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Abstract:

The feasibility of simulating daily snowmelt runoff in an arid mountain watershed with limited hydro-meteorological
measurements was explored with an enhanced temperature-index snowmelt runoff model (SRM) in which the degree-day
factor (DDF) is varied on the basis of shortwave solar radiation and snow albedo. The model satisfactorily simulated snowmelt
runoff with a model efficiency of 0Ð64 for the calibration year and efficiency values of 0Ð78 and 0Ð51 for two validation years.
Analysis indicated that the model was sensitive to lapse rate and snow albedo parameterization. The distinct seasonal variation
of lapse rate played a key role for successful simulation. Snow albedo parameterization, which directly scaled snow cover
percentage into snow albedo, worked quite well for the watershed although further validation is needed. Eight-day snow
cover data from the Moderate Resolution Imaging Spectroradiometer (MODIS) were used to feed the model. A frequency
filter, which filtered out the clouds and large fluctuation of snow cover from the MODIS snow cover data, also improved
model performance. The model, however, did not simulate peak stream flows well as most of the model runs underestimated
them. Copyright  2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Arid lands are home to some 15% of the world’s pop-
ulation (Findlay, 1998). For many of the arid lands,
mountain-fed rivers are the only available water resources
to cover the needs for public supply, agriculture irriga-
tion, hydropower and other uses. Snow and glaciers in
those mountain basins play an important role in form-
ing the flow regime which depends on snow and glacier
melt rather than the timing of precipitation. Much of the
value of this meltwater as a resource lies in its reli-
able occurrence at a particular time of the year, and
is enhanced if total melt-season runoff and its day-to-
day timing can be predicted. Accurate forecasting can
also minimize the risk and loss from floods caused by
rapid snow and glacier melt (Ferguson, 1999). In addi-
tion, potential impacts of climate change (IPCC, 2007)
on stream-flow regimes could be evaluated if valid snow-
/glacier-melt runoff models are available.

Located at the centre of Eurasia in western China, the
Yarkant River is an arid mountain river which originates
from the lofty Karakorum Mountains, traverses the oases
scattered along its waterway in the Taklimakan Desert,
and finally flows into the Tarim River, the longest
continental river in the world. The mountain basin covers
an area of about 50 000 km2 with an average elevation
of 4500 m and the runoff is generated primarily through
snow and glacier melting. The river runs across a fluvial
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and desert plain where it provides water for 1Ð7 million
people and for the largest irrigated agriculture lands in
the region. With an extremely low annual precipitation of
about 50 mm, water supply in the plain depends primarily
on snow-/glacier-melt runoff from the mountain basin.
The location, climate, and elevation of the mountain basin
make it a unique watershed to study.

Both energy-balance models and temperature-index
approaches have been developed and used to model snow
and ice melt in many mountain watersheds. Although
energy balance models have a solid physical basis, they
are often not practical because of the large data require-
ments, especially in data-scarce mountain watersheds.
Temperature-index models, on the other hand, are com-
monly used because of generally good performance, low
data requirements, and computational simplicity. The
degree-day factor (DDF) in temperature-index models is
a key parameter, which summarizes the complex inter-
action among various energy components. Seasonal vari-
ation of DDF has long been noticed and various efforts
have been made to either vary DDF as a function of
other variables (Braun et al., 1993; Schreider et al., 1997;
Arendt and Sharp, 1999; Daly et al., 2000) or to for-
mulize models where shortwave radiation and/or snow
albedo are included (Cazorzi and Dalla Fontana, 1996;
Kane and Gieck, 1997; Dunn and Colohan, 1999; Hock,
1999; Pellicciotti et al., 2005).

An important issue in applying snowmelt runoff mod-
els is the physical accessibility and the lack of hydro-
meteorological measurements in high-altitude mountain
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watersheds. The objective of this research is to explore
the feasibility of modelling snowmelt runoff in a data-
sparse mountain watershed in the Yarkant River basin.
In this study, we modified existing snowmelt mod-
els to develop methods appropriate for such a data-
scarce mountainous area and identify primary data lim-
itations. We developed an enhanced temperature-index
model which uses satellite-derived snow cover data and
varies DDF based on shortwave solar radiation and snow
albedo.

STUDY WATERSHED AND DATA

The Tizinapu basin, a tributary watershed of the Yarkant
River, was selected for this study as the first attempt
of modelling the entire Yarkant mountain watershed
(Figure 1(a)). The Tizinapu sub-watershed is located in
the northeast part of the Yarkant mountain watershed.
It covers an area of 5518 km2 with a mean elevation
of 3605 m. The primary land covers in the watershed
are bare ground (51%), open shrubland (35%), grassland
(9%), and wood/grassland (5%). Meltwater in the water-
shed is primarily from snow, although there are glaciers
in the watershed. For simplicity, snow and glacier were
not distinguished in this study.

Daily stream flow, precipitation, and temperature
measurements were collected at the Yuzimen hydro-
meteorological station, which is located at the outlet of
the watershed (Figure 1(a)). Average annual precipita-
tion at the station is 120 mm and average minimum and
maximum temperatures are �12 °C and 29 °C, respec-
tively. The digital elevation model (DEM) from the
space-shuttle radar topography mapping (SRTM) mis-
sion, which has a spatial resolution of 90 m, was used in
the study. The holes in the SRTM DEM were filled with
USGS GTOPO30 DEM which has a spatial resolution of
1 km. Elevation in the watershed ranges between 1575
and 6234 m (Figure 1(b)). Snow-cover products, derived
from the Moderate Resolution Imaging Spectroradiome-
ter (MODIS) were used to provide snow cover area and

to estimate snow albedo (Hall et al., 2002). The products
provide global daily and 8-day maximum snow cover
extent at 500-m spatial resolution.

THE MODEL

Snowmelt estimate

Many studies have shown considerable improvements
on snowmelt runoff modelling by incorporating short-
wave solar radiation in the modified temperature-index
models (Cazorzi and Dalla Fontana, 1996; Kane and
Gieck, 1997; Hock, 1999; Pellicciotti et al., 2005). Partic-
ularly, Pipes and Quick (1987) found that solar radiation-
based temperature-index models gave far better results
in a heavily glacierized Karakoram basin where con-
ventional temperature-index models drastically underes-
timated radiation melt at higher elevation. Research from
U.S. Army Corps of Engineers (USACE) also concluded
that although temperature is a reasonable good index of
energy flux in heavily forested areas, it is less so in open
areas where shortwave radiation or wind velocity plays a
more important role in the melt process (USACE, 1998).

Snow albedo determines the amount of incoming solar
radiation that is absorbed at snow surface and is therefore
a significant control on surface snowmelt (Bloschl, 1991;
Brock et al., 2000). The dependence of DDF on albedo
has been established in several researches (Schreider
et al., 1997; Arendt and Sharp, 1999). Pellicciotti et al.
(2005) also attributed the better performance of their
enhanced temperature-index model to the inclusion of
albedo in their shortwave radiation term. They concluded
that the inclusion of albedo eliminated the need to adjust
the melt factor over the ablation season.

Based on the Snowmelt Runoff Model (SRM) (Mar-
tinec, 1975; Martinec and Rango, 1986) and previ-
ous researches (especially Cazorzi and Dalla Fontana,
1996; Hock, 1999; Pellicciotti et al., 2005), an enhanced
temperature-index model that incorporates shortwave
solar radiation and snow albedo was developed. The

Figure 1. Geographic location of the Tizinapu mountain watershed (a) and the nine elevation zones used in the model (b)

Copyright  2008 John Wiley & Sons, Ltd. Hydrol. Process. (2008)
DOI: 10.1002/hyp



SNOWMELT RUNOFF MODELING IN AN ARID MOUNTAIN WATERSHED

model is not intended to create a semi-physically based
model where temperature-independent energy compo-
nents are added to a conventional temperature-index
model. Such an effort is hindered by the lack of accessi-
bility and measurements in the studied mountain water-
shed. Instead, our model can be thought of as a conven-
tional temperature-index model where the DDF is varied
by solar radiation and snow albedo. The model calculates
daily snowmelt at a point with the following equation:

M D
{

m ð R ð �1 � ˛� ð �Td � T0� Td > T0

0 Td <D T0
�1�

where M (cm day�1) is daily snowmelt, Td (°C) is
daily mean temperature, T0 (°C) is a threshold temper-
ature beyond which melt occurs, ˛ is surface albedo
without unit, R (W h m2 day�1) is the daily total
shortwave solar radiation (direct plus diffuse), and m
(m2 cm W�1 h�1 °C�1) is a composite parameter which
is the multiplication of the melt factor and the snow
runoff coefficient in SRM and a radiation coefficient.
Owing to the lack of observations, T0 was assumed to be
0 °C for the study watershed.

With the wide range of elevation, the watershed was
divided into nine elevation zones, with each zone having
an elevation range of about 500 m (Figure 1(b)). Those
elevation zones are the spatial units of the model. Daily
discharge from an elevation zone is calculated as:

Vi D �Mi ð Si C c ð Pi� ð Ai ð 10 000

86 400
�2�

where Vi �m3 s�1� is the average daily discharge from
the ith zone, Mi (cm day�1) is daily snowmelt in the
ith zone calculated by Equation (1), Si is snow cover
percentage in the ith zone without a unit, c is precipitation
runoff coefficient without a unit, Pi (cm day�1) is daily
precipitation in the ith zone, Ai is the size of the ith
zone in km2, and the constant 10 000/86 400 converts cm
km2 day�1 to m3 s�1.

Similar to SRM, a critical temperature (Tc), which
is set to 0 °C for the study watershed for simplicity, is
also used in our model to decide whether a precipitation
event will be treated as rain or snow. In SRM, new snow
from a precipitation event is kept in storage and then
melted as soon as a sufficient number of degree-days
have occurred. Different from SRM, our model does not
keep track of new snow, as the precipitation extrapolated
from the Yuzimen station is less reliable than the snow
cover data derived from remote sensing observations.

Solar radiation

Many solar radiation models based on DEM have been
developed (Dozier and Frew, 1990; Fu and Rich, 1999;
Thornton et al., 2000). These models differ in their meth-
ods of calculating atmospheric transmittance, direct and
diffuse partitioning, and topographic modification. The
solar-radiation model developed by Fu and Rich (1999)
was used in this study because it is readily available
in a geographic information system (GIS) environment

and accounts for typical atmospheric conditions, eleva-
tion, surface orientation, and influences of surrounding
topography.

The model calculates the total solar radiation as the
sum of direct and diffuse radiation while neglecting
reflected radiation. The calculation involves the genera-
tion of an upward-looking hemispherical viewshed based
on topography, the overlay of the viewshed on a direct
sunmap to estimate direct radiation, and the overlay of the
viewshed on a diffuse skymap to estimate diffuse radia-
tion (more details can be found in Fu and Rich, 1999).
The diffusion proportion parameter, which decides the
proportion of global normal radiation flux that is diffused,
was set to 0Ð3 indicating generally clear sky conditions.
The transmittivity of the atmosphere, which controls the
fraction of solar flux outside the atmosphere that passes
through the atmosphere, was set to 0Ð5 indicating a gen-
erally clear sky. Daily total solar radiation at each cell
in the watershed was first calculated and average daily
total solar radiation in the nine elevation zones was then
derived. This model thus assumes generally clear-sky
conditions and does not account for differences in solar
radiation caused by cloud cover.

Snow albedo

Computationally simple models, which estimate snow
albedo as a function of snow age using simple decay func-
tions (USACE, 1956; Kondo and Yamazaki, 1990) or as
a logarithmic function of accumulated daily maximum
positive temperature since snowfall (Brock et al., 2000;
Pellicciotti et al., 2005), have been widely used in hydrol-
ogy. In this study, two snow albedo parameterizations
were used and compared. The first parameterization used
Kondo and Yamazaki’s (1990) model which requires only
one parameter. The model assumes that albedo decreases
exponentially with time (days) since the last snowfall as

˛n D ˛min C �˛max � ˛min�e
�n

k �3�

where ˛n is the albedo for nth day from the last snowfall,
˛min is minimum albedo, ˛min is maximum albedo, and
k is a parameter representing the rate of decrease. Since
snowfall events at higher elevations may not be reliably
extrapolated from the only weather station at the lowest
elevation of the watershed, snowfalls were identified from
MODIS snow cover data.

The second albedo parameterization directly scales
MODIS daily snow cover percentage into snow albedo
using the following equation:

˛n D ˛min C �˛max � ˛min�

Smax � Smin
�Sn � Smin� �4�

where ˛n, ˛min, and ˛max are the same as in Equation (3),
Sn is the nth day snow cover percentage, Smin and Smax

are the minimum and maximum snow cover percentages
in a year, respectively. According to Equation (4), when
the watershed has its maximum snow coverage (usually in
late spring), its snow albedo is also the highest, and when
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the watershed has its minimum snow coverage (usually in
late summer), snow albedo is at its lowest point providing
more energy from solar radiation for snowmelt. In both
parameterizations, ˛min and ˛min were set to 0Ð4 and 0Ð9,
respectively, based on Kondo and Yamazaki (1990).

Runoff routing

Detailed physics-based models have been developed
and could in principle be used to route meltwater.
However, most snowmelt runoff models simplify the
processes using a small number of stores connected in
series and still give good daily predictions (Ferguson,
1999). Our model used the same method in SRM to route
both snowmelt and rain water to the watershed outlet. The
method uses a single non-linear store, which is controlled
by a recession coefficient k, as

QnC1 D Vn�1 � knC1� C QnknC1 �5�

where V is the sum of the total water (snowmelt plus rain
water) from all the zones, Q is the average daily discharge
at the watershed outlet, k is the recession coefficient, and
n is the sequence of days in the simulation. Equation (5)
is specific for a time lag of about 18 h between the
daily temperature cycle and the resulting discharge cycle.
For such a time lag, the computed total water on the
nth day is assumed to contribute to the discharge on
the (n C 1)th day and days after that. This time lag
and therefore Equation (5) was estimated for the study
watershed from its hydrographs and was verified by the
empirical relationship between watershed size and lag
time found in Martinec and Rango (1986). The recession
coefficient k indicates the decline of discharge in a period
without snowmelt and rainfall, and is assumed to vary
inversely with discharge as

knC1 D QnC1

Qn
D xQn

y �6�

Figure 2. Scatter plot and linear regression of logarithmic recession
discharges of year 2004 used to calculate parameters x and y in

Equation (6)

Equation (6) can be reformatted by taking the natural
log on both sides of the equation:

ln�QnC1� D ln�xQn
�1�y�� D ln�x� C �1 � y� ln�Qn�

D a C b ln�Qn� �7�

where a D ln�x� and b D 1 � y. Parameters a and b
in Equation (7), and then parameters x and y in
Equation (6), can be obtained through linear regression
with observed recession discharge data. Using the reces-
sion discharge data in 2004, parameters x and y were
calculated as 0Ð9959 and 0Ð0709, respectively, for the
study watershed (Figure 2).

Model evaluation

Model efficiency criterion R2 (Nash and Sutcliffe,
1970) was used to assess model performance. R2 is
defined as:

R2 D 1 �

n∑
iD1

�Qmi � Qsi�
2

n∑
iD1

�Qmi � Qm�2

�8�

where Qmi is the measured discharge on the ith day, Qsi is
the simulated discharge on the ith day, Qm is the average
measured discharge of the year, and n is the number
of days in the year. The index has been widely used
in various hydrological models and in many snowmelt
runoff models (Hock, 1999; Pellicciotti et al., 2005).

MODEL INPUT PARAMETERIZATION

Because the hydro-meteorological measurements for the
study watershed are only available at the Yuzimen sta-
tion, model inputs have to be either extrapolated from
the station or derived from remotely sensed data. This
section discusses how the inputs were parameterized for
the model.

Temperature

Lapse rates are conventionally used to extrapolate mea-
sured air temperature at stations to different elevation
zones. Most often, a global mean lapse rate of approxi-
mately 6Ð5 °C km�1 is used although lapse rates in moun-
tain terrains show great diurnal and seasonal variations
around the mean (Barry, 1992). Reliable local lapse rates
and their temporal dynamics can be obtained if multiple
weather stations at representative elevations in a water-
shed are available. For the study watershed, however,
the only two available long-term weather stations (Hotan
at 1375 m and Shiquanhe at 4280 m), which are ‘close’
to the watershed and with representative elevations, are
about 200 and 500 km away from the watershed, respec-
tively. Daily lapse rates for the period 2002–2004 were
calculated with the measurements at the two stations.
Locally smoothed mean daily lapse rates from the stations

Copyright  2008 John Wiley & Sons, Ltd. Hydrol. Process. (2008)
DOI: 10.1002/hyp



SNOWMELT RUNOFF MODELING IN AN ARID MOUNTAIN WATERSHED

show a distinct seasonal pattern (Figure 3). To verify the
pattern, daily lapse rate was also calculated for the years
at Hotan radiosonde station using the Integrated Global
Radiosonde Archive (IGRA) dataset (Durre et al., 2006).
Locally smoothed mean daily lapse rates, which were
derived from the radiosonde data using the temperatures
measured at five pressure levels (i.e., 850, 700, 500, 400,
and 300 mb), show a very similar temporal pattern to that
obtained at the two stations. Daily lapse rates from the
two sources are highly correlated with a correlation coef-
ficient of 0Ð98. We therefore assumed that the daily lapse
rates derived from the two weather stations, although out-
side the study watershed, could be used to extrapolate
temperature in the study watershed.

The annual mean lapse rate derived from the two
weather stations is 4Ð2 °C km�1, which is much smaller
than the global lapse rate of 6Ð5 °C km�1. This implies
less temperature decrease with elevation in the study
watershed than the global average. In addition, daily lapse
rate in the region shows a distinct seasonal pattern. At
the end of January, the lapse rate starts increasing and
reaches a plateau near the end of March. This plateau
of high lapse rate lasts to the end of May. The lapse
rate then starts decreasing and reaches its low valley
during August. Then, it increases again and reaches a
second peak in October. After that, the lapse rate declines
quickly to the end of the year. It is interesting to see that
a below-average lapse rate occurs during late summer
months (middle July to middle September) which leads to
higher temperature at high elevation for more snowmelt
and matches the peak stream flows season observed in
the watershed.

Precipitation

Extrapolating precipitation is particularly difficult in
mountainous watersheds because of the lack of weather
stations in the watershed and local factors, such as topog-
raphy, which strongly influence the spatial distribution.
Our first approach extrapolated precipitation at the Yuz-
imen station to the mean altitudes of the nine elevation
zones by using an altitude gradient of 3Ð5% per 100 m
as recommended by Martinec et al. (1998). In addition to
extrapolation, we also explored the possibility of using
the daily precipitation data from the Global Precipita-
tion Climatology Project (GPCP), which is derived from
multi-satellite observations with a spatial resolution of
1° by 1° (Huffman et al., 2001). Because of the coarse
spatial resolution, there are only four GPCP cells that
cover the study watershed (Figure 4). The elevation zones
were overlain with the GPCP cells and daily precipita-
tion in each elevation zone was calculated based on the
percentage of overlapping area each zone has with the
intersecting GPCP cells.

Snow cover

Satellite-derived snow cover area is the best routinely
available input for snowmelt runoff models especially
in remote and data-scarce mountain watersheds (Com-
pagnucci and Vargas, 1998; Lee et al., 2005; Tekeli
et al., 2005). Compared with other satellite platforms,
MODIS-derived snow cover area is most suitable for use
in snowmelt model because of a higher spatial resolu-
tion (500 m) and location accuracy (Tekeli et al., 2005).
Although MODIS provides both daily and 8-day snow
cover products, the 8-day maximum snow-cover extent
(i.e. MOD10A2) product was used to minimize cloud
cover.

Figure 3. Daily lapse rates derived from radiosonde data (dotted curve) and calculated from two weather stations (solid curve)
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Figure 4. GPCP cell centres which cover the Tizinapu watershed

Even with the 8-day maximum snow cover extent
product, clouds are still a problem (see the black dots
in Figure 5). In addition, there is a large fluctuation of
snow cover between February and April when neither
the temperature nor stream discharge indicates snowmelt.

The fluctuation may be caused by thin transient snow or
just a misclassification of snow in MOD10A2. To remove
the clouds and the fluctuation, a backward temporal filter
was developed. The filter calculates the frequency of
snow occurrence within the past 32 days and assigns
a cell as snow covered only if the snow frequency at
the cell is greater than 75%. Snow cover percentages
within the nine elevation zones were then calculated using
the filtered 8-day snow cover data. Daily snow cover
percentages in the elevation zones was then interpolated
using piecewise cubic Hermite interpolation.

MODEL APPLICATION

All the model parameters were set as described above
except for the m in Equation (1) and the c in Equation (2).
The model was first run with all the possible input
parameterizations as discussed in the previous section
for year 2004. We first explored the effects of the two
precipitation parameterizations. Numerous model runs
were carried out using those two precipitation inputs
with different m and c (with a range from 0Ð4 to
1 based on Martinec et al., 1998) values and other
input parameterizations. All of them showed a better

Figure 5. Raw (dotted line) and filtered (solid line) MODIS 8-day maximum snow cover percentages in the nine elevation zones and the entire
watershed in 2004
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performance without precipitation input. Precipitation
at the Yuzimen station was further compared with the
precipitation in the GPCP cell, which covers the station.
The correlation coefficient between the two precipitation
datasets is only 0Ð097. This indicates that neither the
station nor the GPCP provides reliable precipitation data
for the model. In addition, except for few spikes in late
summer, the overall hydrograph resembles the discharge
from a snow-/glacier-dominated watershed. All those
factors made us decide to turn off the precipitation input
for model calibration and validation.

The best model run for the year of 2004 with the
precipitation input turned off has a R2 value of 0Ð64
with a m value of 0Ð000 039 (m2 cm W�1 h�1 °C�1).
This ‘optimal’ m value was obtained by systematically
varying its value to run the model. This best model run
was obtained using filtered MODIS snow cover, daily
lapse rate calculated from the two weather stations, and
the snow albedo directly scaled from MODIS snow cover.
Measured and simulated daily discharges for the best
model are shown in Figure 6.

For validation, the model was run for years 2003
and 2002. Measured and simulated daily discharges
for those two years are shown in Figure 6. The R2

values for years 2003 and 2002 are 0Ð78 and 0Ð51,
respectively. Simulated hydrographs matched well with
the snowmelt component of the measured hydrographs.
The simulated hydrographs, especially in years 2003
and 2002, indicated that the lack of rainfall input was
not heavily compensated during calibration. The model,
however, did not simulate the peak stream flows well in
August. The relative low R2 values, obtained in our study

and their difference among the years, are attributed to the
underestimates of those peak flows in the hydrographs.
The low R2 value in year 2002 might be caused by
several extreme peak flows occurred in the year and the
high R2 value in 2003 could also be explained by mild
stream flows in the year. We think that those peak stream
flows might be caused by some extreme rainfall events
in August. If this is true, then precipitation data is the
major data limitation for improving model performance.
Considering the size of the watershed and the limited
measurements available, we think the model satisfactorily
simulated daily stream flow for years 2002 to 2004.

Model sensitivity

To identify the primary input parameterizations to
which the model are sensitive, the model was run with
different parameterizations. Different ways of extrapolat-
ing temperature were first examined. The model was run
with three additional lapse rates, i.e. the global lapse rate
of 6Ð5 °C km�1, the local mean lapse rate of 4Ð2 °C km�1,
and 3-year average daily lapse rate. Simulated and mea-
sured daily stream flows with those lapse rates are shown
in Figure 7 and their corresponding R2 values are listed
in Table I.

As is shown in Table I and Figure 7, the model is very
sensitive to lapse rate. The global lapse rate significantly
underestimated daily stream flow. The local mean lapse
rate performed much better than the global lapse rate.
However, it still does not reflect the temporal variation
of lapse rate in the region. Especially, the high lapse
rate plateau in late spring (Figure 3) is missing when
the local mean lapse rate is used. Because of this, the

Figure 6. Simulated (dotted line) and measured daily discharge (solid line) for years 2004, 2003, and 2002
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Figure 7. Simulated (dotted line) and measured (solid line) daily discharge using the global lapse rate of 6Ð5 °C km�1 (a), averaged local lapse rate
of 4Ð2 °C km�1 (b), and averaged daily lapse rate from year 2002 to 2004 (c)

Table I. Model efficiency (R2) with semi-distributed model inputs
using different lapse rates

Year 2004 2003 2002

Global lapse rate of 6Ð5 °C �0Ð03 �0Ð12 �0Ð24
Average local lapse rate of 4Ð2 °C 0Ð57 0Ð62 0Ð38
3-year average daily lapse rate 0Ð54 0Ð78 0Ð52
Individual year’s daily lapse rate 0Ð64 0Ð78 0Ð51

model overestimated snowmelt in the spring season. The
difference between 3-year average daily lapse rate and
individual year’s daily lapse rate is small although the
latter performed much better in year 2004 (Table I).
Those results indicated that the global lapse rate should
not be used in this region and the temporal variation of
lapse rate is very important for modelling the timing of
snowmelt in the study watershed.

To investigate the effect of the snow cover filter, raw
snow cover data was used to run the model with the
parameters and all other inputs were set the same as the
best model run. The R2 values obtained for years 2004,
2003, and 2002 are 0Ð39, 0Ð56, and 0Ð36, respectively.
Compared to the R2 values (bottom row in Table I),
which used filtered snow cover data, the frequency filter
greatly improved model performance.

Table II. Model efficiency (R2) with lumped solar radiation and
snow albedo inputs using different lapse rates

Year 2004 2003 2002

Global lapse rate of 6Ð5 °C �0Ð11 �0Ð03 �0Ð27
Average local lapse rate of 4Ð2 °C 0Ð59 0Ð40 0Ð27
3-year average daily lapse rate 0Ð60 0Ð74 0Ð44
Individual year’s daily lapse rate 0Ð67 0Ð78 0Ð42

Semi-distributed versus lumped inputs

All the model runs discussed above are semi-distri-
buted because they used the nine elevation zones as
model spatial units. To see how lumped inputs may affect
the model results, solar radiation and snow albedo inputs
were lumped over the entire watershed and then used
in model runs. The best R2 value achieved for year
2004 was 0Ð67 with an ‘optimal’ m value of 0Ð000035
(m2 cm W�1 h�1 °C�1). Using this m value, R2 values
from the model runs for years 2003 and 2002 were
0Ð78 and 0Ð42, respectively. Compared to the results
from semi-distributed inputs (the bottom row in Table I),
lumped model inputs gave a little better performance in
2004, the same in 2003, and somewhat worse in 2002.

Sensitivity of the lumped model inputs to different
lapse rates was also examined. The results are summa-
rized in Table II. Like the semi-distributed model, the
lumped model is very sensitive to lapse rate. The model
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Figure 8. Daily snow albedo in year 2004 for the entire watershed as
derived from snow cover percentage (solid line) and calculated by using

Equation (3) with k set to 4, 10, and 20 (dotted lines)

Table III. Model efficiency (R2) with semi-distributed model
inputs using different snow albedo parameterizations

Year 2004 2003 2002

K D 4 0Ð17 0Ð49 0Ð27
K D 10 0Ð22 0Ð58 0Ð31
K D 20 0Ð35 0Ð71 0Ð37
Scaled from snow cover percentage 0Ð64 0Ð78 0Ð51

performed better when the lapse rate reflects local and
temporal characteristics of the watershed.

Sensitivity of the model to snow albedo parameteriza-
tions was also examined. The two albedo parameteriza-
tions were compared. The first albedo parameterization
was tested using three different k values (k D 4, 10,
and 20 in Equation (3)), as suggested by Kondo and
Yamazaki (1990). The second parameterization scales
daily snow cover percentage directly into snow albedo
using Equation (4). Daily snow albedo in year 2004 from
the two parameterizations is shown in Figure 8. It can
be noted in Figure 8 that Smin in Equation (4) is found
during the summer days. The R2 values for the two
parameterizations are shown in Table III. The model is
very sensitive to snow albedo parameterization. Smaller
k values, which were suggested by Kondo and Yamazaki
(1990) and USACE (1956), performed much worse than
larger k values. As the k value increases, model perfor-
mance improves and the snow albedo curve looks more
like snow cover percentage curve. This observation led
us to the second albedo parameterization which directly
scales snow cover percentage into snow albedo.

CONCLUDING REMARKS

The study has shown that a temperature-index snowmelt
runoff model, in which DDF is varied by solar radiation
and snow albedo, can be used to satisfactorily simu-
late daily stream flow in an arid mountain watershed

where only limited hydro-meteorological measurements
are available. Sensitivity analysis indicated that the model
was strongly influenced by the lapse rate used to extrap-
olate temperature and the snow albedo which regulates
the amount of available solar radiation for snowmelt. The
distinct seasonal pattern of lapse rate played a key role
for successful simulation. The high correlation between
lapse rates derived from two weather stations and calcu-
lated from radiosonde data implied that radiosonde data
might be used to estimate surface lapse rate when weather
station data are not available.

The snow-albedo parameterization which directly sca-
les snow cover percentage into snow albedo worked well
for the watershed although further validation is needed. In
addition, the snow cover filter, which filtered out clouds
and large fluctuation of snow cover from the raw MODIS
snow cover data, improved model performance. Semi-
distributed model, where all the inputs are unique in the
nine elevation zones, did not significantly improve model
performance. Like the semi-distributed model, lumped
models are also very sensitive to lapse rates.

The model, however, did not simulate the peak stream
flows well as most of the good model runs underestimated
the peak discharges occurred in August. There is still no
good explanation for the tremendous variation of stream
flow in August, especially in years 2004 and 2002. The
variation could be caused by heavy precipitation events.
Unfortunately, this cannot be validated with the current
precipitation measurement at the Yuzimen station or the
precipitation data from GPCP.

Several forms of combining temperature-dependent
and temperature-independent components in a semi-
temperature-index model were compared by Pellicciotti
et al. (2005). Future research on improving our model
will explore those options. The spatial units of our cur-
rent model were based on elevation zones. This tessel-
lation has no allowance for representing the variations
of slope, aspect, land cover, and melt within zones.
Between the elevation zone and grid cell approaches,
there stands the possibility of generating snow response
units delineated not just by elevation but also slope,
aspect, and other topographic controls. This approach cor-
responds to the concept of hydrological response units in
rainfall–runoff modelling. In the future, we will explore
the idea of snowmelt-response units which are the largest
areas within which subscale spatial variability does not
significantly affect basin response, and can be averaged
or represented statistically. The large fluctuation of snow
cover in zones 4, 5 and 6 in the spring (Figure 5) also
calls for further validation on MODIS snow cover prod-
ucts.
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