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ABSTRACT

The radiative forcing and climate response due to black carbon (BC) in snow and/or ice were inves-
tigated by integrating observed effects of BC on snow/ice albedo into an atmospheric general circulation
model (BCC−AGCM2.0.1) developed by the National Climate Center (NCC) of the China Meteorological
Administration (CMA). The results show that the global annual mean surface radiative forcing due to BC
in snow/ice is +0.042 W m−2, with maximum forcing found over the Tibetan Plateau and regional mean
forcing exceeding +2.8 W m−2. The global annual mean surface temperature increased 0.071◦C due to BC
in snow/ice. Positive surface radiative forcing was clearly shown in winter and spring and increased the
surface temperature of snow/ice in the Northern Hemisphere. The surface temperatures of snow-covered
areas of Eurasia and North America in winter (spring) increased by 0.83◦C (0.6◦C) and 0.83◦C (0.46◦C),
respectively. Snowmelt rates also increased greatly, leading to earlier snowmelt and peak runoff times. With
the rise of surface temperatures in the Arctic, more water vapor could be released into the atmosphere,
allowing easier cloud formation, which could lead to higher thermal emittance in the Arctic. However,
the total cloud forcing could decrease due to increasing cloud cover, which will offset some of the positive
feedback mechanism of the clouds.
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1. Introduction

Black carbon (BC), an important component of
atmospheric aerosols, is produced by the incomplete
combustion of hydrocarbon-containing materials in-
cluding fossil fuels, biofuels, and biomass (IPCC, 2001;
2007). Bond et al. (2004) estimated the total global
emission of BC to be ∼8 Tg C yr−1, with contribu-
tions of 4.6 Tg C yr−1 from fossil fuel and biofuel com-
bustion and 3.3 Tg C yr−1 from open biomass burn-
ing. Four main areas are large sources of BC: Eastern
China, Western Europe, South America, and central

Africa. Other important sources are southern North
America and Australia (Streets et al., 2003; IPCC,
2007). Not only can BC directly alter the radiation
balance of Earth’s atmospheric system, it may also
indirectly affect regional or global climate by chang-
ing the microphysical properties of clouds in terms of
cloud condensation nuclei (CCN) or ice nuclei (IPCC,
2007; Wang et al., 2009; Zhang et al., 2009). BC in
air can be transported long distances by atmospheric
circulation and deposited onto snow and/or ice sur-
faces by rainout, washout, and dry deposition. Even
very small quantities of BC can reduce the albedo of
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snow/ice because of the high albedo of pristine snow
at visible wavelengths, the multiple scattering proper-
ties of snowpack, and the large difference of mass ab-
sorption coefficients between BC and snow/ice (War-
ren and Wiscombe, 1980; Flanner et al., 2007). Re-
duced albedo means increased absorption of solar ra-
diation by the snow/ice and thus accelerated melt-
ing (referred to as the “snow/ice albedo mechanism”)
(Hansen and Nazarenko, 2004; Jacobson, 2004; Flan-
ner et al., 2007).

A number of studies have measured BC concen-
trations in snow/ice and have analyzed the effects
of BC on surface albedo (e.g., Warren, 1982; Noone
and Clarke, 1988; Grenfell et al., 2002). Warren and
Wiscombe (1980) found that snow albedo may be re-
duced by 1% if the BC concentration reaches 15 ng
g−1. Light et al. (1998) calculated that sea-ice albedo
could be reduced by up to 30% with a BC concentra-
tion of 150 ng g−1. In the Tibetan Plateau region,
large amounts of BC attach to the snow and/or ice,
increasing the absorption of solar radiation and the
thermal radiation emission from the Earth. The re-
sults measured by Xu et al. (2006) showed that the
highest mean BC content in snow/ice was 79.2 ng
g−1 in the northeast Himalaya, and the lowest con-
tent was 4.3 ng g−1 in the western Himalaya. Ming et
al. (2008) reported that the average BC concentration
in snow/ice of the Everest region from 1951 to 2001
was ∼16 ng g−1 and the largest radiative forcing by
BC in snow/ice in the summer of 2001 exceeded +4.5
W m−2. In many snow-covered regions in the North-
ern Hemisphere, snow and ice begin to melt heavily
in March and April, but because these months pre-
cede the agricultural season, tremendous amounts of
snow/ice water resources are lost before they can be
used (Thompson et al., 2003; Barnett et al., 2005).
Snow is an important source of surface runoff and soil
moisture. Changes in the radiative properties of snow
can thus have important impacts on the radiation bal-
ance and the water balance of the Earth’s surface and
the hydrological cycle. From a global perspective, the
decrease of snow/ice albedo due to BC and the re-
sultant rise in surface temperature can accelerate the
global melting of glaciers and can contribute greatly
to global warming. The effects of BC in snow/ice on
radiative flux have also been simulated using climate
models (Hansen and Nazarenko, 2004; Hansen et al.,
2007; Flanner et al., 2007; Koch et al., 2009; Rypdal et
al., 2009). Those studies estimated that global annual
mean radiative forcing due to BC in snow/ice ranges
between +0.007 and +0.16 W m−2, and they showed
that the efficacy of climate forcing to change global
surface temperature by the snow/ice albedo mecha-
nism is higher than that of CO2. Some uncertainties

about this research remain, such as limited observa-
tional data, mixed states of BC and snow/ice particles,
different parameterizations of models, and so on. The
IPCC (2007) also indicated that the level of scientific
understanding of the forcing by BC in snow/ice is still
low, and that further studies are therefore needed.

In the present study, radiative forcing by BC in
snow/ice and the climate response to this forcing
were studied using the second-generation AGCM de-
veloped by the National Climate Center (NCC) of the
China Meteorological Administration (CMA), called
the BCC−AGCM2.0.1. Section 2 describes the model
and experimental design. Section 3 contains the cal-
culation methods of the radiative forcing of BC in
snow/ice and analyzes its effect on global climate. Fi-
nally, conclusions and discussion are presented in sec-
tion 4.

2. Model Description and Experimental De-
sign

2.1 Basic model description

The BCC−AGCM2.0.1 was developed by the Na-
tional Climate Center of the China Meteorological
Administration (NCC/CMA) based on the Commu-
nity Atmosphere Model Version 3 (CAM3) of the U.S.
National Center for Atmospheric Research (NCAR).
The model uses horizontal triangular truncation at
wavenumber 42 (T42, ∼2.8◦×2.8◦) and a vertical hy-
brid σ-pressure coordinate, which includes 26 verti-
cal layers with the top layer at a pressure of 2.9 hPa.
The model uses the same radiation scheme as that
used in CAM3; both models divide the whole short-
wave region into 19 spectral bands and use a two-
stream δ-Eddington approximation (Briegleb, 1992).
This scheme takes atmospheric absorption due to gases
such as H2O, CO2, O3, and O2 into account and
also considers multiple-scattering and absorption pro-
cesses due to aerosols such as sulfate, BC, organic
carbon, dust, and sea salt. The model was coupled
with the Community Land Model (CLM3), in which
snow is a forecast variable. The simulation of snow
takes into account the interactions between snowfall
and melting and between new snow and old snow,
as well as the integration, compression, and defor-
mation processes among snow layers (Oleson et al.,
2004). The sea-ice concentration and thickness are
prescribed in the model. The shortwave region is di-
vided into two spectral bands in the CLM3 and the
sea-ice model including visible λ<0.7 µm and near-
infrared λ>0.7 µm. Monthly mean climatological
data from 1971 to 2000 on a Gaussian grid, obtained
from National Centers for Environmental Prediction
(NCEP) reanalysis products, were used as the initial
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model field, and the geographical distribution of sea
surface temperature was prescribed based on the 21-
year climatology for 1981–2001 (available online from
http://www/ccsm.ucar.edu/models/atmcam/docs/de
scription). The climatologic field of the aerosol species
considered in this study used monthly mean aerosol
mass concentrations from the Model for Atmospheric
Chemistry to Transport (MATCH) (Rasch et al.,
1997), and their optical properties were described by
Zhang et al. (2009). The aerosol distribution reason-
ably agreed with observations (Collins et al., 2001,
2002).

Compared with CAM3, many parameterizations

were changed in BCC−AGCM2.0.1. The dynamics in
the model differ significantly from the Eulerian spec-
tral formulation of the dynamical equations in CAM3,
and a reference stratified atmospheric temperature and
a reference surface pressure were introduced into the
model governing equations to improve calculation of
the pressure gradient force and the gradients of surface
pressure and temperature (Wu et al., 2010). The ma-
jor modifications to the model physics include a new
convection scheme (Zhang and Mu, 2005), a dry adi-
abatic adjustment scheme in which potential temper-
ature is conserved (Yan, 1987), a modified scheme to
calculate sensible heat and moisture fluxes over open

Fig. 1. The comparison of zonal mean of (a) net shortwave flux at the TOA (units: W m−2),
(b) upward longwave flux at the TOA (units: W m−2), and (c) surface temperature (units: K) be-
tween the simulation and observations/reanalysis data. DJF and JJA represent winter and summer,
respectively.
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ocean that considers the effect of ocean waves on la-
tent and sensible heat fluxes (Wu et al., 2010), and an
empirical equation to compute the snow cover fraction
(Wu and Wu, 2004). The model provides overall im-
provements to climate simulation in comparison with
CAM3, especially for simulating the tropical maxi-
mum and the subtropical minimum of precipitation,
wind stress, and sensible and latent heat fluxes at the
ocean surface (Wu et al., 2010; Wang et al., 2010).
Figure 1 gives the seasonal changes of the zonal mean
of net shortwave flux and upward longwave flux at the
top of the atmosphere (TOA) and surface temperature
simulated by BCC−AGCM2.0.1. For comparison, ob-
servations from the Earth Radiation Budget Exper-
iment (ERBE; Harrison et al., 1990) and reanalysis
data from National Center for Environmental Predic-
tion (NCEP; Kistler et al., 2001) are also presented.
As shown in Fig. 1, latitudinal and seasonal patterns
of the simulation are consistent with the observations
or the NCEP data, and there are no large differences
between them except that the simulated net shortwave
flux at the TOA in summer (June, July, August: JJA)
in the high-latitude region and the simulated upward
longwave flux at the TOA in winter (December, Jan-
uary, February: DJF) in the tropical region in the
Northern Hemisphere were underestimated in compar-
ison with ERBE data.

2.2 Experimental design

Observations and simulations have shown that the
effects of BC on snow/ice albedo are mainly concen-
trated at wavelengths <0.9 µm (Warren and Wis-
combe, 1980; Jacobson, 2004; Flanner et al., 2007).
Hansen and Nazarenko (2004) summarized the BC
amounts in snow/ice samples from various sites in
Alaska, Canada, Greenland, Sweden, and Eurasia, and
in the sea ice of the central Arctic. They calculated
the effects of BC on snow/ice albedo in the differ-
ent regions and found that, with wavelength λ<0.77
µm, snow/ice albedos were reduced by 2.5% at the
Arctic, by 5% for land-surface snow in the Northern
Hemisphere, and by 1% for snow/ice in the South-
ern Hemisphere except at the South Pole. Ming et al.
(2009) also analyzed the effects of BC in snow/ice on
albedo at many sites in western China and the Tibetan
Plateau. Their results showed albedo reduction due to
BC in snow/ice of 6% at Haxilegen (43.73◦N, 84.46◦E)
and Miaoergou (43.06◦N, 94.32◦E), 5% at Lanong
(30.42◦N, 90.57◦E), and 4% at Mushitage (38.28◦N,
75.02◦E). The mean reduction of albedo among these
sites was close to 5% in visible, which was consistent
with the results of Hansen and Nazarenko (2004).

Firstly, two simulation experiments were con-
ducted in this study to examine the climate response

due to BC in snow/ice. In the control experiment
(EXP1), no effect of BC on the snow/ice albedo was
included. In the second experiment (EXP2), albedo
decrease in snow/ice was specified at λ<0.7 µm accord-
ing to the calculated results of Hansen and Nazarenko
(2004) and Ming et al. (2009) described above (i.e., the
snow/ice albedo in the Arctic decreased by 2.5%; the
snow albedo on land in the Northern Hemisphere de-
creased by 5%, and the snow/ice albedo in the South-
ern Hemisphere, except the South Pole, decreased by
1%). In EXP2, the instantaneously radiative forcing
caused by BC in snow/ice was also calculated. In ad-
dition, we conducted another experiment (EXP3) to
calculate the instantaneously radiative forcing when
simultaneously considering the BC in snow/ice and in
the atmosphere. The difference between the results of
the EXP1 and EXP2 was regarded as the effect of BC
in snow/ice on climate. In each experiment, we ran
the BCC−AGCM2.0.1 for 11 years, with the first year
as the spin-up time. The results for the last 10 years
were averaged and analyzed for this study.

3. Results

3.1 Surface radiative forcing (Fs) of BC in
snow/ice

Figure 2a shows the annual mean distribution of
BC column burden used in this model. The largest col-
umn burden of BC occurs over East Asia with a max-
imum value >2.7 mg m−2. This high value was most
likely attributed to a rapid industrial development in
southeastern China in recent years. Other regions with
large column burdens include India, Western Europe,
some of the west coast of Central Africa, and central
South America. There was also a relatively high col-
umn burden in the southern part of North America
and in Australia.

BC deposits on snow/ice surfaces reduce their
albedo and increase their absorption of solar radia-
tion, so that positive radiative forcing is produced on
the Earth’s surface. The annual mean distribution of
surface radiative forcing shown in Fig. 2b reveals that
the maximum forcing in the Northern Hemisphere oc-
curs over the Tibetan Plateau (30◦–40◦N, 80◦–100◦E),
where regional mean forcing reaches +2.8 W m−2,
which is similar to the result calculated by Flanner
et al. (2007) using BC emission list data (Bond et al.,
2004). The maximum radiative forcing on Greenland
also exceeds +2.0 W m−2. At the two major regions
of snow cover in Eurasia and North America, the an-
nual mean surface radiative forcing is +0.2 W m−2

to +2.0 W m−2. The mean value for sea ice at
the Arctic pole is approximately +0.8 W m−2, and
forcing is also distributed with a small range in the
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Fig. 2. Annual mean distribution of (a) BC column burden (units: mg m−2), (b) surface radiative
forcing due to BC in snow/ice and (c) BC in snow/ice and atmosphere, and (d) the seasonal change
of zonal mean surface radiative forcing due to BC in snow/ice (units: W m−2).

Southern Hemisphere. The global annual mean of
surface radiative forcing calculated in this study was
+0.042 W m−2, which is smaller than the result of
Hansen and Nazarenko (2004).

Figure 2c shows the annual mean distribution of
total surface radiative forcing due to BC in snow/ice
and in atmosphere. When simultaneously consider-
ing the BC in the atmosphere, the ranges of positive
surface forcing greatly decrease in Eurasia and North
America, but it barely affects the forcing in Tibetan
Plateau and the Arctic pole, where the regional annual
mean forcing rates are +2.5 W m−2and +0.7 W m−2,
respectively.

The magnitude of surface radiative forcing by BC
in snow/ice is determined by the concentration of BC
in the snow/ice, the surface-incident solar flux, and
the snow cover (Flanner et al., 2007). The seasonal
change of zonal mean surface radiative forcing by BC
in snow/ice is shown in Fig. 2d. Distinct forcing is
shown in the region 30◦–50◦N in winter; over time,
large values of radiative forcing gradually move north-
ward with large amounts of solar radiation flux and
snow cover. In summer, the radiative forcing at high-
latitude areas of the Northern Hemisphere reach their
maximum values (>+1.8 W m−2 in most regions) due
to the large amounts of BC emissions and the accumu-
lation of BC by melting snow. Although the BC con-

centration in snow/ice is low and the surface-incident
solar flux drops in the Arctic, the zonal mean values
and range of radiative forcing are still large due to the
large extent of snow/ice cover. In autumn, although
BC emission is still high, radiative forcing is very small
because snow pack has not yet accumulated.

3.2 Climate response

The effects on annual mean surface temperature
from BC in snow/ice are shown in Fig. 3. The surface

Fig. 3. The effect of BC in snow/ice on annual mean
surface temperature (units: ◦C) (The shaded areas shows
the confidence exceeds 95% using a t-test).
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temperatures of snow-covered areas on land and of
sea-ice-covered areas show an obvious increase due to
the enhanced absorption of solar radiation caused by
BC in snow/ice. The mean surface temperature of
snow/ice on the Tibetan Plateau, the area with the
largest radiative forcing, increased by 1.6◦C. At the
two major snow-covered regions of Eurasia and North
America, temperature increases were ∼0.5◦C and were
>1◦C in northern Canada and the eastern United
States. In the area of Arctic sea-ice cover, a tempera-
ture increase of 1◦C is shown. Furthermore, the results
indicate that global annual mean surface temperature
increased by ∼0.071◦C due to BC in snow/ice. The
changes of simulated surface temperature exceeded the
95% confidence level (t-test) over most areas of the
Arctic sea ice, Tibetan Plateau, and North America.
In China, recent observational studies have also shown
that >80% of glaciers are receding (Xiao et al., 2007).
Increased surface temperatures due to BC in snow/ice
will further accelerate the melting of snow/ice under
global warming due to CO2.

Garrett and Zhao (2006) pointed out that anthro-
pogenic aerosol could be transported to the Arctic
through atmospheric circulation and could change the
microphysical and radiative properties of clouds there,
leading to an increase in surface longwave fluxes and
contributing to the rise of Arctic surface temperatures.
Figure 4a shows the effect of BC in snow/ice on annual
zonal means of total cloud cover and net longwave flux
at the surface. As shown in this figure, BC in snow/ice
can also lead to an increase in surface longwave flux
in the Arctic, where the maximum value exceeds +1
W m−2 at 85◦N. This increase is due to the warmer
surface temperature, which causes more water vapor
to be released into the atmosphere, allowing for easier
cloud formation, which could result in higher thermal
emittance arriving at the surface in the Arctic. Conse-
quently, this positive feedback mechanism will further
accelerate Arctic warming. But increasing cloud cover
will decrease net cloud forcing in the Arctic (Fig. 4b),
and this will offset some of the positive feedback mech-
anism of clouds.

Figure 5 presents the seasonal changes of zonal
mean differences of surface temperature and snowmelt
rate caused by BC in snow/ice. The temporal and
spatial distributions of the differences of surface tem-
perature and snowmelt rate are very consistent with
those of surface radiative forcing. With the emergence
of surface positive radiative forcing in winter, surface
temperature significantly increased on land areas with
snow/ice cover in the Northern Hemisphere. The mean
increase in the surface temperature of snow in winter

Fig. 4. The effect of BC in snow/ice on annual zonal
means of (a) total cloud cover (%; dashed line) and net
longwave flux at surface (units: W m−2; solid line) and
(b) shortwave cloud forcing (dashed line), longwave cloud
forcing (solid line) and net cloud forcing (dot line; units:
W m−2).

and spring was ∼0.6◦C. Two areas with large values
were centered at 50◦–70◦N in February and at 70◦–
80◦N in April, showing temperature increases of 1◦C.
The former could be caused by the model system er-
rors, because it was not consistent with small surface
radiative forcing during this time (Fig. 2b), and it
had a low confidence level (t-test). At the Arctic pole,
where perennial sea ice exists, the temperature of the
sea-ice surface increased by >0.5◦C in all seasons, with
maximum increase of 2.5◦C in September and Octo-
ber (Fig. 5a). Such increases will further accelerate
ice melt in the Arctic. For regions north of the Arctic
Circle, the surface temperature still increased during
some periods without solar radiation, which may be a
consequence of thermal inertia or could be dynamical
in nature (Flanner et al., 2007). As shown in Fig. 5b,
snowmelt rates obviously increased at the early melt-
ing stage in mid- and high-latitude areas of the North-
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Table 1. Global and regional climate responses to BC in snow/ice.

Surface radiative Surface Snow cover Snow Ice amount
Forcing temperature ratio depth on land
(W m−2) (◦C) (10−3) (mm) (kg m−2)

Eurasia 0.57/0.90/0.42 0.83/0.60/0.39 −18.2/− 26.2/−15.7 −12.6/−19.9/− 13.6 −3.86/−8.02/−5.13
North 0.26/0.44/0.19 0.83/0.46/0.47 −43.0/− 33.5/− 31.5 −27.2/−40.0/−26.2 −10.3/−20.8/−11.7
America 　 　

Global 0.013/0.094/0.025 0.094/0.089/0.071 −6.70/−8.65/−7.39 −8.91/−12.6/−10.7 −9.97/−14.5/−10.7

Note: *The three values represent the winter and spring seasons and the annual mean changes of these physical variables, respec-

tively. The geographic ranges for Eurasia and North America are (30◦–70◦N, 20◦–130◦E) and (30◦–70◦N, 60◦–130◦W), respectively.

Fig. 5. Seasonal changes of zonal mean differences of (a)
surface temperature (units: K) and (b) snow melt rate
(units: mm d−1) caused by the BC in snow/ice (The
shaded areas shows the confidence exceeds 95% using a
t-test).

ern Hemisphere, but they decreased due to the pres-
ence of less snow in the late melting stage. Corre-
sponding to the temporal and spatial changes of tem-
perature, the snowmelt rate on land in the North-
ern Hemisphere also increased obviously in winter and

spring, which may shift peaks in river runoff to win-
ter and early spring, away from summer and autumn
when water demand is highest in these regions. Water
storage capacities in these regions are not sufficient,
and thus the earlier melting of snow/ice is expected to
worsen water supply problems in the future (Barnett
et al., 2005).

Eurasia and North America are the two major re-
gions of snow cover on land, and increased snow/ice
melting in these regions will have substantial impacts
on local production and livelihoods. Table 1 lists the
effects of BC in snow/ice on several important physi-
cal parameters worldwide and in the above two major
snowpack regions. The seasonal mean values in winter
and spring and the annual mean values of the snow
cover ratio, snow depth, and ice amount in Eurasia
and North America decreased due to the increased sur-
face temperature. Flanner et al. (2009), from analysis
of Jones (CRU) Air Temperature Anomalies Version 3
(CRUTEM3), showed that springtime surface temper-
atures on land north of 30◦N over Eurasia and North
America increased by 0.59◦C (10 yr)−1 and 0.23◦C
(10 yr)−1, respectively, from 1979 to 2000. The sur-
face temperatures increased by 0.6◦C and 0.46◦C over
Eurasia and North America due to BC in snow/ice in
this study, respectively, which could have contributed
to the observational warming in those areas.

4. Conclusions

This study examined the radiative forcing of BC
in snow/ice and its climatic effects by integrating the
BC effects on snow/ice albedo calculated from observa-
tional data by Hansen and Nazarenko (2004) and Ming
et al. (2009) into the BCC−AGCM2.0.1 developed by
the NCC/CMA. Annual mean surface radiative forc-
ing due to BC in snow/ice was calculated as approxi-
mately +0.042 W m−2, which is smaller than the result
reported by Hansen and Nazarenko (2004) because the
impact of albedo is only considered at λ<0.7 µm in this
work. The maximum annual mean surface forcing in
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the Northern Hemisphere was shown over the Tibetan
Plateau, where regional mean forcing exceeded +2.8
W m−2; this finding is similar to that calculated by
Flanner et al. (2007) using the BC emission list (Bond
et al., 2004). At the two major regions of snow cover
in Eurasia and North America, annual mean surface
radiative forcing due to BC in snow/ice ranged from
+0.2 W m−2 to approximately +2.0 W m−2. In the
Arctic, the mean value for sea ice was approximately
+0.8 W m−2. When simultaneously considering the
BC in atmosphere, the ranges of positive surface forc-
ing obviously decreased in Eurasia and North Amer-
ica, but it has hardly affected the forcing in Tibetan
Plateau and Arctic pole.

Clear increases in surface temperatures were shown
for land areas with snow cover and sea areas with ice
cover due to the enhanced absorption of solar radiation
caused by BC in snow/ice. The annual mean increases
of temperature in snow-covered areas were estimated
to be ∼1.6◦C on the Tibetan Plateau, 0.5◦C for most
of Eurasia and North America, and >1◦C in areas of
northern Canada and the eastern United States. The
corresponding zonal mean values around the Arctic
pole reach 1◦C, and the global annual mean value in-
creased by 0.071◦C. Therefore, with the rise of surface
temperature in the Arctic, more water vapor could be
released into the atmosphere, allowing for easier cloud
formation, which could lead to higher thermal emit-
tance arriving at the surface in the Arctic. However,
the net cloud forcing could be decreased due to the
increasing of cloud cover, which will offset some of the
positive feedback mechanism of the clouds.

Positive surface radiative forcing by BC in snow/ice
occurs in winter and spring, leading to increased sur-
face temperature on land areas with snow and ice
in the Northern Hemisphere. Surface temperatures
of continental Eurasia and North America increased
by 0.6◦C and 0.46◦C in spring, respectively. Corre-
sponding to the seasonal changes of temperature, the
snowmelt rate on land in the Northern Hemisphere
clearly increased in winter and spring, which could lead
to earlier peaks of river runoff in late winter and early
spring. Because water storage capacities are not suffi-
cient, much of the winter and spring runoff would flow
directly to the oceans. Snow and ice water sources,
which have already decreased, would be further lost
to human use because the earlier peaks would not co-
incide with peak usage demands.

Finally, some uncertainty remains regarding
sources in this study’s simulations. First, the data of
BC concentration in snow/ice were from limited sites;
errors may be introduced by using the changes of albe-
dos calculated in these sites to represent the changes
of regional albedo. Second, the vertical distribution of

BC in snow/ice, the mixed state of BC, and snow/ice
particles and the climatic data set used to initialize
and force the model may all affect the simulated re-
sults of this study. Therefore, we hope to obtain more
data and more accurate parameterizations in the fu-
ture and to apply them to further AGCM modeling.
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