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In-situ observations and modeling of spring snowmelt
processes in an Altay Mountains river basin

Xuejiao Wu,*?* Ninglian Wang,® Yongping Shen,? Jiangiao He,* and
Wei Zhang®"
%Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy
of Sciences, State Key Laboratory of Cryospheric Sciences, Lanzhou, Gansu 730000, China
®University of Chinese Academy of Sciences, Beijing 100049, China

Abstract. Snowmelt is a principal source for ground-water recharge and stream flows in moun-
tainous regions of northwestern China. Knowledge of the timing, magnitude, and processes of
snowmelt under changing climate conditions is required for appropriate water resource manage-
ment. The Utah energy balance (UEB) model was used to simulate the development and melting
of spring (March 2012) snow cover at an observation site in the Kayiertesi River Basin in the
Altay Mountains in Xinjiang. The modeled results were validated by field measurements and
remotely sensed data. Results show that the simulation of the snowmelt process lasted for
24 days and the modeled snow water equivalent (SWE) closely matched the observed SWE,
with a mean relative error of 7.2%. During the snowmelt process, net radiation was the
major energy source of the snow layer. The variation of the snowmelt outflow was closely related
to the snowmelt amounts and air temperature. The initial results of this modeling process show
that our calibrated parameters were reasonable and the UEB model can be used for simulating
and forecasting peak snowmelt outflows in this region. © 2014 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.8.084697]

Keywords: snow water equivalent; sensible heat flux; latent heat flux; snow cover; outflow.
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1 Introduction

Snowmelt is an important source of fresh water and is a critical water resource in the mountain
regions of northwestern China and other similar regions of the world. Spring snowmelt water is a
major source of river runoff, which can support the demand for water resources in oases, ease
droughts that affect oasis agriculture, and meet the demands of spring irrigation. However,
rapid spring snowmelt can cause flood disasters that can endanger public and personal property
and safety.'> Recently, frequent extreme weather events caused snowmelt flood disasters that
ground much of normal life to a halt. For instance, in January 2010, snowstorms and snowmelt
flooding occurred in 12 counties of the Tacheng-Altay regions of northwestern China, affecting
more than 90,000 people.® In the context of global warming, changes in snow hydrological proc-
esses also had significant economic impacts on the development of northwestern China. Therefore,
the work of monitoring snow changes, modeling snowmelt processes, and forecasting snowmelt
outflows and runoff is important for appropriate water resource management and flood prevention.

Current snowmelt models can generally be classified into two categories: empirical temper-
ature-index models*® (such as the degree-day model®) and physically based energy-balance
models.” The degree-day model has been widely used in Greenland, northern Europe, the
Qinghai-Tibet Plateau, and other regions for snow and ice melting process studies.>”'* The
degree-day method has also been integrated into other hydrological models, such as the snow-
melt runoff model'! and the Hydrologiska Byrans Vattenbalansavdelning model developed in
Sweden.'? However, in some cases, the degree-day model cannot simulate ideal results because it

*Address all correspondence to: Xuejiao Wu, E-mail: wxjiao608@126.com
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only considers the air temperature factor. Many attempts have been made to improve the original
degree-day model by incorporating more variables, such as direct solar radiation.'>!*

Energy-balance models use physically based calculations of heat exchanges without a strong
regional dependency. They can describe energy exchanges in detail at the snow-air interface and
can produce relatively accurate simulations and predictions of snowmelt conditions. Based on
the theory of energy balance, certain snowmelt models have been developed, such as the
SNOWPACK model which can handle the special problems of avalanche warning by considering
the mechanical structure of snow layers in detail.”” The prairie blowing snow model takes into
account the transport of blowing snow, sublimation, and other weather conditions. '®
Simultaneous heat and water model focuses on interpreting the relationship between snow and
solid-frozen soil.'” The single-layer Utah energy balance (UEB) model is a simple snowmelt
model with a small number of state variables and adjustable parameters, which avoids the need
for extensive assumptions and parameterizations.'® It is transportable and applicable in many differ-
ent locations without needing much calibration.'® Other hydrological models that have deeply inte-
grated energy-balance snowmelt models are Systéme Hydrologique Européen (SHE),* Soil and
Water Assessment Tool (SWAT),?! and the distributed hydrology soil vegetation model (DHSVM).??

In this study, the UEB snowmelt model was used for snowmelt modeling at a site in Altay
Mountains in Xinjiang. The aims of the study were (1) to evaluate the feasibility of the UEB
model in our study area and (2) to explore the variability of the SWE, outflow, and flux com-
ponents in our study site during a spring snowmelt period.

2 Study Sites and Data

Our study area was located in the Kayiertesi River Basin in the Altay Mountains of northern
Xinjiang; this basin is the headwater source of Eerqisi River (Fig. 1). The climate of this region is
influenced by the westerly airflow, and most of the annual precipitation is in the form of snow
which creates a thick and stable snow cover during the winter. The drainage area of this basin is
2350 km? with an altitude ranging from 1159 to 3846 m a.s.l. The area has a cool climate with a
multiyear mean annual temperature of 3.0°C from 1962 to 2012. Snowmelt begins to melt in
March (with a monthly mean temperature of —6.3°C) in the study area. The multiyear mean
annual precipitation is 190.7 mm from 1962 to 2012, and the two minimum months are
February (8.1 mm) and March (10.5 mm). Our open observation site is located at the
Kuwei Hydrologic Station in the outlet of the basin, at 47°20'N, 89°41'E with an elevation
of 1370 m. Field measurements at the site include meteorological measurements, certain
snow properties, and frozen soil monitoring. The meteorological measurements include air tem-
perature (+0.4°C), relative humidity (+2%) (HMP45C probe, Vaisala, Helsinki, Finland), and
wind speed (£0.3 ms™!) and direction (Propvane-05103 anemometer, RM Young, Traverse City,
Michigan) at a height of 3 m above the ground surface.
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Fig. 1 Map of study area.
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The snow properties measurements include snow depth (£1 cm) (Campbell SR50A snow
depth sensor, Campbell Scientific, Logan, Utah), snow water equivalent (SWE) (snow pillow),
and the layered snow temperature (£0.5°C) (Campbell SI-111 infrared radiometer, Campbell
Scientific). Solid precipitation was measured in mm water equivalent (mm w.e., £0.1%)
using a Geonor T-200B (Augusta, New Jersey) accumulative weighing bucket precipitation
gauge without heating. All sensors were connected to a data logger (CR1000, Campbell
Scientific), and the automatic weather station recorded the half-hourly mean of the measure-
ments taken every 10 s. Other parameters such as layered soil temperature and soil moisture
were also monitored. Four new net radiometers (£1%) (CNR4, Kipp & Zonen, Delft, The
Netherlands) were installed at the Kuwei Hydrologic Station in September, 2013 to monitor
air incident and reflected short-wave radiation (S} and S1) and incoming and outgoing
long-wave radiation (L] and L1).

In order to validate our modeled results, we used MOD10A1 daily snow cover products
which spatially mapped snow cover variations in the Kayiertesi River Basin from March to
June 2012. MOD10A1 daily products are available from the National Snow and Ice Data
Center (NSIDC, Boulder, Colorado), and include snow extent, snow albedo, fractional snow
cover, and quality assessment data at 500-m resolution, gridded in a sinusoidal map projection.
Cloud pixels were determined by daily snow cover series, and snow cover mapping was made by
compositing 3 to 5 days of the MOD10A1 product to find the maximum snow cover extent
during 5 days. The intent of the algorithm in our study was similar to that of MOD10A2,
which maximizes the number of snow pixels while minimizing the number of cloud pixels.?****

3 Model Description

The UEB snow model is an energy-balance snow accumulation and melt model which uses a
lumped representation of the snowpack and keeps track of the water and energy balance. It was
developed in the mid-1990s by David Tarboton’s research group? and has been updated over the
years. The model is driven by inputs of precipitation, air temperature, relative humidity, wind
speed, and radiation at hourly steps sufficient to detect the diurnal cycle. The melt outflow uses
Darcy’s law, and it is a function of the liquid fraction. This allows the model to account for
continued outflow even when the energy balance is negative.

The snowpack is characterized by two primary state variables in the model, energy content
[U (k] m~2)] and water equivalent [W(m)]. U and W are defined per unit of horizontal area. The
energy content, U, is defined relative to a reference state of water at 0°C and contains no liquid
water. These two state variables are solved by the following energy- and mass-balance equations:

dU/dt:an+Qli+Qp+Qg+Qh+Qe_Qle_va (D

where the unit of all terms is k] m~2h~!. Q,, represents the net solar radiation, Q}; represents the
incoming long-wave radiation, O, represents the advected heat from precipitation, O, represents
the ground heat flux, O, and Q. represent the sensible heat flux and the latent heat flux, respec-
tively, Q. represents the outgoing long-wave radiation, and Q,, represents the heat advected with
melt water, and

dW/dt = P, + P,— M, — E, )

where the unit of all terms is mh~'. P, and P, represent the rate of precipitation as rain and snow,
respectively, M, represents the melt rate, and E represents the sublimation rate. The theory of the
model is more completely described in Ref. 26.

Long-wave radiations were parameterized using the Stefan—Boltzmann law. Net short-wave
radiation was calculated as

an = Qsi(l - a)’ (3)

where a is calculated as a function of solar illumination angle and snow surface age.?’ Incident
short-wave radiation is estimated from diurnal temperature range (DTR) and taken as*®

Journal of Applied Remote Sensing 084697-3 Vol. 8, 2014



Wu et al.: In-situ observations and modeling of spring snowmelt processes. ..

Qg = Tl HRI, “

where T is an atmospheric transmittance, I, is the solar constant (4914 kI m=2h~!), and HRI is a
multiplication factor relative to the integral of the illumination angle. In the process of parameter-
ization of HRI, local horizons, azimuth, and slope were used to find local sunrise and sunset times and
integrate solar radiation received on the slope for each time step. T was determined by the DTR.

The measured precipitation rate, P, was composed of rain, P,, and snow, P, using the fol-
lowing calculation based on air temperature, 7,:

P, =P T,>T,,
Pr = P(Ta - Tb)/(Tr - Tb) Tb < Ta < Trv (5)

P. =0 T,<T,, P,=(P-P,)F, 6)

where T, and T, are the threshold air temperatures to distinguish rain and snow. F represents a
snow drift factor, which depends on local topography.” The temperature of rain is accounted as
the higher temperature of freezing point and the air temperature, and the temperature of snow is
the lower temperature of the freezing point and the air temperature. In order to convert the pre-
cipitation to the reference state (0°C ice phase), the advected heat is required

Qp = Pscspw min(Ta’ O) + Pr[hfpw + prw maX(Ta’ 0)]’ (7)

where C, is the specific heat of ice (2.09 kJkg=!°C™") and C,, is the specific heat of water
(4.18 kJkg='°C~!), h; is the heat of fusion (333.5 kIkg™!), and p,, is the density of
water (1000 kg m™).

Sensible heat fluxes between the air and snow surface were modeled using the concept of flux
proportional to temperature gradient as follows:

Onh = than(Ta - Ts)v 3

where K, is the heat conductance (mh™"!), p, is the air density determined from atmospheric
pressure and temperature, C, is the air specific heat capacity (1.005 kJ kg~'°C~1), and T is the
snow surface temperature. The parameterization of T is complicated; it correlates to the surface
conductivity, snow density, air vapor pressure, and other parameters involved in the surface
energy balance.”

For latent heat fluxes, the vapor pressure gradient is the key influencing factor:

Q. =-hM,= Kehv0'622/RdTa[ea - es(Ts)}» 9)
M. = epa(qs - Q), (10)
Ky = K. = Keutral = kZV/[ln(Z/ZO)]Z, (1)

where M, is the vapor transport away from the surface (kgh™!), h, is the latent heat of sub-
limation (2834 kJ/kg), e, and e, are the air vapor pressure and vapor pressure at the snow sur-
face, respectively, Ry is the dry gas constant (287 Jkg=! K™!), K, is the vapor conductance
(mh™!), and ¢, and ¢ are the surface specific humidity and specific humidity (kg water
vapor/kg air), respectively. V is the wind speed (mh~') at height z(m), z, is roughness height
at which the logarithmic boundary layer profile predicts zero velocity (m), and & is von Karman’s
constant (0.4). Thus, the water equivalence depth of sublimation is

E= _Qe/pwhw (12)

The outflow rate is determined by the energy content state variable U and Darcy’s law for
flow through porous media

M, = KS™, (13)
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where K, is the snow saturated hydraulic conductivity and S* is the relative saturation in excess of
water retained by capillary forces (based on Male®®). Thus the heat advected with the outflow is

Om = pwhM,. (14)

4 Results and Discussion

4.1 Parameters and Input Data

Simulations were performed for the period of March 1-31, 2012. We estimated the radiation and
snowmelt in the open area using hourly meteorological inputs of precipitation, temperature, wind
speed, and relative humidity. Although interception and sublimation may be the primary proc-
esses during the early snow season, our simulation period was chosen to cover the melt period
only, because the simulating and forecasting peak snowmelt flow is the main focus of this paper.
For the area, the meteorological variables are assumed to be representative of conditions at a
height of 3 m above the ground. The input meteorological data and the site initial parameter data
were obtained from the measurement in the study area. The area was covered by snow from
November 2011 to March 2012, and the snow accumulated to a maximum depth of 0.4 m
with maximum water equivalent of 0.06 m in February.

Table 1 summarizes the observed site characteristics and initial status of the snow. The slope
and aspect were calculated based on 30-m digital elevation model (DEM). The Kuwei obser-
vation site has a flat surface with respect to the upper parts of the basin. The initial SWE (0.06 m)
was defined by snow depth data. Table 2 lists the adjustable and the fixed parameters used in the
UEB model. Some of the calibrated parameters were different from the recommended values in
the model, including surface aerodynamic roughness, infrared-band and visible-band reflec-
tance, and average snow density. Surface aerodynamic roughness (Z) is a quite sensitive param-
eter in the model, which directly affects the heat transport between air and the surface. From
existing research results, the surface aerodynamic roughness of the snow is usually around
0.001 m.>!' Herein, we adopted 0.0009 m from the results of Sun et al.> New snow near-infrared
band and visible-band reflectance came from field observations using an Analytical Spectral
Devices (ASD) spectrograph (FieldSpec 3, Analytical Spectral Devices, Inc., Boulder,
Colorado) in Xinjiang. From site snow observations, an average snow density of 150 kg/m?
was given in the model. The temperature 7', above which precipitation is rain and the snow
saturated hydraulic conductivity (Kg,) were adjusted (calibrated) based on the observed
SWE at the central site. Other parameters followed the original UEB model.'*?

During the period of simulation, mean air temperatures ranged from —13.2°C to 2.7°C and
there was a significant increasing trend (Fig. 2). Wind speed and relative humidity presented an
obvious opposite change tendency (Fig. 2). Wind speed, which had a daily mean of 1.72 ms™!
during the modeled period, played a significant role in the turbulent exchange between the
atmosphere and the glacial surface. Relative humidity directly affected the latent heat flux
exchange, with a daily mean of 0.56 during the modeled period. There was little precipitation
during the snowmelt simulation period in this area. There was one snowfall on March 19 and the
SWE was 0.1 mm w.e., which was the only time of precipitation in the modeled month.

Table 1 Site parameters.

Site variables Values
Slope 5 deg
Aspect 48.5 deg
Latitude 47.33°N
Longitude 89.65°E
Initial SWE 0.06 m
Atmospheric pressure 85,600 Pa
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Table 2 Snowmelt model fixed parameters.

Parameter Values Basis
Surface aerodynamic roughness (Z) 0.0009 m Ref. 32
Snow saturated hydraulic conductivity (Kat) 25 mh-! Adjusted
New snow near-infrared-band reflectance (a,) 0.63 This study
New snow visible-band reflectance (a,,) 0.89 This study
Ground heat capacity (Cg) 2.09 kJkg~'°C-! Ref. 26
Density of soil layer (rg) 1700 kgm~2 Ref. 26
Snow density (rs) 150 kgm=2 This study
Liquid holding capacity of snow (L;) 0.05 Ref. 26
Temperature above which precipitation is rain (T,) 1.2°C Adjusted
Temperature below which precipitation is snow (T) -1°C Ref. 26
Wind/air temperature measurement height (z) 3m This study
Soil effective depth (D) 0.1m Ref. 26
Bare ground albedo (Apg) 0.25 Ref. 26
Nominal measurement of height for air 3m This study
temperature and humidity (zs)

Emissivity of snow (es) 0.98 Ref. 26
Thermal conductivity of surface snow (/) 1kdm-'C'h! Ref. 19
Thermal conductivity of soil (/g) 4kJm-1C'h? Ref. 19

4.2 Validation of Simulation

The model was able to predict the SWE, snow surface temperature, radiation, energy fluxes, and
outflow. The actual measurements of SWE and the surface temperature were available for the
snowmelt simulation period in 2012, so the SWE comparisons serve as a comprehensive test of
all aspects of a model. The SWE was derived from snow depths, together with snow density
(150 kg/m?) by snow depth sensors mounted in the weather station. A fixed and average snow
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g 01 o wind speed
® .5 —O— Relative humidity
s
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-154

Wind (m/s)

12/03/05 12/03/12

12/03/19

Date

12/03/26

Fig. 2 Meteorological characteristics in snowmelt season (March).
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Fig. 3 Comparison between modeled and measured SWE.

density was chosen when calculating the SWE using initial measurements because snow density
is a fixed parameter in the model. Comparison between the modeled SWEs and observations
(Fig. 3) indicates that the main snowmelt was well modeled with a mean relative error of 7.2%,
but some early snowmelt was not modeled very accurately. From the middle to the late snowmelt
period, there was a generally better agreement. The SWE values and the snowmelt process at
Kuwei observation site were reasonably predicted by the model.

The snowmelt process took about 24 days from March 1. This result was also validated
with remote sensing data. The spring snowmelt persistence time was studied using MODIS
images of 2012 at the Kuwei observation site. Table 3 presents the pixel analyses of MODIS
images for March 2012, which covers the Kuwei observation site. Results show that there were
eight cloudy days before March 24. Due to little precipitation during the snowmelt period, the
cloud pixels can be considered as snow until March 24 by compositing from 3 to 5 days. The
MODIS images well caught the dates on which the ground was covered by snow before March
25. Land was finally detected on April 5. The reason for the delay in detection of land can be
due to high cloud cover from March 25 to April 4. We could not determine the actual ending
time of the snowmelt because only one pixel covered our study site. To further verify how long
the snow persisted in the study area during the snowmelt period, the spatial distributions of
snow cover were mapped based on MOD10A1 data (Fig. 4). It can be seen that snow melted at
higher and higher elevations over time because the temperature regularly decreased with
increasing altitude. The basin was covered by snow on March 1 and by March 26 snow in
the area along the river downstream of the basin had vanished. The range of altitude in
the melt area on March 26 was between 1300 and 1450 m, which is consistent with the altitude
of the Kuwei observation site (1370 m). Thus, from remote sensing data, we concluded that the
snow had melted away by March 26 at Kuwei observation site and this result agreed well with
our modeled result.

We then compared the modeled and the observed surface temperatures (7) at the hourly
scale and the mean daily scale (Fig. 5). When the ground was covered by snow before March
24, the modeled surface temperatures were reasonably accurate in the daytime but were
underestimated at night. After March 24, the modeled surface temperatures were overesti-
mated in the daytime but were reasonably accurate at night when the ground soil was
exposed [Fig. 5(a)]. These discrepancies might have been caused by the UEB model itself.
In the UEB model, parameterization for surface temperature is a challenging physical prob-
lem that needs to incorporate the surface conductivity, snow density, air vapor pressure, and
several other parameters involved in the surface energy balance. Moreover, when the surface
is not snow-covered, the surface energy balance parameters change, and UEB was not really
designed for nonsnow-covered situations (Dr. David Tarboton, personal communication).
Nevertheless, the variability of the modeled mean daily T, was very similar to that of
the measured mean daily 7, with a strong statistically significant positive correlation
(r =0.93, p <0.001) [Fig. 5(b)].
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Table 3 Summary of analyses for March 2012 at the Kuwei observation site from MODIS.

Date MODIS10A1 Date MODIS10A1
March 1, 2012 S March 19, 2012 C
March 2, 2012 S March 20, 2012 C
March 3, 2012 S March 21, 2012 C
March 4, 2012 S March 22, 2012 C
March 5, 2012 S March 23, 2012 S
March 6, 2012 C March 24, 2012 S
March 7, 2012 C March 25, 2012 C
March 8, 2012 S March 26, 2012 C
March 9, 2012 S March 27, 2012 C
March 10, 2012 S March 28, 2012 C
March 11, 2012 C March 29, 2012 C
March 12, 2012 S March 30, 2012 C
March 13, 2012 S March 31, 2012 C
March 14, 2012 S April 1, 2012 C
March 15, 2012 S April 2, 2012 C
March 16, 2012 S April 3, 2012 C
March 17, 2012 C April 4, 2012 C
March 18, 2012 S April 5, 2012 L

Note: S, snow; C, cloud, and L, land.

4.3 Surface Energy Flux

Incoming short-wave and long-wave radiation during the simulation period is shown in Fig. 6.
The mean solar energy resource value was 223.3 W/m? in March, 2012, which was close to the
maximum of the Tanggula region, 249 W/m?2.* It followed an orderly daily cycle process, with
the mean daily values of short-wave radiation varying from 110.5 to 290 W/m? [Fig. 6(a)].
There were 4 days when the short-wave radiation was only half of that on other days.
Coincidentally, the incoming long-wave radiation presented higher values in those days
[Fig. 6(b)]. The long-wave radiation showed a slight increase during the snowmelt period,
with a monthly mean value of 226.7 W/m? in March. The daily mean incoming long-wave
radiation varied between 181.8 and 321 W/m?, which was caused by incoming radiation
being affected by cloud cover.

Figure 7 illustrates hourly variations of the modeled heat fluxes, including sensible heat flux
(H), latent heat flux (LE), and net radiation (R, ) between the surface and the atmosphere above.
The daily mean values of H varied between —7 and 1.83 W/m? from March 1 to 24. H was
negative in the daytime and positive at night, indicating that air temperature was lower than
surface temperature in the daytime but higher than the latter at night [Fig. 7(a)]. This demon-
strates that heat was transferred from the snow surface to the atmosphere in the daytime and from
the atmosphere to the snow surface at night. This result agreed well with the previous research.**
However, sensible heat flux was negative throughout most of the whole day after March 24,
mainly because the surface temperature was overestimated in the daytime when the snow
had melted completely. LE was negative throughout most of the experiment period, but was
close to zero after March 24 [Fig. 7(b)], indicating that the release of latent heat of vaporization
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became weak when the snow melted completely. The daily mean values of LE varied between
—15.5 and =3 W/m? when the ground was covered by snow. The net radiation followed an
orderly daily cycle but significantly increased after the snow disappeared. R, remained positive
in the daytime and negative at night during the experiment period, with variations of daily mean
values between —22.4 and 106 W/m?. The monthly mean of R, was 35 W/m? in March, sug-
gesting that it was the major energy source of the snowmelt.
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4.4 Snowmelt Outflow

When the water-holding capacity of snow is exceeded by the snow liquid water content, excess
liquid water will move down under the action of gravity and will finally flow out from the snow
layer. The modeled outflow during the snowmelt period is shown in Fig. 8. Outflow began after
March 16, which was half a month after the snow melt began. This occurred because net energy
is first used to increase the temperature in the snow layer. Only after the input net energy satisfies
the internal energy of the snow layer and reaches the boundary conditions of snow melting can
the rest of the energy be used to melt the snow layer. However, not all of the snowmelt water will
immediately convert to outflow when snow melting occurs, due to the water-holding capacity of
the snow layer. When the snow layer saturated with water content, outflow will occur.

There were two continuous rapid snowmelt processes in the spring of 2012 at the experiment
site. The first occurred on March 16 to 19. From March 1 to 15, the snow melt rate stayed very
low and the outflow was negligible. By March 16, the temperature began to increase rapidly,
reaching a maximum of 4.88°C on March 18. Continued warming created conditions for snow
melting and the outflow rose from March 16 onward. By March 18, the outflow had reached
1.51 mmh~!. From March 19 onward, significant cooling occurred for 3 days and the temper-
ature decreased until March 22 (Fig. 2). According to the observational data, there was 0.1 mm
w.e. of precipitation on March 19, which was the only instance of snowfall in the month. As a
result, the outflow was very low at that time and there was no strong snow melting. From March
22 onward, the air temperature rose again, reaching 3.9°C at 1:00 p.m. on March 23 and 6.4°C by
noon on March 24. After that, the air temperature remained above 0°C throughout most of the
days. Therefore, the next strong snowmelt process appeared on March 22 to 24, with a peak
outflow value of 6.3 mmh~! at 2:00 p.m. on March 24, indicating that the higher temperature
caused rapid snow melting. The peak outflow value was very close to the results at a study site of
Tianshan, Xinjiang, which had a peak snowmelt outflow value of 5.8 mmh~! in March 2009.%

To validate the outflow results, we compared the snowmelt process (as revealed by outflow)
with the process of SWE (Fig. 8). The SWE decreased drastically from March 18 to 20 and from
March 23 to 25. The dates of these large reductions of SWE corresponded to the times when
strong outflow was occurring, which demonstrates that large snowmelt outflow occurs when
snow is melting rapidly. This also suggests that our modeled snowmelt outflow was reasonable.
To further quantitatively verify the accuracy of the outflow model, we calculated the water bal-
ance for the entire month of March. Based on the mass conservation principle, snowmelt outflow
and sublimation increase with a decrease of the amount of snow, and the amount of snow will
increase when there is snowfall. In this study, snowmelt outflow and sublimation were defined as
water loss during snow melting; initial SWE, precipitation, and condensation were defined as
obtained water. During the period of snow melting, the initial SWE was 0.0605 m from obser-
vational data, the precipitation was 0.0001 m w.e., the total water loss of outflow derived from
the model was 0.05419 m w.e. and the water loss from sublimation was 0.00586 m w.e. (con-
densation had been deducted). The total water loss (0.06005 m w.e.) calculated using the model
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Fig. 8 Map of simulated snowmelt outflow in snow layer.
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matched perfectly with the obtained water (0.0606 m w.e.) from measurements. This implied that
the water amount remained balanced during the modeled period. From this viewpoint, the
modeled outflow can be considered credible.

5 Conclusions

This study evaluated the feasibility of using the UEB model to simulate the melt process of snow
cover in the Kayiertesi River Basin in the Altay Mountains of Xinjiang, and to model the SWE,
in order to forecast peak snowmelt outflows during the spring season. The modeled results were
validated by field measurements, remotely sensed data, and existing researches. We also assessed
surface energy flux and snowmelt outflow, and drew the following conclusions:

1. The UEB model can be considered a feasible tool to predict snowmelt processes in
mountain basins of northwestern China. The main snowmelt process was well modeled,
with a mean relative error of 7.2% in modeling the SWE variation at the Kuwei obser-
vation site.

2. The studied snowmelt process lasted for 24 days; net radiation was the major input
energy source of snowmelt during the period. The snowmelt outflow was closely related
to air temperature and snowmelt amounts; the peak outflow appeared on March 24 with
the value of 6 mmh~' on the site.

The results of this study can enhance the understanding of rapid snowmelt processes and
energy variation. It also can provide a baseline reference for simulated snowmelt distributions
in mountain basins of northwestern China. Future work that should be done in this specific
mountain basin is to predict rapid snowmelt rates based on remote sensing data using the
UEB model and the calibrated parameters that were used in this study. Model improvement
is still necessary for better prediction of snowmelt processes, and data from four new radiometers
that were installed at the Kuwei observation site in 2013 will serve as an observational check for
future the more model results, including atmospheric radiation.
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