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Abstract

The spatial and temporal variations of snowcover distribution, and snowmelt runoffs
are considered as sensitive indicators for climatic change. The purpose of this pa-
per is to analyze and forecast the responses of snowmelt runoff to climate change.
The upstream of Heihe River Basin in Northwestern China was chose as the repre-5

sentative catchments, and the observation data of the meteorological and hydrological
stations were utilized to analyze the status and the regularity for the climatic change
from 1956 to 2008. Moderate Resolution Imaging Spectroradiometer (MODIS) data
were used to develop an optimized technology for snow mapping in the mountain-
ous region. Snowmelt Runoff Model (SRM) was chose to simulate snowmelt runoff10

and scenario forecast the change trend of snowmelt runoff in catchment scale for the
mountainous region in Northwestern China. The results show that climatic warming
was apparent in the upstream of Heihe River Basin in the past 50a. Annual average
air temperature of three different weather stations located in the basin has increased
2.1 ◦C, 2.6 ◦C and 2.9 ◦C, respectively. The snowmelt runoff has increased obviously15

from 1970 to present. With different warming climate scenarios, the results by SRM
simulating showed that the first occurred time of snowmelt runoff shift ahead and dis-
charge become larger as responses of snowmelt runoff to air temperature increas-
ing, and the influence of temperature rising on average discharge of the whole snow
season is not obvious. On the other hand, simulated discharge showed a marked in-20

crease trend with the increase of precipitation. And, the simulated results show that
the increase of precipitation almost has no influence on the occurring time of snowmelt
runoff.

1 Introduction

It was highlighted in IPCC reports (Solomon and Qin, 2007), that the global average25

surface temperature had a rise of 0.74 ◦C over the past 100 years. Global climate
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change had lead to the variation of snow cover distribution and snowmelt runoff in
different scales, and also this variation will affect the management of snowmelt water
resource. Many studies indicate that rising of temperature has caused redistribution
and trended variations of snowcover at watershed scales in the Northern Hemisphere,
High Asia, and mid-latitude mountains (McCabe and Wolock, 2009; López-Moreno et5

al., 2009). Water resources supply according to climate change is the most important
issue in recent studies. These studies indicate that the discharge regime in snowmelt-
dominated river basins is most sensitive to temperature increases in snow season
(Rauscher et al., 2008; Adam et al., 2009; Day, 2009; Stewart et al., 2004). The earlier
occurring of spring snowmelt runoff had been observed in many watersheds around10

the world (Bates, 2008; Lemke et al., 2007). With more than one-sixth of the Earth’s
population relying on glaciers and seasonal snow packs for their water supply, it is still
needed to diagnose and predict the consequences of these hydrological changes for
future water availability (Barnett et al., 2005).

Snow accumulation, distribution and ablation was surely be affected by climate15

change in Northwestern China. As the most important water resources in inland river
basin such as Heihe River Basin in China, snowmelt runoff had received greater atten-
tion (Wang and Wang, 2003). As a result, the changes of snowmelt runoffs will directly
affect redistribution of water resources, strategies and polices of water resources man-
agement, socio-economic development, industry and ecological environment (Wang20

and Li, 2006). Then, it is the most compelling need to study the response of snowmelt
runoff to climatic change in Northwestern China.

The purpose of this article is to evaluate the responses of the snowcover and the
snowmelt runoff to the climatic change, to simulate and forecast the change trend of
snowmelt runoff for the mountainous region in Northwestern China.25
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2 Study area and data

The upstream of Heihe River Basin in Northwestern China, was chose as the study
area (Fig. 1). Although Heihe River Basin is in the arid area, but the upper reaches of
it has rich water resources derived from snow. The water supplies for the upper Heihe
Watershed include snow- and ice-melt water, ground water and precipitation. The rain-5

fall of the upper Heihe River Basin concentrates in summer, accounting for 61%–81%
of annual total precipitation. However there is only 19% of annual total precipitation
in spring season from March to June when the demands for agricultural irrigation are
strongest. During this period, 70% of runoffs are supplied by snowmelt water (Wang
and Li, 2001). Therefore, snowmelt and its variability will directly and remarkably af-10

fect the water supplies for agriculture, industry, and livestock in the middle and down
streams of the Heihe River Basin. Climate change especially temperature increasing
had affected greatly runoff in Heihe River Basin recently, and water resources distri-
bution depends heavily on the snowmelt runoff. Overall, the upstream of Heihe River
Basin is a typical inland river basin with seasonal snowpack, it is important to research15

the responses of air temperature, precipitation and runoff to climate change, and un-
derstand the inherent law of snowmelt runoff in the climate change scenario.

The basin area is about 10 009 km2, with an altitude range from 1674 m to 5108 m.
Temporary snow usually exists under 2700 m, patch snowpack is in range from 2700 m
to 3400 m, continues and durative snowpack exists above 3400 m; Alpine steppe and20

desert steppe exists under 2800 m, alpine meadow and bushes is in range from
4000∼2800 m, bare ground exists above 4000 m (Wang and Li, 2006). There are 5
meteorological stations (MinLe, SuNan, QiLian, YeNiuGou, TuoLe) and 2 hydrological
stations (ZhaMashike, YingLuoXia) distributed in the basin as Table 1 shows.

Snow Cover Area (SCA) is the key feature for expressing the distribution of snow in25

the temporal and special and also it is the vital inputs for the snowmelt runoff model.
Remote sensing techniques can regularly and safely provide maps of snow cover area
for the climate and hydrology model domain at a range of resolutions. In the last
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two decades, the snow maps have continually been improved as new satellite data
have become available. The MODIS snow products (http://modis-snow-ice.gsfc.nasa.
gov/atbd.html), available globally, are provided at a variety of different resolutions and
projections to serve different user groups using a suite of automated algorithms (Hall
et al., 2002; Riggs et al., 2006). The products are transferred to the National Snow5

and Ice Data Center (NSIDC) in Boulder, CO, where they are archived and distributed
via the Warehouse Inventory Search Tool (WIST). In the study, the accuracy of MODIS
snow products was analyzed in China. Using Terra MODIS Surface Reflectance data
(MOD09) from 26 February 2000 to 16 October 2009, we described and validated a
new method that retrieved daily snow-covered area in the upstream of Heihe River10

Basin.

3 Method

3.1 Snow cover mapping

Many results have suggested that MODIS snow cover products distributed by NSIDC
agree well with surface observations, and the overall agreement is about 80–100% in15

flat topography (Klein and Barnett, 2003; Hall and Riggs, 2006). However, by com-
parison between MODIS daily snow product (MOD10A1) and snow depth data from
climate stations located at mountainous regions in northern Xinjiang, it was found the
MODIS snow products underestimated the snow cover area. A similar result is found
by comparison between MOD10A1 and snow cover maps from Landsat-ETM+ (Hao et20

al., 2009). There are two main reasons for it, (1) Due to ignoring the effects of topog-
raphy, the snow pixel shaded by mountain can not be identified from the MODIS snow
products; (2) The distribution of snow depth is thin and patchiness in mountainous
region, the characteristics affect the distinguishing in snow and free snow pixel. The
snowpack in the upstream of Heihe River Basin belongs to mountainous snow cover.25

Thus, the algorithms of MODIS snow products need to be improved in this region.

497

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/493/2010/hessd-7-493-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/493/2010/hessd-7-493-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://modis-snow-ice.gsfc.nasa.gov/atbd.html
http://modis-snow-ice.gsfc.nasa.gov/atbd.html
http://modis-snow-ice.gsfc.nasa.gov/atbd.html


HESSD
7, 493–528, 2010

Responses of
snowmelt runoff to

climatic change in an
inland river basin

J. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.1.1 Topographic correction of MODIS snow cover data

The research shows, in mountainous regions, without the terrain correction of a Digital
Elevation Model (DEM), the snow cover area may be underestimated by the MODIS
snow products. The new algorithm will correct the topographic effect by terrain correc-
tion models. There are many methods in terrain correction. Although physical models5

are quite successful to eliminate atmospheric and topographic effects, they inherently
rely on an accurate spectral and radiometric sensor calibration and on the accuracy and
appropriate spatial resolution of DEM in rugged terrain. In this method, an improved
CIVCO model was used to eliminate terrain effect (Civco, 1989;Law and Nichol, 2004).
The CIVCO method used here consists of two stages. In the first stage, shaded relief10

models, corresponding to the solar illumination conditions at the time of the satellite
image are computed using the DEM data. This requires the input of the solar azimuth
and altitude provided by the metadata of the satellite image. The resulting shaded re-
lief model would have values between 0 and 1. Secondly, after the model is created,
a transformation of each of the original bands of the satellite image is performed to15

derive topographically normalized images using Eqs. (1) and(2).

δRefλij =Refλij +

[
Refλij ·

(µk−µi j )

µk
·Cλ

]
(1)

Cλ=
Sλ−Nλ[(

Sλ·
µs−µk
µk

)
−
(
Nλ·

µs−µk
µk

)] (2)

Where,
δ Refλij=the normalized reflectance data for pixel (i ,j ) in band(λ)20

Refλij=the raw reflectance data for pixel (i ,j ) in band(λ)
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µk=the mean illumination value for the entire scaled shaded relief model (0,1)

µi j=the scaled (0,1) illumination value for pixel(i ,j )

Cλ=the correction coefficient for band (λ)5

Nλ=the mean reflectance value on the slope facing away the sun

Sλ=the mean reflectance value on the slope facing to the sun
10

µk=the mean illumination value for the entire scaled shaded relief model (0.1)

µN=the mean scaled illumination value on the slope facing away the sun

µS=the mean scaled illumination value on the slope facing to the sun15

By the topography correction, we can get the MODIS surface reflectance. It will
improve the accuracy of snow cover mapping in the upstream of Heihe River Basin.

3.1.2 Change of the NDSI threshold value

The automated MODIS snow cover products algorithm is based on the evaluation of20

the normalized difference snow index (NDSI). In general, the NDSI is calculated as
satellite reflectance in MODIS band 4 and 6:

NDSI=
band4−band6
band4+band6

(3)

The NDSI threshold value of the MODIS snow cover products distributed by the NSIDC
is 0.40. In general, the NDSI threshold value of the MODIS scenes greater than or25

equal to 0.40 represent snow cover pixels. In addition to the NDSI, many other thresh-
old tests are used and described in many earlier publications (Hall et al., 1995, 2002).
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However, validation of the current NDSI threshold has being accomplished just by the
measurements in the US and Europe. In China, there is not reliable NDSI threshold
value for mapping the MODIS snow cover area and a credible NDSI threshold value
must be established. In the study, the three snow cover areas located at Xinjiang-
TianShan mountainous and Qinghai-Tibet Plateau were selected for this study. First,5

the Landsat-ETM+ snow cover maps were produced by the method of the SNOMAP
(Hall et al., 1995). Then, the snow cover maps, produced obtained from the way men-
tioned above, were compared with the ones derived by the manual photo interpretation
classification technique. For the MODSI snow cover maps of the study areas, the NDSI
threshold value for snow was increased gradually for 0.30 to 0.40 in steps of 0.01. At10

Last, the comparisons focused on comparing the MODIS snow cover maps following
with NDSI threshold value and the Landsat-ETM+ snow cover maps serving as ab-
solute standard. Table 3 shows the MODIS snow cover accuracy of different NDSI
threshold in three regions. The result suggests that the MODIS snow cover products
distributed by the NSIDC using NDSI threshold of 0.40 underestimated the SCA (snow-15

covered area) of the study areas. The credible NDSI threshold value is, respectively
0.34, 0.36 and 0.38 in the three regions. As computer the average value, it is approxi-
mately 0.36, which is less than the one from the 0.40 of NSIDC.

Figure 2 shows the flowchart of the new MODIS snow cover map algorithm. The
daily MODIS SCA can be mapped by the new method. The new snow cover algo-20

rithm considered the effect of atmospheric and topographic conditions and improved
the NDSI threshold value on the upstream of Heihe River Basin. The results showed it
improved the identification accuracy and it is more accurate than algorithm of NSIDC
on the upstream of Heihe River Basin.

3.2 SRM model25

Snowmelt Runoff Model (SRM) was developed by Martinec (Martinec et al., 2005). It is
designed to simulate and forecast daily runoff in mountainous basins where snowmelt
is a major runoff component and it has also been applied to evaluate the effect of the
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changed climate on seasonal snow cover and runoff (Martinec et al., 2005). Nowadays,
with advancing RS snow mapping technology the model has been applied in over 100
basins, and has more and more applications over the world. An obvious trend is using
SRM to model response of runoff to climate change. The fundamental principle of SRM
is to use degree-day factor algorithm as snow melt constraint, and to obtain the ratios of5

snow cover at watershed scale using remote sensing data, to assess discharge (Wang
and Li, 2006).

The primary parameters of SRM include the snow cover area (SCA) from Satellite
data, meteorological and hydrological measurement, and some other parameters such
as the temperature lapse rate, degree-day factor and recession coefficient. There were10

detailed description and particular choice for these parameters in the past literature
(Tekeli et al., 2005). In this paper, we mention how to confirm two key factors, the
depletion curves of the snow cover area and the recession coefficient.

a. SCA Depletion Curves
Depletion curves of the snow cover area were interpolated from periodical snow15

cover mapping of MODIS which produced by the new SCA mapping algorithm with to-
pographic correction and NDSI threshold value adjustment. The transitory new snow
was accounted for as stored precipitation eventually contributing to runoff. The deple-
tion curves of snow cover area are showed as Fig. 3. The basin was segmented as
four elevation zones (A, B, C, and D). The zone A is almost no snow existence over the20

whole snow season.
b. Recession coefficient
Recession coefficient (k) indicates the decline of discharge in a period without

snowmelt or rainfall, defined as (Martinec et al., 2008),

kn+1 =
Qn+1

Qn
(4)25

Where, Qn is the discharge after n days. With the Recession flow logarithmical plot
Qn and Qn+1 of QiLian station and YinLuoXia station, the formulas of recession of two
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stations were obtained, respectively,

QiLian station, kn+1=1.0324Q−0.0712
n

YinLuoXia station, kn+1=1.3619Q−0.1187
n5

4 Snow cover area change in recent 10 years

The spatial and temporal variations of snow cover distribution on the upstream of Heihe
River Basin could be acquired by obtained new MODIS daily snow cover maps. How-
ever, whether MODIS Terra or MODIS Aqua daily snow cover product, were all affected
by clouds. The correlation of snow cover area variations with time could not be ob-10

tained using MODIS daily snow cover products due to the limitation of cloud cover. So
the compositing technique will be used to obtain the SCA. A new 8-day composite max-
imum snow cover map is produced from daily MODIS snow cover map. A pixel is to be
identified as the snow pixel in which if snow appears at least one day during the period
of whole 8 days. The 8-day composite snow cover maps can minimize cloud cover15

and maximize the snow cover area. Figure 12a shows the snow cover area variations
with different time in the upstream of Heihe River Basin from 24 February 2000 to 16
October 2009 by 8-day composite MODIS snow cover maps. By the same method,
monthly and annual changes of SCA from 2000 to 2009 also were obtained. The re-
sult was showed in Fig. 12b and c. Results from various figures show that SCA has20

increased gradually in the recent 10 years on the upstream of Heihe River Basin. In
2008 the annual average SCA reached the peak of 2900 square kilometer. The result
also shows the regional snowfall has an increase tendency year by year.
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5 Analysis of the climate change in the past 50 years in the upstream of Heihe
River Basin

5.1 Air temperature change

Air temperature has gradually increased with fluctuation over the past 50 years, which
indicated by the change of the average annual air temperatures of the weather stations5

(Fig. 4). This increase trend is slow from 1956 to 1980 but enlarged after 1980a. At
SuNan (2312 m) and MinLe (2271 m) stations located at lower altitudes, air temperature
changes are similar with each other in the past. In this region, air temperature had an
increase about 3 ◦C since 1980, and the average annual temperature had reached
4.5 ◦C in the recent 10 years; Climate conditions of middle zones of the basin could10

be represented by QiLian station (2787 m) which temperature change trend is similar
with TuoLe Station (3360 m) at a higher altitude. The air temperature had changed a
little in 1950s, but changed significantly after 1980s. Average air temperature of QiLian
station had been greater than 1 ◦C in the past 12 years while it fluctuated around 1 ◦C
before. Average air temperature had also increased to −2◦ in the past 10 years. The15

difference between maximum and minimum air temperature over the past 50 years, is
about 2.1 ◦C at Qilian Station, 2.6 ◦C at YeNiuGou station and 2.9 ◦C at TuoLe Station.

5.2 Precipitation change

Annual precipitation of five meteorological stations varied from 250.8 mm to 395.6 mm
as Fig. 5 shows. There are different increases ratio of precipitations at all five stations,20

in which the rising trends are more obvious at TuoLe and YeNiuGou station.
For understanding snowmelt responses to climate change, it is necessary to analysis

the annual snowfall change trend in the snow seasons over the past years. Two mete-
orological stations, YeNiuGou and QiLian, were chose as the data sources. Spring and
autumn snowfall were summed as the total snowfall each year. The increasing trends25

of snowfall of the 2 stations are close to each other in the past 50 years, in which the
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most obvious increase was from 1977 to 1986 with an increase of 100 mm. In recent
20 years, the increasing trend of snowfall is less obvious but with a large fluctuation
about 70 mm.

5.3 Responses of snowmelt runoff to climate change

YingLuoXia station is the control section of the upstream of Heihe River basin. The5

discharge increased slowly from 1945 to 2008a, the minimum is 32.4 m3/s of 1973 and
the maximum is 73.3 m3/s of 1989 (Fig. 6). The maximum monthly average discharge
usually occurred at July or August, contributed mostly by rainfall (Fig. 7). By compar-
ison of monthly discharge change in different years, it is found that the discharge in
1970s is lower than the other years, with a lower annual precipitation and lower aver-10

age annual air temperature (Figs. 4 and 5). The total spring snowmelt discharge of
1980s is larger in all years. Snowmelt runoff of March and April increased obviously
and peak discharge is earlier than ever before in recent 10 years, while the summer
discharge is lower. Overall, the average annual discharge has an increasing trend and
the inter-annual variation of peak discharges is large (Figs. 6 and 7). By comparison,15

discharge of QiLian station which located at middle altitude has an obviously increasing
trend (Fig. 8). The maximum discharge occurred at 1989a, and the minimum occurred
at 1979a. The comparison of monthly discharges showed that spring discharge has
increased obviously from 1970 to present while the autumn discharge shift ahead and
decreased (Fig. 9). Discharge from March to May was released mainly from snowpack20

in the upstream of Heihe River basin. With statistical data of YingLuoXia station and
QiLian station from March to May (Figs.10 and 11), it was found that there are 3 period
of the snowmelt runoff increases in this basin: 1950–1970, 1974–1989 and from 1999
to present. On the other hand, the peak spring discharge shifted ahead also, it agrees
well with recorded observations (Wang and Li, 2001).25
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6 Scenario simulation and analysis of climate change by SRM

SRM model was used to simulate responses of snowmelt runoff to climate change, in-
cluding several scenarios: increases of air temperature (+2 ◦C, +4 ◦C, +6 ◦C and heav-
ier precipitation multiplied by 1.5 and 2 times. Firstly, the 2004 snowmelt season was
simulated from 5 March to 19 July 2004. Two accuracy criterions, the coefficient re-5

cession flow determination and the volume difference are 0.02 and 7.1%, respectively.
Then, the responses of snowmelt runoff to climate change were simulated based on
this background. With increases of air temperature (+2 ◦C, +4 ◦C, +6 ◦C), the occurred
time of peak snowmelt runoff shifted ahead and the discharge increased also (Fig. 13).
The first peak discharge happened at 30 April 2004when there is no increase of air10

temperature. With an increase of +2 ◦C, the peak value increased from 102.8 m3/s to
197.5 m3/s and the start time of snowmelt runoff happened shifted not obviously; with
an increase of +4 ◦C, the peak discharge increased to 167.1 m3/s and the first time
of it happened shifted ahead to 24 April; with an increase of +2 ◦C, the peak value of
snowmelt runoff increased to 240.0 m3/s and the first time of it happened shifted ahead15

to 21 April.
Earlier snowmelt runoff occurring and larger discharge are typical features of re-

sponses of snowmelt runoff to air temperature increasing, resulted from the analysis
of a series of scenarios of air temperature changes. On the other hand, the aftereffect
of advanced snowmelt is that the discharge of the later snow season becomes less20

and then discharge decreased correspondingly. With more increase of temperature,
the discharge in later snow season decreased more. The other aftereffect of it is that
the rain season comes ahead because precipitation happened as rain in higher tem-
perature conditions, so the snowmelt confluence processes were affected also. In rain
season, influence of temperature increase to runoff is small (Fig. 13). And, average25

daily runoff of the total snow season, are 47.8 m3/s, 39.4 m3/s, 35.0 m3/s, 36.1 m3/s,
corresponds to 4 scenarios, respectively: present, +2 ◦C, +4 ◦C, +6 ◦C. As a result, the
influence of temperature rising to average discharge of snow season is not obvious.
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Assuming three scenarios of precipitation increases: be 1.5 times and 2 times of the
origin precipitation, and precipitation multiplied by 2 times and with a +4 ◦C increase of
air temperature (Fig. 14). Discharge process shown a marked increase trend with the
increase of precipitation. The discharge was enlarged, but there are almost have no
influence on the occurring time of snowmelt runoff, and the difference between precip-5

itation fluctuation trends of different increased precipitation scenarios is not obvious.
With comparison between 3 different scenarios, there is no obvious discharge change
before the snow melting occurred in winter, while the discharge has been enlarged
when the snowmelt season comes, and this amplification effect is more obvious in the
mixed rain and snow season and the rainy season. The increased precipitation af-10

fected mainly on the expansion of the discharge. The average discharge increased
from 47.8 m3/s to 52.6 m3/s and 67.9 m3/s, with amplifications of 10% and 42%, re-
spectively, when precipitation has increases of 1.5 times and 2 times.

Another climate change scenario is that precipitation multiplied by 2 times and with a
+4 ◦C increase of air temperature (Fig. 14). This case could be considered as the com-15

prehensive of air temperature and precipitation increases. The snowmelt runoff has a
substantial advance and the peak discharge has greatly increased, but the discharge
in later snow season is less than in the scenario of precipitation multiplied by 2 only.
The average discharge is 67.0 m3/s, it is closed to 67.9 m3/s that the discharge of the
scenario with single precipitation increase. It could be further concluded that the total20

runoff is mainly affected by precipitation other than air temperature.

7 Conclusions

Snow cover area is an important and sensitive input for snowmelt runoff hydrological
model such as SRM. An improved snow cover mapping algorithm with NDSI index
adjustment and topographic correction was designed to drive snow runoff modeling.25

The results showed that in the upstream of Heihe River Basin, air temperature has
increased gradually in the recent 50 years, and the increase trend is slow from 1956
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to 1980a but enlarged after 1980a. The increase of air temperature is about 2.1 ◦C,
2.6 ◦C and 2.9 ◦C at different weather stations located in the basin. Annual precipitation
has increased also and the most marked rise period of precipitation was from 1977 to
1986. In recent 20 years, the increasing trend of snowfall is less obvious but with a
large fluctuation. The comparison of monthly discharges showed that snowmelt runoff5

has increased obviously from 1970 to present while the autumn discharge hydrograph
shifted ahead and the volume of it decreased.

Snowmelt runoff were simulated using SRM model in different climate change sce-
narios including: increases of air temperature (+2 ◦C, +4 ◦C, +6 ◦C) and heavier precip-
itation multiplied by 1.5 and 2 times. It was found that snowmelt runoff occurred earlier10

and discharges become larger as the responses of snowmelt runoff to air tempera-
ture increasing, and the influence of temperature rising to average discharge of snow
season is not obvious. With increased precipitation, discharge hydrograph showed ob-
vious increases of the volumes of peak discharges, but there almost is no influence on
the occurring date of peak discharge. As a result, the total discharge is mainly affected15

by increase of precipitation other than air temperature.
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Table 1. Basic information of meteorological stations in the upstream of Heihe River Basin.

Station Longitude Latitude Elevation/m Air Annual
temperature/◦ precipitation/mm

MinLe 100◦49′ 38◦27′ 2271 3.4 335.4
SuNan 99◦37′ 38◦48′ 2312 3.9 250.8
QiLian 100◦14′ 38◦12′ 2787 1.1 395.6
YeNiuGou 990◦36′ 38◦24′ 3180 −2.9 376.6
TuoLe 98◦24′ 38◦48′ 3360 −2.5 259.4
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Table 2. Elevation zones of the upstream of Heihe River Basin.

Elevation Elevation Area/km2 Average
zone range/m Elevation/m

A 1700∼2700 423.49 2456
B 2700∼3400 2195.44 3156
C 3400∼4000 4641.18 3719
D 4000∼5108 2748.89 4196

Whole Basin 1700∼5108 10009.00 –
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Table 3. MODIS snow cover accuracy of different NDSI threshold in three regions in
Northwestern China.

NDSI The overall accuracy, Kappa The overall accuracy, Kappa The overall accuracy, Kappa
threshold coefficient and fractional snow coefficient and fractional snow coefficient and fractional snow

value cover area of A region. cover area of B region. cover area of C region.

0.39 93.00%, 0.669, 11.37% 86.82%, 0.676, 27.73% 94.73%, 0.708, 10.17%
0.38 93.02%, 0.672, 11.53% 86.81%, 0.678, 28.36% 94.74%, 0.711, 10.48%
0.37 93.07%, 0.675, 11.66% 86.76%, 0.679, 29.02% 94.62%, 0.709, 10.79%
0.36 93.11%, 0.679, 11.83% 86.73%, 0.680, 29.63% 94.51%, 0.707, 11.08%
0.35 93.16%, 0.683, 11.97% 86.63%, 0.679, 30.25% 94.39%, 0.706, 11.48%
0.34 93.17%, 0.685, 12.13% 86.54%, 0.679, 30.87% 94.26%, 0.703, 11.82%
0.33 92.89%, 0.678, 12.66% 86.45%, 0.679, 31.51% 94.16%, 0.702, 12.16%
0.32 92.91%, 0.681, 12.80% 86.28%, 0.677, 32.13% 94.04%, 0.700, 12.53%
0.31 92.91%, 0.683, 12.98% 86.13%, 0.676, 32.66% 93.88%, 0.697, 12.89%
0.30 92.90%, 0.684, 13.18% 86.05%, 0.676, 33.23% 93.69%, 0.692, 13.28%

(a) The SCA variations of every 8-day of the upstream of Heihe River Basin

(b) The monthly average variations of SCA of the upstream of Heihe River Basin

(c) The annual average variations of SCA of the upstream of Heihe River Basin
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Fig. 1. Map of the upstream of Heihe River Basin.
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Fig. 2. The flow process of new MODIS daily snow cover map algorithm.
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Fig. 3. Depletion curves of the snow coverage for the elevation zones of the upper Heihe Basin
from MODIS data during the snowmelt season in 2004.
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Fig. 4. Change of the average annual air temperatures of weather stations in the past 50 years.
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Fig. 5. Annual precipitation of 5 meteorological stations (1956–2008).
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Fig. 6. Average annual runoff of YingLuoXia hydrologic station.
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Fig. 7. Average monthly runoff change of YingLuoXia station from 1950s to present.
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Fig. 8. Average annual runoff of QiLian station.
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Fig. 9. Average monthly runoff change of QiLian station.
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Fig. 10. Monthly spring snowmelt runoff change of QiLian station (March to May).
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Fig. 11. Monthly spring snowmelt runoff change of YingLuoXia station (March to May).
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Fig. 12a. The SCA variations of every 8-day of the upstream of Heihe River Basin.
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Fig. 12b. The monthly average variations of SCA of the upstream of Heihe River Basin.
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Fig. 12c. The SCA variations with time of the upstream of Heihe River Basin from 24 February
2000 to 16 October 2009 by 8-day composed MODIS snow cover data.
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Fig. 13. Responses of snowmelt runoff to air temperature increases, +2 ◦C, +4 ◦C, +6 ◦C.
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Fig. 14. Responses of snowmelt runoff to three different scenarios: precipitation multiplied
by 1.5 and 2 times, and precipitation multiplied by 2 times and with a +4 ◦C increase of air
temperature.
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