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This paper investigates snow albedo changes in the Sierra Nevada Mountain area associated with
potential deposition of absorbing aerosols in spring by using the snow albedo, aerosol optical depth, land
surface temperature, and other relevant parameters available from the Moderate-Resolution Imaging
Spectroradiometer (MODIS) onboard the NASA Terra satellite during 2000e2009. Satellite pixels with
100% snow cover have been selected to derive the monthly mean snow albedo value, along with
aerosol optical depth, surface temperature, and days after snowfall in March and April to perform
multiple regression analysis. We show that aerosol optical depth, which generally includes dust and
black carbon over the Sierra Nevada as a result of the transpaciﬁc transport from East Asia and local
sources, represents a signiﬁcant parameter affecting snow albedo variation, second only to the land
surface temperature change. The regression analysis illustrates that a one standard deviation increase
in land surface temperature (2.2 K) and aerosol optical depth (0.044) can lead to decreases in snow
albedo by 0.038 and 0.026, respectively. This study also shows that approximately 26% of snow albedo
reduction from March to April over the Sierra Nevada is caused by an increase in aerosol optical
depth, which has a profound impact on available water resources in California. However, the results
show that there are no signiﬁcant trends for snow albedo, surface temperature, and aerosol optical
depth of snow-covered areas over the Sierra Nevada Mountain area in this 10-year period.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
The cryosphere plays an important role in the energy budget of
the coupled atmosphereeland system. A slight decrease in snow
albedo can signiﬁcantly increase the amount of solar radiation
absorbed by the surface, further reducing snow albedo. This snow
albedo feedback has been considered the most signiﬁcant positive
ampliﬁcation of the increase in global surface temperature (IPCC,
2007).
The reﬂection of sunlight from snow is inﬂuenced by snow
impurities, time of snow aging, and surface temperature (e.g.
Warren and Wiscombe, 1980; Marshall and Oglesby, 1994; Aoki
et al., 2003). Snow impurities are produced by two processes: the
wet deposition of aerosols in snow via precipitation and scavenging, and the dry deposition of aerosols directly onto snow ﬁelds.
The wet deposition, resulting from external or internal mixing of
absorbing aerosols (e.g., black carbon and dust) with snowﬂakes,
drastically alters their optical properties and leads to snow albedo
reduction (Liou et al., 2011). The dry deposition of absorbing
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aerosols would likewise decrease snow albedo. Both processes trap
more solar ﬂux in the land surface, and lead to snow ablation
(Warren and Wiscombe, 1980; Chylek et al., 1983). Furthermore,
recent studies have suggested that anthropogenic black carbon (BC)
might have caused signiﬁcant reductions in the extent and albedo
of snow and sea ice, and that this result could be more effective
than greenhouse gases in increasing surface temperature for
a given forcing (e.g., Hansen and Nazarenko, 2004; Flanner et al.,
2007; McConnell et al., 2007; Ming et al., 2009; Hadley et al., 2010).
The snowpack in high-elevation Sierra Nevada regions is a major
source of California’s water supply. The snowpack stores fresh
water during the cold and wet season, and gradually releases water
during the warm and dry season (Kattelmann, 1996). Model
simulations have shown that the increase in aerosols could lead to
a reduction in albedo of snowpack in this area (Hadley et al., 2010).
The impact of albedo changes on the spring snowmelt in the Sierra
Nevada region is an important concern because the amount and
timing of snowmelt in this region are critical factors in determining
water resources (e.g., Leung and Ghan, 1999; Kim et al., 2002;
Jacobson, 2007).
The prime objective of this study is to investigate the effect of
aerosols on snow albedo reduction over the Sierra Nevada during
the spring season based on satellite remote sensing data from the
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year 2000e2009. Section 2 describes the remote sensing data from
MODIS aboard Terra satellite, including snow cover, snow albedo,
aerosol optical depth and land surface temperature, and presents
the gridded precipitation analysis data from in situ measurements.
In Section 3, we show the evolution of snow albedo associated with
aerosol optical depth, surface temperature, and time of snow aging.
The multiple linear regression analysis is applied to the available
datasets in order to estimate the effect of aerosol deposition on
albedo reduction. Conclusions are given in Section 4.
2. Observational data
To demonstrate the snow albedo reduction over the Sierra
Nevada, we selected an area with elevation greater than 1600 m
located within a rectangular box from 35 to 40 N latitude and from
117 to 121 W longitude, as shown in Fig. 1. Some scattered
mountains that are not part of the Sierra Nevada range are excluded.
Surface topography with a 1 km resolution was taken from the
HYDRO1k geographic database available from the U.S. Geological
Survey (USGS) National Center for Earth Resources Observation and
Science (EROS) data center (data available at http://edc.usgs.gov/
products/elevation/gtopo30/hydro/index.html).
The daily fractional snow cover (Hall et al., 2002, 2012; Riggs
et al., 2006) and snow albedo (Klein and Stroeve, 2002) at
a 500 m resolution and the daily land surface temperature (Wan,
2012) at a 1 km resolution were obtained from the MODIS aboard
the Terra satellite. The daily snow cover algorithm has been validated by Klein and Barnett (2003) with in situ measurement in the
Upper Rio Grande River Basin, showing a high agreement of 86%.
The effect of the surface slope is considered in the latest version of
the algorithm, and the snow cover in mountainous areas, such as
the Tibetan Plateau, has also been evaluated with an overall

Fig. 1. Elevation map in the Sierra Nevada region. The blue box indicates the region
where the monthly averages of aerosol optical depth were taken for the Sierra Nevada.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

accuracy of 90% (Pu et al., 2007). The daily snow albedo algorithm
for MODIS employed a look-up table approach for the bidirectional
reﬂectance distribution function (BRDF) of snow modeled by the
Discrete Ordinates Radiative Transfer program (DISORT, Stamnes
et al., 1988). Since reﬂection of snow is anisotropic over nonforested surfaces, BRDFs for all potential combination of the solar
and sensor zenith angles and the relative azimuth between the sun
and the sensor are calculated by DISORT, while the local slope and
aspect of the surface are also taken into account. For forest areas,
which are identiﬁed by MODIS land cover type datasets, isotropic
reﬂection is assumed. Snow albedo is only determined for cloudfree and snow-covered pixels identiﬁed by the MODIS cloud
mask and snow cover algorithm, respectively.
Our objective is to document the evolution of snow albedo in
March and April. For this reason, we introduce a variable, pure
snow albedo (PSA), deﬁned as the snow albedo for pixels with 100%
snow cover during the entire study period, to circumvent the
contamination of snow albedo by bare land. The monthly means of
PSA and land surface temperature for each snow-covered pixel
were ﬁrst calculated, followed by taking spatial means for these
pixels. For presentation purposes, we display PSA maps for March
and April for four years between 2000 and 2009, as shown in Fig. 2.
As expected, mean PSA is generally higher in March, primarily due
to lower temperatures, smaller aerosol optical depths, and more
frequent snowfalls.
The daily aerosol optical depth (AOD) at a wavelength of 0.55 mm
at a 1 resolution was also taken from MODIS/Terra dataset. The
algorithm for AOD retrieval over land has been developed by Levy
et al. (2007) utilizing MODIS reﬂectance data in the 0.47, 0.66, and
2.12 mm bands. The region covering the Sierra Nevada for monthly
averages of AOD is also shown in Fig. 1. Missing data frequently
occurs for daily AOD due to the presence of clouds. For this reason,
to obtain the monthly mean of AOD, only the pixels with 10 or more
valid values of daily AOD in the whole month were used to calculate
monthly averages. If a threshold with fewer than 10 days was used,
the monthly mean value would become statistically unreliable
because some episodic events could signiﬁcantly affect the analysis.
For example, the regression coefﬁcients differ substantially with
thresholds of 9 and 8 days. When using a threshold with greater
than 10 days, we ﬁnd that the regression coefﬁcients generally
remain unchanged.
The composition of the deposited aerosols on snow ﬁelds
remains a complicated issue. Both black carbon and mineral dust
substantially darken snow, although of the two, black carbon is
more effective (Liou et al., 2011). Ground measurements show that
transpaciﬁc Asian dust aerosols are the primary component in the
total aerosol mass over the high-elevation regions in the Western
United States (VanCuren, 2003; VanCuren et al., 2005). Since most
soot and ﬁne aerosols are at altitudes lower than 6 km in this area
(Hadley et al., 2007), aerosol scavenging by precipitation should be
efﬁcient over the elevated mountains (Fischer et al., 2009). Therefore, we have used the satellite-retrieved AOD as a convenient
index to estimate the impact of aerosols on snow albedo in this
study.
Gridded precipitation data at a 0.25 resolution was obtained
from the U.S. daily precipitation analysis developed by the NOAA
Climate Prediction Center using the Modiﬁed Cressman Scheme
(Glahn, 1985). This dataset did not distinguish rain and snow
events. In order to identify snowfall, we have employed atmospheric temperature proﬁles taken from the MODIS/Terra Level 2
data at a 5 km resolution (Seemann et al., 2003). Approximately 20
vertical proﬁles within a 0.25  0.25 grid of the precipitation data
were available for analysis. Since the uncertainties of MODIS
temperature proﬁle retrievals are about 3 K (Seemann et al., 2006),
we assume that if the temperatures of these proﬁles at all levels are
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Fig. 2. Surface albedo maps for pixels with 100% snow cover for March (left panels) and April (right panels) for the years 2000, 2004, 2005, and 2008 over the Sierra Nevada region.

less than 270 K when precipitation occurs, this event is considered
as snowfall. Because this dataset only contains daily precipitation,
the effect of snow aging is quantiﬁed in terms of days after each
snowfall event (DAS). DAS is deﬁned as zero on the day with
snowfall and is equal to 1 for the following day. Therefore, the
monthly mean of DAS can be interpreted as the average age of snow
grains on the ground.
3. Analysis and discussion
Fig. 3 shows the monthly average of land surface temperature
(LST), DAS, AOD, and PSA in the Sierra Nevada region for March and
April from 2000 to 2009. The 10-year mean value of PSA is 0.56
with a standard deviation (sa) of 0.052. PSA generally decreases
from March to April, except in 2003, where PSA is higher in April
due to lower surface temperature and more frequent snowfall
events. Also, we note that LST, DAS, and AOD are generally larger in
April than in March. To investigate the relationship between PSA
and LST, AOD, and DAS, we calculate the correlation coefﬁcients
using their monthly means for March and April during 2000e2009,
that is, there are 20 data points in this analysis, as shown in Fig. 4.
The correlation coefﬁcients (r) between PSA and LST, AOD, and DAS
are 0.61, 0.42, and 0.07, respectively, implying that LST would
have the strongest impact on PSA, followed by AOD and DAS.
However, the correlation between DAS and PSA is insigniﬁcant at
a 90% conﬁdence level.
It is evident that LST, which represents the skin temperature of
the snow, and PSA are anti-correlated. A higher temperature would
increase the average size of snow grains due to faster coalescence of
adjacent grains and faster sublimation for smaller grains than larger
ones (Flanner and Zender, 2006). It decreases the total effective

surface area of snow grains and subsequently results in snow
reﬂectance reduction. Furthermore, the melting of fresh snow at the
top of a snowpack will expose the aged snow underneath, leading to
a decrease in PSA. Since a smaller mean DAS implies a more frequent
snowfall event, a larger DAS will result in a lower PSA due to more
aged snow on the surface. The increase in DAS over the study period
represents fewer snowy days in April than in March except in 2003.
Fig. 3 also shows that AOD generally increases from March to
April, and this increase is due largely to the fact that more absorbing
aerosols have been transported from East Asia by westerlies in April
than in March (Liu et al., 2003; Park et al., 2005; Hadley et al., 2007).
While only 25% of BC originates from Asia (Verma et al., 2009),
Hadley et al. (2010) have shown that the average contribution of
Asian dust to the total dust amount in the Sierra Nevada is about
87% in springtime. For example, the AOD reaches maximum in April
2001, corresponding to a massive dust storm originating in the Gobi
Desert (Huebert et al., 2003). However, this event did not produce
a remarkable albedo reduction, probably because it was simultaneously compensated for by a lower LST and smaller DAS. Other
possible explanations for AOD increases during late spring include
the increase of moisture during this season, which could produce
larger mean aerosol sizes and lead to a larger AOD. Additionally,
from March to April in California, the intensiﬁcation of atmospheric
stability traps aerosols in the lower atmosphere, producing a larger
AOD. We also found that an increase in AOD is usually accompanied
by an increase in DAS with a correlation coefﬁcient of 0.23. It is
related to a larger DAS (fewer snowy days) such that fewer aerosols
would be washed out from the atmosphere.
Global warming has been recognized as a serious issue on the
planetary scale; however, its impact on the regional scale requires
more in-depth analysis of observation data. Therefore, we have

428

W.-L. Lee, K.N. Liou / Atmospheric Environment 55 (2012) 425e430

Fig. 3. The monthly averages of snow albedo, land surface temperature, and days after each snowfall event for pixels with 100% snow cover, and aerosol optical depth over the Sierra
Nevada in March and April from 2000 to 2009. Error bars indicate one standard deviation.

investigated not only the inter-annual variation in PSA and associated variables, but also their long-term trends. In this study, we
found that there is no signiﬁcant trend for the annual means of PSA
and LST for the pixels with 100% snow cover from 2000 to 2009.
Furthermore, although it is reported that the number of dust storm
occurrences has been decreasing in East Asia due to warming (Zhu
et al., 2008) and increased precipitation (Gu et al., 2010) in the
Mongolia region, the trend of AOD over the Sierra Nevada is
statistically insigniﬁcant. It is most likely that a 10-year period may
be insufﬁcient to demonstrate a signiﬁcant trend.
Based on the preceding analysis, LST, AOD, and DAS are not
linearly independent. Thus, we employ a multiple linear regression
technique to evaluate the relative importance of each parameter on

PSA. These parameters were ﬁrst subtracted by their means
(269.6 K, 0.21, and 20.8 days for LST, AOD, and DAS, respectively)
and subsequently normalized by their respective standard deviations (2.2 K, 0.041, and 8.3 days for LST, AOD, and DAS, denoted by
sT, ss, and st, respectively). Multiple linear regression analysis was
carried out utilizing these normalized parameters for March and
April during the period of 2000e2009; thus, 20 data points for PSA
and each parameter were used. As a result, the spatial average of
PSA, a, for the pixels with 100% snow cover can be expressed by

a ¼ 0:56  0:042T  0:025s þ 0:009t;

(1)

where T, s, and t represent normalized LST, AOD, and DAS, respectively. The multiple correlation coefﬁcient (R2) has a value of 0.64
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Fig. 4. Regressions of snow albedo against land surface temperature, aerosol optical depth, and days after snowfall, with the correlation coefﬁcients (r) also shown.

i

with a root mean square error (RMSE) of 0.031, indicating that Eq.
(1) can explain 64% of PSA variation.
Eq. (1) shows that a larger DAS will lead to a higher PSA, which
contradicts the fact that more aged snow should be darker. Further
statistical analysis indicates that the regression coefﬁcient of DAS
does not signiﬁcantly differ from zero at a 90% conﬁdence level,
while those for LST and AOD are both signiﬁcant at a 95% conﬁdence level. The rate of snow aging is proportional to surface
temperature as well as contamination of absorbing aerosols.
Consequently, the role of DAS on the evolution of PSA is rather
indirect when both LST and AOD are accounted for in regression. As
shown by Flanner and Zender (2006), the reduction rate of snow
albedo might not be a linear function of time. To test the non-linear
relation between snow aging, time, and snow temperature, we
used the square and square root of DAS, as well as the product of
DAS and LST, in regression analysis. The results reveal that all of
their regression coefﬁcients in the multiple regression equation are
insigniﬁcant at a 90% conﬁdence level. Also note that DAS cannot be

directly derived from current satellite remote sensing techniques,
since precipitation retrieval over land has not been very reliable. On
the basis of the preceding reasons, we have removed the effect of
DAS from regression.
When only LST and AOD were taken into account as independent variables in regression analysis, PSA can be expressed by

a ¼ 0:56  0:038T  0:026s:

(2)
2

The multiple correlation coefﬁcient, R , has a value of 0.61 with
a RMSE of 0.032, illustrating that Eq. (2) can explain 61% of PSA
variation. Comparison between observation data and regression
results are shown in Fig. 5. The performance of this regression
model is reasonably good with relative differences generally within
10%. Eq. (2) shows that if the mean LST reduces by 2.2 K (one sT), the
average PSA over the Sierra Nevada will increase by 0.038, indicating a gain of 0.76sa. Correspondingly, if AOD increases by 0.044
(one ss), PSA will decrease by 0.026, a 0.52sa reduction. If both
parameters vary by one standard deviation, the impact of LST on
PSA would be larger than AOD, as shown by their respective
correlation coefﬁcients.
Using Eq. (2), we can estimate the contributions of LST and AOD
to the reduction in PSA from March to April. The LST mean values in
March and April are 268.2 K and 271.0 K, respectively, corresponding to a 1.2sT increase from March to April. Furthermore, the
AOD mean values in March and April are 0.20 and 0.23, respectively,
corresponding to a 0.6ss increase from March to April. Eq. (2)
predicts that the increases in LST and AOD during this period can
lead to reductions in PSA by 0.045 and 0.016, respectively, while the
actual mean PSA decreases by 0.055 from March to April. Therefore,
approximately 26% of the PSA reduction is contributed by the
increase in AOD in springtime.

l

4. Conclusions

=
=

l

i

Fig. 5. Comparison of the snow albedo predicted by the regression equation and
determined from satellite retrievals. Dashed lines display a 10% relative difference.

We have investigated the effect of aerosol interception and
deposition on snow albedo over the Sierra Nevada in March and
April during a 10-year period from 2000 to 2009, from the
perspective of satellite remote sensing. To remove the contamination of bare land surfaces, only the pixels with 100% snow cover are
selected. In order to clarify the impacts of physical parameters such
as snow aging, snow surface temperature, and snow impurities on
snow reﬂectance, we have used the datasets of snow albedo, snow
cover, land surface temperature, and aerosol optical depth taken
from MODIS. Gridded precipitation analysis data taken from in situ

430

W.-L. Lee, K.N. Liou / Atmospheric Environment 55 (2012) 425e430

measurements and atmospheric temperature proﬁles from MODIS
have also been used to quantify time after each snowfall event and
to distinguish snow from rain.
Snow albedo generally decreases from March to April due to
increases in surface temperature and atmospheric aerosol loading,
and a decrease in snowfall events. Applying multiple linear
regression analysis, the results illustrate that land surface temperature is the most important parameter affecting snow albedo, followed by aerosol optical depth. The days after each snowfall event is
statistically insigniﬁcant, implying that snow aging is an involved
process affected by other parameters such as temperature and snow
impurities. The 10-year data show that there are no signiﬁcant
trends for snow albedo, surface temperature, and aerosol optical
depth of 100% snow-covered areas over the Sierra Nevada Mountain
area. The linear regression model including land surface temperature and aerosol optical depth can explain 61% of the variation in
snow albedo over the Sierra Nevada. We show that one standard
deviation increases in land surface temperature (2.2 K) and aerosol
optical depth (0.044) will lead to decreases in snow albedo by 0.038
and 0.026, respectively. According to the prediction by the regression equation, approximately 26% of the albedo reduction from
March to April is contributed by an increase in aerosol optical depth.
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