, chiefly black car-
bon (BC) (Jacobson 2004; IPCC 2007; Ramanathan et al.
2007; Ming et al. 2008; Yasunari et al. 2010; Liou et al.
2011; Hadley and Kirchstetter 2012; Liou 2013; Liou et al.
2014; He et al. 2014b). The energy budget of the coupled
atmosphere-land system could be significantly modulated by
changes in snow albedo since a small reduction in snow re-
flectivity can substantially increase the surface absorption of
solar fluxes, which leads to further reduction in snow albedo
(Hansen and Nazarenko 2004). Moreover, the snowpack in
the Tibetan Plateau is the primary origin points of the
Yangtze, Mekong, Yarlung Tsangpo-Brahmaputra, Ganges,
and Indus rivers, which are the major water sources in
China, Indochina, and the India subcontinent.

The albedo of snow surface, defined as the ratio of the
reflected solar flux with reference to the incoming solar flux,
is controlled by intrinsic snow properties including grain size
and light-absorbing impurities, as well as other extrinsic con-
ditions such as snow depth and solar zenith angle (e.g.,Warren
and Wiscombe 1980; Flanner and Zender 2006). The evolu-
tion of snow grain sizes is primarily determined by tempera-
ture and snow aging. Impurities in snow generally result from
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the wet scavenging of light-absorbing aerosols associatedwith
cloud formation and precipitation processes. Both dry and wet
deposition can reduce snow albedo and result in stronger ab-
sorption of solar radiation at the land surface, leading to a
higher land surface temperature (LST) and consequently,
faster snowmelt (Warren and Wiscombe 1980; Chylek et al.
1983; Ramanathan and Carmichael 2008).

Lee and Liou (2012) investigated the effect of light-
absorbing aerosols on the reduction in snow albedo over the
Sierra Nevada in spring utilizing snow albedo in 100 % snow-
covered area (PSA), LST, and aerosol optical depth (AOD)
data der ived from modera te reso lu t ion imaging
spectroradiometer (MODIS) onboard the NASATerra satellite
in March and April 2000–2009, as well as the precipitation
data available from the NOAA Climate Prediction Center.
Using multiple regression analysis, they demonstrated that
AOD, which includes BC and dust over the Sierras
transported from Asia and local emission, is an important
factor to changes in snow albedo, second only to LST, while
the impact of snowfall occurrence is insignificant.

Although the impact of aerosol deposition on the reduction
of snow reflectivity is clear from ground measurement (e.g.,
Aoki et al. 2003), Warren (2013) indicated that it could be
very difficult to evaluate its impact from the aspect of satellite
remote sensing. Based on the radiative transfer calculation
given by Warren and Wiscombe (1980), the difference in op-
tical properties between snow with and without mixing of BC
is too small to be detected by satellites for a given scene at a
given time. However, this small snow albedo reduction due to
mixing with BC could absorb more solar radiation and subse-
quently accelerate the growth of snow grains and snowmelt.
Over a sufficiently long period of time (e.g., a month), it ap-
pears to be physically appropriate to postulate that snow albe-
do reduction caused by this nonlinear amplification effect can
be detected on the basis of satellite retrievals. In addition,
snow albedo can also be decreased by mixing with dust or
direct dust deposition onto the snow surface. Therefore, this
study seeks to use monthly mean remote sensing data to quan-
tify the impact of aerosol deposition on snow albedo
reduction.

The amount of BC deposition over the southern Tibetan
Plateau has been investigated using ice cores and in situ mea-
surements (e.g., Menon et al. 2010; Ginot et al. 2014; Jacobi
et al. 2015). For example, using a trajectory analysis, Ming
et al. (2008) found that two pathways are responsible for the
primary transport of aerosols to the Himalayas. Long-distance
and high-elevation transport has been related to westerlies
from Central Asia which dominates in the non-monsoon sea-
son, while short-distance and low-elevation transport is large-
ly modulated by the Indian summer monsoon. Employing the
GEOS-Chem adjoint model (Henze et al. 2007), Kopacz et al.
(2011) found that despite significant seasonal and geographi-
cal variability, emissions from India, Nepal, and China are the

major sources of BC over the southern Tibetan Plateau. In
recent years, an increasing trend in BC emissions in South
and Central Asia has been noted (Bond et al. 2007;
Ramanathan et al. 2007). Most of the transport and circulation
studies reveal that the deposition of light-absorbing aerosols,
particularly BC, takes place in the southern part of the Tibetan
Plateau, especially over the southern slope of the Himalayas
(e.g., Ming et al. 2008; Lu et al. 2012).Moreover, mineral dust
has been shown to be an important contributor to AOD in the
Himalayas based on satellite remote sensing (Gautam et al.
2013). Ice core records also reveal that dust deposition is sig-
nificant (Ginot et al. 2014). Dust is not as absorptive as BC,
but the amount of dust deposition is much larger and could
effectively reduce snow albedo. For this reason, we specifical-
ly investigate the potential correlation between PSA and aero-
sol deposition, including both BC and dust, in this region.

Accordingly, we have organized the paper as follows. In
Section 2, we describe the observational data used in the
study, including PSA, LST, and AOD, from the MODIS re-
mote sensing products, as well as the precipitation data from
Global Precipitation Climatology Project (GPCP) which is
used to quantify the effect of snow aging. In Section 3, the
GEOS-Chem simulation of BC and dust deposition during
2006–2008 is employed to validate the usage of MODIS-
retrieved AOD as an index of light-absorbing aerosol deposi-
tion. The monthly averaged time series of PSA, LST, AOD,
and snow aging effect over the southern Tibetan Plateau in
March and April during 2001–2012 are presented in
Section 4, where we have further discussed the application
ofmultiple regression analysis to available datasets to evaluate
the impact of light-absorbing aerosol deposition on the reduc-
tion in snow albedo. Concluding remarks are given in
Section 5.

2 Data

Figure 1 is the elevation map of the Tibetan Plateau using
GTOPO30 topography data at a 1-km resolution from the
Earth Resources Observation and Science (EROS) data center
of the US Geological Survey (USGS) National Center
(https://lta.cr.usgs.gov/GTOPO30). The selection of the
study area follows the definition of Hindu Kush–
Karakorum–Himalaya mountain chain given by the Global
Land Cover Network (GLCN) under the Food and
Agriculture Organization (FAO) of the United Nations.
Figure 1 also shows the 12-year mean of snow cover in
March from 2001 to 2012 at a resolution of 500 m from
MODIS dataset, when snow cover reaches its maximum of
the year. It can be found that regions with snow cover larger
than 90 % are generally located along the Hindu Kush–
Karakorum–Himalaya mountain chain and the Pamir, while
only limited and scattered snow-covered areas are observed
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over the inland of the Tibetan Plateau. Therefore, the impact of
snow albedo reduction should be the largest along the moun-
tain chain, as demonstrated by Ménégoz et al. (2014) and
Kaspari et al. (2014).

From MODIS/Terra products, the daily fractional snow
cover and broadband (visible and near-IR) snow albedo
datasets are available at a 500-m resolution (Riggs et al.
2006), while the daily LST is available at a 1-km resolution
(Wan 2012). The snow cover over the Tibetan Plateau has
been validated with an accuracy of more than 90 %, as shown
in the work of Pu et al. (2007). The algorithm of broadband
snow albedo for the entire solar spectrum utilizes a look-up
table approach in which the bidirectional reflectance distribu-
tion function (BRDF) of the snow fields was modeled by the
discrete ordinates radiative transfer program (DISORT)
(Stamnes et al. 1988). The local slope and aspect are also
taken into account in this algorithm for snow albedo retrievals
over mountains. The MODIS daily snow albedo over
Greenland has been evaluated in Stroeve et al. (2006). They
found that the correlation between MODIS retrievals and in
situ observations can reach 0.79. Following Lee and Liou
(2012), our objective is to document variation in snow albedo
for pixels with fractional snow cover equal to unity (denoted
as PSA) in March and April from 2001 to 2012 in order to
avoid the contamination of snow albedo by other types of land

surfaces. It is noted that the atmospheric correction scheme for
snow albedo retrieval assumes an AOD value of 0.05. Over
the aerosol-laden Himalayas, it could result in underestima-
tion of snow albedo. In addition, if the snow depth is very thin,
the underlying ground can be exposed so that snow albedo
could be underestimated. Using the snow depth analysis data
from the Canadian Meteorological Centre (Brown and
Brasnett 2010), we found that the snow depth for pixels with
100 % snow cover is generally more than 100 cm, indicating
that this bias should be minimal.

The Level-3 AOD (0.55 μm wavelength) algorithm for
MODIS/Terra was developed by Levy et al. (2007) for dark
surfaces and by Hsu et al. (2004) for bright surfaces such as
deserts and urban areas. The daily AOD data at a 1° × 1°
resolution contain many missing data because of clouds. To
obtain a reliable monthly mean, only the pixels with more than
ten valid values of daily AOD in the whole month are used in
calculation. It should be noted that AOD cannot be measured
if the field of view (FOV) is snow covered. Therefore, the
Level-3 AOD is the mean of AOD for snow-free FOVs within
a 1° × 1° box. In this study, we assume that spatial variation in
the concentration of floating aerosols in a 1-degree box is
small enough so that the mean of AOD for snow-free FOVs
is not very different from the real AOD mean over the grid
box. The Level-3 MODIS AOD has been validated by Ruiz-
Arias et al. (2013) who showed that in Central Asia, including
the Tibetan Plateau, the correlation coefficient between the
MODIS AOD and in situ AERONET measurement is 0.63,
while the mean bias is 0.04, about 22 % of the climatology
AOD average value of 0.19. Figure 2 depicts the spatial dis-
tributions of PSA, LST, and AOD corresponding to 100 %
snow-covered pixels for March and April 2006.

To evaluate the effect of snow aging on snow albedo re-
duction, we employed GPCP 1-Degree Daily (1DD) precipi-
tation dataset (Huffman et al. 2001). When precipitation is
larger than 0.1 mm/day and LST is lower than 0 °C, it is
considered as a snowfall event. We also used the variable
DAS (days after each snowfall event) introduced by Lee and
Liou (2012) to represent the age of snow on the surface. DAS
is defined as zero for the day with snowfall and increases by
one for each following day without snowfall.

3 Relation betweenAOD and deposition of absorbing
aerosols

Previous studies have found that the mixing of both BC and
dust particles with snow grains can substantially reduce
snow albedo, although of the two, BC is more effective
due to its inherent optical properties (Liou et al. 2011).
Based on the ice core record of BC deposition during the
last 50 years in the Himalayas and using backward air
trajectory analysis, Ming et al. (2008) illustrated that the

Fig. 1 Elevation map in the Tibetan Plateau region at a spatial resolution
of 1 km (top panel) and 12-year mean of snow cover inMarch from 2001
to 2012 at a resolution of 500 m from MODIS remote sensing data
(bottom panel). The red curve depicts the study area covering the
Hindu Kush-Karakorum-Himalaya mountain chain defined by the
Global Land Cover Network of United Nations
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BC emissions in South and Central Asia have significant
effects on the BC deposit in the Himalayas. Moreover,
these au thors have es t ima ted a tmospher i c BC
concentrations based on the correlation equation developed
by Davidson et al. (1993) in the form

Ca ¼ ρa � Cs

.
ω; ð1Þ

where Ca is the aerosol concentration (ng m−3) in the atmo-
sphere, ρa is the air density (g m−3), Cs is the aerosol concen-
tration (ng g−1) in snow, and ω is the scavenging ratio for a
specific aerosol by snow falls. In view of this analysis, it
appears evident that the deposition of light-absorbing aerosols
onto the snow fields can be directly related to aerosol loading
in the atmosphere.

To further examine the relationship between AOD and BC
and dust deposition, including wet and dry deposition, we
employed GEOS-Chem model (version 9-01-03) at a spatial
resolution of 2° × 2.5° with the meteorological fields given by
the Goddard Earth Observing System (GEOS-5) of the NASA
Global Modeling and Assimilation Office (GMAO). The
global anthropogenic BC emission data was taken from
Bond et al. (2007). However, the emission data in China and
India were taken from Lu et al. (2011), since these two areas,
which show a significant increase in BC emissions in recent
years, are major source regions for BC transported to the
Tibetan Plateau. For the rest of Asia, we used the data provid-
ed by Zhang et al. (2009). Global biomass burning emissions
were based on the updated Global Fire Emissions Database
version 3 (GFED3; van derWerf et al. (2010), Randerson et al.

Fig. 2 Maps of the snow albedo, aerosol optical depth, and land surface temperature for pixels with 100 % snow cover for March and April 2006 from
MODIS remote sensing data
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(2012)). Additionally, we have used the global dust emission
data provided in Zhang et al. (2013). For the dry deposition of
aerosols in GEOS-Chem, a constant deposition velocity of
0.03 cm/s was prescribed over ice and snow (Wang et al.
2011), while the standard resistance-in-series scheme was
used for other land types (Wesely 1989). The wet deposition
scheme for aerosols was developed by Liu et al. (2001) and
further updated by Wang et al. (2011). In this empirical
scheme, the below-cloud scavenging including aerosol re-
moval by snow and rain is formulated as F = 1 − exp(−kΔt),
where F is the fraction of aerosols scavenged, Δt is the time
step, and k is a first-order scavenging rate varying as a power
of precipitation rate with different exponents for aerosols with
accumulation/coarse modes removed by rain/snow. For in-
cloud scavenging, all hydrophilic aerosols are removed in
liquid and mix-phase clouds, while only dust and hydrophobic
BC are removed in ice clouds. AOD in GEOS-Chem is cal-
culated using the simulated aerosol concentration with pre-
scribed aerosol optical properties derived from the Mie theory
under various conditions such as aerosol sizes and relative
humidity.

We have carried out a 3-year GEOS-Chem simulation from
2006 to 2008 (Zhang et al. 2013; He et al. 2014a) to calculate
the monthly means of BC and dust deposition and AOD for
March and April over the Himalayas. The mean AOD in this
period is 0.119, and the contributions from BC, dust, sulfate,
organic carbon, and sea salt are 0.005, 0.023, 0.065, 0.025,
and 0.0006, respectively. As shown in Fig. 3, pixels with large
BC and dust deposition are generally located in the southeast-
ern part of the Himalayas, with a maximum occurring in April.
The ratios of dry to wet deposition over the Himalayas are
0.12 for dust and 0.08 for BC, which are comparable to the
values given in Jacobson (2004). The higher BC deposition in
April than in March is caused by the following events. First,
BC emissions from the biomass burning in India are higher in
April, which are transported to the Himalayas by the valley
wind (Bonasoni et al. 2010; Marinoni et al. 2013). The valley
wind is stronger in April due to higher solar insolation, bring-
ing more pollutants to high-altitude areas. Second, the stron-
ger precipitation in April in this region implies higher wet
deposition. In contrast, the BC deposition is almost zero over
the inland of the Tibetan Plateau, probably because only a
very small amount of BC originating in the Indian subconti-
nent and central China could be transported over high moun-
tains (Lu et al. 2012). It is also found that dust is primarily
transported from the Sahara desert (Zhang et al. 2013).

To establish the relation between AOD and the aerosol
deposition in GEOS-Chem, we compute their correlation
using AOD and the deposition in each pixel as the sample.
We would like to point out that using both modeled AOD and
modeled deposition for the analysis is more consistent, be-
cause the observed AOD in the real atmosphere could be
affected by many complex processes such as subscale

aerosol-cloud interaction, which cannot be completely cap-
tured by the model. Thus, using MODIS AOD and modeled
deposition may introduce a large uncertainty (or noise) in the
analysis due to inconsistency in the two datasets (i.e., model
and observation). Moreover, the model can capture all major
processes in aerosol life cycles occurring in the real atmo-
sphere, such as emission, transport, and deposition.
Therefore, we analyzed the correlation between GEOS-
Chem simulated AOD and BC/dust deposition and postulated
that the relation is approximately correct as in the real atmo-
sphere. It is found that the spatial distribution of AOD is sim-
ilar to that of BC and dust deposition with correlation coeffi-
cients of 0.51 and 0.50, respectively, which are both signifi-
cant at the 99 % level. It indicates that AOD can serve as a
reasonable index for deposition of light-absorbing aerosols in
the southern Tibetan Plateau. However, we note that the cor-
relation analysis of AOD and BC/dust deposition could in-
volve uncertainties, because a part of BC particles over a snow
region could be transported by clouds from upwind regions,
which form precipitation. Additionally, atmospheric aerosols
contributing to AOD in this region may not deposit locally.
Also, a part of AOD is contributed by non-absorbing sulfate
particles, which do not affect snow reflectivity. It appears that
these are possible reasons why correlation coefficients are not
very strong. In order to reduce this type of uncertainty in
satellite-based regression analysis, we have used spatial aver-
ages of the observed snow albedo, LST, and AOD over the
entire Himalayas as input variables.

4 Analysis and discussion

The variables used for analysis, including PSA, LST, AOD,
and DAS, are averaged to obtain monthly means for each
selected pixel, followed by spatial averages to determine the
mean value for all pixels within the study area. In this manner,
24 data points for each variable were obtained in March and
April during 2001–2012. It should be noted that aerosols de-
posited in a specific grid over the Himalayas may come from
upwind grids, while aerosols floating in a specific grid in the
Himalayas, as represented by AOD, may also deposit in
downwind grids. On the other hand, however, precipitation
over the Tibetan Plateau and the northern Indian subcontinent
duringMarch andApril primarily occurs along the Himalayas.
It appears reasonable to argue that the majority of BC and dust
depositions must be within this region. Therefore, we have
used spatial means of input variables over the entire
Himalayan region rather than individual grids for regression
analysis for the specific purpose of reducing the
abovementioned uncertainty. As illustrated in Fig. 4, PSA in
the Himalayan region generally decreases from March to
April because of higher LST and fewer snowfall events in
April. PSA in March is at its lowest value in 2004, which
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corresponds to maximum values of LST and DAS during the
same period. In contrast, AOD has a strong interannual vari-
ation in springtime, as shown in Fig. 4c. Before 2007, AOD in
March is generally smaller or almost equal to that in April,
consistent with in situ observations in northern India during
2001–2006 (Lau et al. 2009). After 2008, we see substantial
fluctuations of AOD, which could be larger in March than in
April in certain years.

The correlations between PSA and the other three variables
were also calculated using monthly mean data. As shown in
Fig. 5, PSA has the largest correlation coefficient of −0.70
with LST, followed by −0.56 for DAS, and −0.40 for AOD,
implying that LST and DAS have a greater impact on PSA

than AOD. The slopes of the regression lines in Fig. 5 are
−0.0081 K−1, −0.29, and −0.046 day−1 for LST, AOD, and
DAS, respectively. It is found that the correlation coefficient
between LST and DAS is 0.9, while the correlations of AOD-
LSTand AOD-DAS pairs are both less than 0.2, revealing that
it is appropriate to perform multiple linear regression using
LST and AOD. However, it should be noted that these vari-
ables are not orthogonal. For example, more aerosols could
increase cloud lifetime and consequently reduce downward
solar radiation and LST. This aerosol indirect effect also leads
to a larger DAS due to less precipitation. Moreover, the semi-
indirect effects of light-absorbing aerosols could burn off
clouds (Ten Hoeve et al. 2012), which increases downward

Fig. 3 Three-year means of the total black carbon deposition, total dust deposition, and aerosol optical depth simulated by GEOS-Chem for March and
April of year 2006–2008
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solar radiation and thus LST. Given the reasons above, we
have utilized multiple linear regression to further evaluate
the impacts of LST, DAS, and AOD on PSA. In addition, to
represent the potential impact of seasonal changes in other
meteorological parameters on snow albedo between March
and April (e.g., humidity, wind speed, and wind direction),
an indicator function I, which is equal to zero in March and
one in April, is used in regression analysis. As a result, PSA
can be predicted by

a ¼ 0:499−0:015� LST þ 0:0001� DAS−0:19� AOD

þ 0:04I ; ð2Þ

where a is the predicted PSA and the units of LST and DAS
are defined by °C and days, respectively. The multiple

correlation coefficient (R2) of this regression equation is 0.64
with a root mean square error (RMSE) of 0.022. The
regression coefficient of DAS is positive, leading to an
unrealistic inference that fewer snowy days could cause
brighter snow. However, more detailed analysis reveals that
the regression coefficient for DAS is not significantly
different from zero. Since DAS is well correlated with
LST as shown previously, the contribution of snow aging
to snow albedo appears to be indirect when land surface
temperature is taken into account, consistent with the
results presented by Lee and Liou (2012). Moreover, it is
also found that the correlation coefficient between LST and I
is more than 0.92, implying that most seasonal changes
related to snow albedo variation can be explained by LST.
As a result, this indicator function is not necessary in the
regression equation.

Fig. 4 Monthly averages of a snow albedo with 100% snow cover (PSA), b land surface temperature (LST), c aerosol optical depth (AOD), and d days
after snowfall (DAS) over the study area in March and April during 2001–2012

Fig. 5 Regression of snow albedo against land surface temperature, aerosol optical depth, and days after snowfall, with the correlation coefficients (r)
also shown
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For this reason, we have excluded DAS and I in the devel-
opment of regression analysis such that PSA can be predicted
by LST and AOD given by

a ¼ 0:574−0:0075� LST −0:21� AOD: ð3Þ

In this equation, R2 is 0.57 with an RMSE of 0.021, and the
relative differences between the real and predicted PSAs are
within 10 %, as shown in Fig. 6. The standard deviations of
the regression coefficients for LST and AOD are 0.0017 and
0.1049, respectively, with p values of 0.002 and 0.059. The
95 % confidence intervals are −0.011 < LST < −0.004 and
−0.43 < AOD < 0.009. Equation 3 illustrates that if LST in-
creases by 1 K, PSAwill be reduced by 0.0075. Given that the
climatological mean downward solar flux is about 200Wm−2

over the Tibetan Plateau, this PSA reduction corresponds to a
shortwave radiative forcing of 1.5 W m−2 in this area.
Similarly, a 0.1 increase in AOD leads to a 0.021 decrease in
PSA, equivalent to a local shortwave radiative forcing of
4.2 W m−2. For example, AOD drops by about 0.13 from
March to April in 2012, and it could cause an increase in
PSA by 0.027 and a radiative forcing of −5.5 W m−2. The
preceding discussion does not imply that AOD has a stronger
impact on PSA than LST. To evaluate the relative importance
of LST and AOD, both variables are first subtracted by their
mean (−5.11 °C for LSTand 0.226 for AOD) and then divided
by their standard deviations (2.86 °C for LST and 0.0459 for
AOD). The regression equation can now be expressed by:

a ¼ 0:565−0:021T −0:0096τ ; ð4Þ

where T and τ are standardized LST and AOD, respectively.
The 95 % confidence intervals are −0.031 < T < −0.011 and
−0.020 < τ < 0.0004. Equation 4 predicts that a one standard

deviation increase in LSTandAODwould result in a 0.021 and
0.0096 reduction in PSA, respectively, implying that the impact
of LSTon PSA is about a factor of two larger than that of AOD.

We have also conducted another regression analysis using
gridded data of PSA, LST, and AOD after all data are re-
gridded to 1 × 1-degree resolution. The R2 of this regression
equation is much smaller than that of Eq. 3. In addition, the
regression coefficient of AOD does not significantly differ
from zero, leaving LST the only variable determining PSA.
This result echoes our previous argument that the floating
aerosols in a specific grid box, as represented by AOD, may
not deposit in the same grid.

The observed correlation found in this study does not nec-
essarily prove the causal relationship between AOD and snow
albedo reduction. Nevertheless, the correlation, albeit statisti-
cal, does imply a degree of the impact of light-absorbing aero-
sol deposition on snow albedo reduction. To physically under-
stand causality or mechanism would require sensitivity anal-
ysis using a credible coupled atmosphere-land surface model
that includes chemical transport, cloud microphysics, and ra-
diative transfer, a challenging task requiring future work.

5 Concluding remarks

We have investigated the effect of AOD, which is correlated
with the deposition of light-absorbing aerosols on snow, on
snow albedo reduction over the southern Tibetan Plateau in
March and April from 2001 to 2012. Remote sensing data
used in the analysis, which includes snow cover, snow albedo,
LST, and AOD, were obtained from the MODIS/Terra satel-
lite. The daily GPCP precipitation data, together with LST, are
used to identify snowfall events. The impact of snow aging is
represented by DAS. We have selected only the pixels with
100 % snow cover to remove the effect of other types of land
surface on snow albedo evaluation.

We have used the GEOS-Chem simulation for 2006–2008
to investigate the relationship between AOD and deposition of
BC and dust, which can effectively reduce the reflectivity of
snow grains. We showed that the correlation coefficients be-
tween the monthly averaged AOD and BC deposition and
between AOD and dust deposition are 0.51 and 0.50, respec-
tively, over the southern Tibetan Plateau for March and April,
which are significant at the 0.01 level. Therefore, the satellite-
retrieved AOD can be used as an appropriate index to evaluate
the impact of aerosol deposition on snow albedo reduction in
this region.

Employing multiple linear regression, snow albedo for
pixels with 100 % snow cover (PSA) can be expressed as a
function of LST, AOD, and DAS. The present results show
that the impact of DAS on PSA is insignificant. Since DAS is
highly correlated with LST, the snow aging effect is rather
indirect and closely related to surface temperature. The

Fig. 6 Comparison of the snow albedo retrieved from satellite remote
sensing and that predicted by the regression equation using land surface
temperature and aerosol optical depth as input variables. Dash lines
display a 10 % relative difference
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regression model using LST and AOD as input variables can
explain 57 % of the variation in PSA. If both LST and AOD
vary by one standard deviation, the magnitude of the impact of
LST is about two times larger than that of AOD. As shown by
this empirical regression model, when LST increases by 1 K,
the snow albedo in the southern Tibetan Plateau will decrease
by 0.75 %, equivalent to a shortwave radiative forcing of
1.5 W m−2 over this region. Correspondingly, a 0.1 increase
in AOD will lead to a 2.1 % decrease in snow albedo, equiv-
alent to a 4.2 W m−2 solar radiative forcing. While this statis-
tical study may not prove the cause-and-effect relationship
between AOD and snow albedo, it appears that the present
data analysis could provide a quantitative basis for model
development and simulations involving more detailed physi-
cal processes of aerosols and snow. For example, the regres-
sion coefficient of LST in Eq. 3 is smaller than the slope
shown in Fig. 5. It should be noted that the impact of AOD
on PSA is included in the simple PSA-LST regression using
observation data. Therefore, the sensitivity of PSA to LST is
in fact smaller, and it should be considered in model develop-
ment and tuning.
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