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Abstract:

Snowmelt is an important source of runoff in high mountain catchments. Snowmelt modelling for alpine regions remains
challenging with scarce gauges. This study simulates the snowmelt in the Karuxung River catchment in the south Tibetan Plateau
using an altitude zone based temperature-index model, calibrates the snow cover area and runoff simulation during 2003–2005
and validates the model performance via snow cover area and runoff simulation in 2006. In the snowmelt and runoff modelling,
temperature and precipitation are the two most important inputs. Relevant parameters, such as critical snow fall temperature,
temperature lapse rate and precipitation gradient, determine the form and amount of precipitation and distribution of temperature
and precipitation in hydrological modelling of the sparsely gauged catchment. Sensitivity analyses show that accurate estimation
of these parameters would greatly help in improving the snowmelt simulation accuracy, better describing the snow-hydrological
behaviours and dealing with the data scarcity at higher elevations. Specifically, correlation between the critical snow fall
temperature and relative humidity and seasonal patterns of both the temperature lapse rate and the precipitation gradient should
be considered in the modelling studies when precipitation form is not logged and meteorological observations are only available
at low elevation. More accurate simulation of runoff involving snowmelt, glacier melt and rainfall runoff will improve our
understanding of hydrological processes and help assess runoff impacts from a changing climate in high mountain catchments.
Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

More than one sixth of the world’s population depends on
water supplied by mountains (Immerzeel et al., 2009).
Therefore, high mountain regions are of particular
importance to water resources (Marques et al., 2011).
Among various components of high mountain water
resources, snowmelt plays an important role in water
budget and is critical to many aspects of hydrology, such
as water supply for irrigation and hydropower generation,
and control of flood and erosion (Tarboton et al., 1995;
Tekeli et al., 2005; Butt and Bilal, 2011; Yu et al., 2012).
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Snow storage in high mountain areas is an especially
important source of water for downstream lower plains
(Yu et al., 2012). For example, snow cover dynamics in
the Tibetan Plateau influence water availability downstream
in themajor river basins of Asia (Immerzeel et al., 2009). As
natural reserves of freshwater, snow and glaciers in the
Third Pole region benefit more than 1.5 billion of people
downstream (Yao et al., 2012).
Although hydrology in high mountain areas is one of

the most essential issues in water research (Aureli, 2002),
glacier and snow cover dynamics in Asian high mountain
regions are still poorly understood (Bocchiola et al.,
2011; Marques et al., 2011). One approach to better
understand the dynamics is to develop process models
that can not only integrate and synthesize available data
and knowledge but also identify data and knowledge gaps
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for future studies. In alpine regions, snowmelt runoffmodels
were developed to simulate the hydrological processes and
snow cover fluctuation and account the water budget
successfully (Yu et al., 2012). The accurate runoff
estimation provided by process models is useful for water
resources management and planning (Bocchiola et al.,
2011; Yu et al., 2011). This requires characterization of
temporal and spatial variability of snow distribution and
furthers the timing and magnitude of snowmelt runoff,
especially in spring (Shrestha et al., 2012). However, it is a
challenge to quantify the temporal and spatial variability of
snow because of data scarcity inAsian highmountains. As a
result, model calibration is necessary to match model
simulations with field observations. Calibrated hydrological
models of various levels of complexity have been widely
used in the operational runoff forecasting required for flood
warning, hydropower production planning and reservoir
operation (Sorman et al., 2009).
Hydrological models with snowpack accumulation and

melting components can be generally categorized into
process-based and temperature-index models (Azien
et al., 1996; Yu et al., 2012). Process-based snowmelt
models built on energy balance principles require detailed
information of climatic factors, snowpack attributes and
even soil moisture dynamics (Yu et al., 2012). However,
dense, meteorological station networks are rarely avail-
able in high mountain catchments (Richard and Gratton,
2001; Bocchiola et al., 2011). Temperature-index models
are viable tools to calculate snowmelt when observational
stations are scarce (Yu et al., 2012). For example, the
SRM is a deterministic, degree-day hydrological model
(Martinec et al., 2008). It has been successfully applied to
simulate daily runoff resulting from snowmelt and rainfall
in more than 100 mountain catchments with various sizes
and elevation ranges (Immerzeel et al., 2009; Butt and
Bilal, 2011). Temperature and precipitation are the main
inputs for computing snowpack accumulation and
snowmelt processes in these models (Bloschl, 1991;
Brubaker et al., 1996; Neitsch et al., 2001; Liu et al.,
2006; Li and Wang, 2008; Tanasienko and Chumbaev,
2008). However, because of extreme terrain, hostile
climate and poor accessibility, even for the simple
temperature-index modelling methods, there is still
difficulty in obtaining accurate and reliable temperature
and precipitation values for the snowmelt runoff simula-
tion. Therefore, a suitable temperature and precipitation
description method is needed for practical snowmelt
modelling (Richard and Gratton, 2001; Dou et al., 2011).
Three important parameters have been identified for

characterizing the spatial distribution of temperature and
precipitation when temperature and precipitation observa-
tions are limited. The first is the critical snow fall
temperature, TS. When the form of precipitation is not
explicitly logged, precipitation is considered as rainfall if
Copyright © 2013 John Wiley & Sons, Ltd.
temperature is larger than TS but as snowfall otherwise.
The second is the temperature lapse rate (TLR). When
temperature stations at different altitudes are not available
in high mountain catchments, TLR predetermined from
historical observation is usually used to interpolate or
extrapolate temperature from a limited number of existing
stations (Martinec et al., 2008). The third is for the
precipitation distribution as a function of elevation. In
catchments with a great elevation range, the precipitation
input may be underestimated if only low altitude
precipitation stations are available (Martinec et al., 2008).
Because of the decreasing temperature and increasing
condensationwith altitude onwindward slopes, it is generally
accepted that altitude is the main variable governing the
spatial distribution of precipitation in themountains andmost
currently used models assume increasing precipitation with
altitude (Sevruk, 1997). The state-of-the-art precipitation
observation stations are rarely distributed densely enough in
high mountains to show the dependence of precipitation on
altitude. As a result, precipitation gradient (PG) is often used
for precipitation extrapolation when gauges are only
available in lower valleys.
In this study, a snow cover and runoff model is

developed for a high mountain catchment in the Tibetan
Plateau. The values of TS, TLR and PG are estimated on
the basis of historical observations. Model parameters on
snowmelt and runoff generation are calibrated on the
basis of remote sensing snow cover and stream flow
observations. The purpose is to better understand the
snow-hydrological behaviours regarding high mountain
catchments with data scarcity.
METHODOLOGY

This section begins with a description of the study area
and available stations for meteorological and hydrological
measurements in Study Area and Station Description
section, followed by the TS, TLR and PG estimation in
Estimation of TS, TLR and PG section. The resulting TS,
TLR and PG values are then used for improvement of
snow cover modelling described in Snow Cover Modelling
section and runoff modelling introduced in Runoff
Modelling section.

Study area and station description

This study focuses on the Karuxung River catchment
originating in the northern slope of the Himalayan
Mountains as a testing area. It is enclosed between latitudes
28°46′19″N~29°0′22″N and longitudes 90°8′8″E~ 90°23′
4″E in south Tibet, China (Figure 1). Digital elevation
model data with resolution of 30× 30m were downloaded
from International Scientific Data Service Platform (http://
datamirror.csdb.cn). Land use data including glacier
Hydrol. Process. (2013)
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Figure 1. Location, topography and land cover of the study area

SNOW-HYDROLOGICAL MODELLING IN A HIGH MOUNTAIN CATCHMENT
distribution with scale of 1 : 1 000 000 were obtained from
Environmental and Ecological Science Data Center for
West China (http://westdc.westgis.ac.cn). The catchment
covers an area of 286 km2 with elevation ranging from
4550m above sea level (a.s.l.) at theWengguo hydrological
station to 7200m a.s.l. at the summit. There are 50 glaciers
in the catchment with total area of 58 km2 (Mi et al., 2001).
A weather station with daily data (including minimum,

maximum and average air temperature, precipitation and
relative humidity, etc.) available since 1991 is located in
the nearby Langkazi County at 4432.4m a.s.l. About
78 km away from the catchment, another weather station
with daily data available since 1956 is located in Jiangzi
County at 4040m a.s.l. The form of precipitation at the
Jiangzi station was documented daily during 1956–1979.
At the Langkazi weather station, the averaged annual
mean air temperature was 3.4°C and the averaged annual
precipitation including both rainfall and snowfall was
378.7mm during 1991–2012, with precipitation during
June to September accounting for about 90% of the
annual amount due to the impact of the southwest
monsoon (Tian et al., 2008). Considering the wind-
induced loss, wetting loss and evaporation loss during the
observation, correction factors for snowfall and rainfall at
the Langkazi weather station are 1.3 and 1.15, respec-
tively (Wang et al., 2009a). Precipitation is mostly in the
form of snow from October to the following March or for
an even longer period at higher altitudes.
Snow cover can be mapped in various ways, including

terrestrial observations in small catchments (Thayyen
et al., 2007; Thayyen and Gergan, 2010), by aerial
photography, and most efficiently by satellites (Martinec
Copyright © 2013 John Wiley & Sons, Ltd.
et al., 2008). Snow cover estimated by satellite
photography has been widely adopted for snow melt
modelling, hydrological and glaciological implications
and water resource assessment in mountain areas (Parajka
and Bloschl, 2008; Georgievsky, 2009; Immerzeel et al.,
2009; Bocchiola et al., 2011). For example, Advance
Wide Field Sensor of Indian Remote Sensing Satellite
data have been used to estimate the areal extent of snow
in India (Kulkarni et al., 2006; Rathore et al., 2009), and
Moderate Resolution Imaging Spectroradiometer
(MODIS) data have been widely used in a variety of
research projects including snow cover estimation
(Shrestha et al., 2012). There is no operational snow
monitoring system established in the study area. As an
alternative, the MODIS 8-day maximum snow cover data
on board both the Terra and Aqua platforms were used for
model calibration in this study (Wang et al., 2009b). The
objective of using both Terra and Aqua platforms is to
reduce cloud blockage effect and improve snow classi-
fication accuracy (Tekeli et al., 2005; Wang et al., 2009b;
Butt and Bilal, 2011). By using nearest neighbour
interpolation, the 500 × 500m pixels were re-sampled to
30 × 30m to match the resolution of the digital elevation
model data and more accurately capture the snow cover at
the boundary of the catchment.
At the Wengguo hydrological station, monthly runoff

data are available during 1983 to 2005 and daily runoff
data are available during 1 April to 30 November 2006.
To conduct cross-validation of snow cover and runoff
simulation, 2003–2005 was chosen as a model calibration
period and 2006 was chosen as a model validation period,
according to the data availability (Table I).
Hydrol. Process. (2013)
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Table I. Available data for model input, calibration and validation

Data Available time (resolution) Application

Meteorological data at the Langkazi station Since 1991 (daily) Model input
Meteorological data at the Jiangzi station Since 1956 (daily) Model input (TS, TLR and PG)
MODIS TERRA snow cover data Since 5 March 2000 (daily) Model calibration and validation
MODIS AQUA snow cover data Since 4 July 2002 (daily) Model calibration and validation
Hydrological data at the Wengguo station 1983–2005 (monthly) Model calibration
Hydrological data at the Wengguo station April–November 2006 (daily) Model validation

TS, snow fall temperature; TLR, temperature lapse rate;, PG, precipitation gradient; MODIS, moderate resolution imaging spectroradiometer.
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Estimation of TS, TLR and PG

Precipitation is categorized as solid and liquid in most
hydrological models according to user-specified air tem-
perature thresholds. Depending on the humidity of the air
and the wet bulb temperature, snowmay fall at temperatures
above freezing. TS is often assumed to be 2 °C in
hydrological modelling studies (Dou et al., 2011; Marques
et al., 2011). On the days with both snow fall and rainfall
during 1956–1979 when precipitation form data are
available at the Jiangzi weather station, the daily air
temperature was negatively correlated with the relative
humidity (Figure 2) with an average value of 6.4 °C. TS in
the study area is thus estimated by the daily relative humidity
using the linear regression equation shown in Figure 2. For
humidity lower than the regression data range, it may result
in biased estimation of TS. However, because precipitation is
not significant under the low humidity, inaccuracy in TS
estimation will not significantly affect the simulation results.
Available data for estimating TLR and PG are scarce.

As shown in Table II, previous observation in 1975
Figure 2. Daily temperatures on the days with both snow fall and rainfall
at the Jiangzi weather station during 1956–1979 to derive solid and liquid

precipitation thresholds

Copyright © 2013 John Wiley & Sons, Ltd.
showed that annual mean temperature at the snow line of
Kyangyong Glacier (5600m a.s.l.) in the catchment, at
the lowest end of the glacier (4910m a.s.l.) and at the
Langkazi weather station (4432.4m a.s.l.) was �6.2,�0.3
and 2.8 °C, respectively, and annual precipitation at the
average elevation of Kyangyong Glacier (5940m a.s.l.),
at the end of the glacier (4910m a.s.l.) and at Langkazi
weather station (4432.4m a.s.l.) was 797.9, 488.7 and
344.4mm/year, respectively (Li et al., 1986). There has
been no temperature and precipitation observation on the
high elevation glaciers in the Karuxung River catchment
since 1975. The nearest weather station to the Langkazi
weather station is located 78 km away in Jiangzi County
at 4040m a.s.l. The annual mean temperature and annual
precipitation at the Jiangzi weather station in 1975 was
5.0 °C and 280.0mm/year, respectively. As shown in
Figure 3, the annual mean TLR and PG in 1975 based on the
four-point regression was�0.72 °C/100m (R2 = 0.991) and
28.0mm/year/100m (R2 = 0.992), respectively. The highR2

values illustrate that temperature and precipitation differ-
ences between the Langkazi and Jiangzi weather stations
have the potential to represent the TLR and PG in the
Karuxung Catchment.
Normally, TLR values vary between the dry adiabatic

lapse rate (�0.98 °C/100m) and isothermal lapse rate
(0 °C/100m), with a global standard atmosphere environ-
mental lapse rate of �0.65 °C/100m (Dobrowski et al.,
2009). Studies in various high mountain catchments have
shown or used annual mean TLR ranging between�0.9 and
�0.2 °C/100m (Richard andGratton, 2001; Liu et al., 2006;
Li andWang, 2008; Bocchiola et al., 2011; Butt and Bilal,
2011; Dahri et al., 2011; Dou et al., 2011; Marques et al.,
2011; Tahir et al., 2011; Yu et al., 2011). PG shows great
spatial variability, such as that it varies from 23 to
158mm/year/100m within the East Switzerland (Sevruk,
1997) and monsoonal rainfall decreases by more than one
order of magnitude within 100 km in Northern India
(Wulf et al., 2010). According to previous studies, TLR
and PG also show high variability at seasonal scales
(Brehm and Freytag, 1982; Fang and Yoda, 1988; Sevruk,
1997; Dobrowski et al., 2009). Monthly TLRs during
1991–2012 derived from mean monthly temperatures and
Hydrol. Process. (2013)



Table II. Historical temperature and precipitation observation in the study area

Data type Value Elevation Location

Annual mean temperature in 1975 �6.2 °C 5600m a.s.l. At the snow line of Kyangyong Glacier
�0.3 °C 4910m a.s.l. At the lowest end of Kyangyong Glacier
2.8 °C 4432.4m a.s.l. At the Langkazi weather station

Annual precipitation in 1975 797.9mm 5940m a.s.l. At the average elevation of Kyangyong Glacier
488.7mm 4910m a.s.l. At the end of Kyangyong Glacier
344.4mm 4432.4m a.s.l. At the Langkazi weather station

Figure 3. Annual mean temperature and annual precipitation measurements 1975

Figure 4. Monthly temperatures at the Langkazi station and temperature
lapse rates derived from temperatures at the two weather stations

SNOW-HYDROLOGICAL MODELLING IN A HIGH MOUNTAIN CATCHMENT
elevations from the Langkazi and Jiangzi weather stations
show a seasonal pattern with larger gradients in spring,
summer and fall but smaller gradients or even temperature
inversion in winter (Figure 4). Similar seasonal distribu-
tion of TLR and temperature inversions on some winter
days have been reported in various mountain areas
(Brehm and Freytag, 1982; Fang and Yoda, 1988; Sevruk,
1997; Dobrowski et al., 2009). Consideration of temper-
ature inversion in winter will result in higher temperature
at higher elevations and thus more snow melt in the
simulation. Monthly PGs during 1991–2012 derived from
precipitations at the two weather stations show a high
correlation with monthly precipitations at the Langkazi
station (Figure 5). The seasonal pattern of greater PG
associated with higher precipitation has also been
reported for the Yili River Basin in west China (Ye
et al., 1997). Therefore, monthly TLRs and PGs derived
from the two weather stations fit scientific expectations
and are used as input parameters for the hydrological
modelling described in the succeeding text. Monthly PGs
were divided by the number of precipitation days in each
month as daily PGs for model input.

Snow cover modelling

Snow cover and runoff are simulated by a semi-
distributed altitude zone based temperature-index model
operating on a daily time step. Considering the dependence
Copyright © 2013 John Wiley & Sons, Ltd.
of temperature and precipitation with elevation that is
typical for high mountain catchments, the catchment was
divided into 27 elevation zones with 100m difference in
mean elevation between neighbouring zones (Table III).
Daily temperature and precipitation data from the Langkazi
weather station are extrapolated to each elevation zone using
TLR and PG, respectively, based on the elevation difference
Hydrol. Process. (2013)



Figure 5. Monthly precipitations at the Langkazi station and precipitation
gradients (PGs) derived from precipitations at the two weather stations

Table III. Elevation zones of the Karuxung River catchment model

No.
Elevation range

(m)
Mean elevation

(m)
Area
(km2)

Glacier
(km2)

1 4550 ~ 4650 4600 3.33 0.00
2 4650 ~ 4750 4700 6.36 0.00
3 4750 ~ 4850 4800 7.81 0.00
4 4850 ~ 4950 4900 11.95 0.00
5 4950 ~ 5050 5000 16.39 0.13
6 5050 ~ 5150 5100 20.19 0.82
7 5150 ~ 5250 5200 22.27 0.34
8 5250 ~ 5350 5300 27.78 0.60
9 5350 ~ 5450 5400 30.68 1.70
10 5450 ~ 5550 5500 30.94 3.53
11 5550 ~ 5650 5600 28.92 5.56
12 5650 ~ 5750 5700 22.72 7.18
13 5750 ~ 5850 5800 17.18 7.85
14 5850 ~ 5950 5900 13.40 7.68
15 5950 ~ 6050 6000 7.41 5.33
16 6050 ~ 6150 6100 4.76 4.08
17 6150 ~ 6250 6200 3.62 3.35
18 6250 ~ 6350 6300 3.41 3.21
19 6250 ~ 6450 6400 2.41 2.32
20 6450 ~ 6550 6500 1.69 1.61
21 6550 ~ 6650 6600 0.86 0.84
22 6650 ~ 6750 6700 0.67 0.67
23 6750 ~ 6850 6800 0.43 0.43
24 6850 ~ 6950 6900 0.28 0.28
25 6950 ~ 7050 7000 0.22 0.22
26 7050 ~ 7150 7100 0.10 0.10
27 7150 ~ 7200 7175 0.03 0.03
Total 4550 ~ 7200 5875 285.83 57.86

The mean elevation, area and glacier area of each zone are also listed.

F. ZHANG ET AL.
between the zonal mean elevation and the Langkazi station
elevation. For the i-th elevation zone, precipitation Pi is
considered as rainfall PRi if corresponding temperature Ti is
Copyright © 2013 John Wiley & Sons, Ltd.
larger than the critical snow fall temperature TS but as
snowfall PSi otherwise.
Although initial snow depth is needed for the snow

cover modelling, there is no field observation of snow
depth in the study area. To resolve this problem, initial
snow water equivalents were estimated by the Advanced
Microwave Scanning Radiometer–Earth Observing System
(Kelly et al., 2003). Previous studies focusing on the
Tibetan Plateau indicate that the smallest snow extent is
normally found around August for five major river basins
(Immerzeel et al., 2009). To reduce the simulation
inaccuracy introduced by initial snow water equivalent
estimation by AdvancedMicrowave Scanning Radiometer–
Earth Observing System, mid-August 2002 was chosen as
the starting date for the 2003–2006 simulation to warm up
the model for 4.5months. On the basis of the initial snow
water equivalents, the daily snowfall PSi (+), daily snow
sublimation S (�) and daily snowmeltMSi (�), snow water
equivalent at each elevation zone is tracked at daily time step,
i.e. daily snow water equivalent change ΔHi=PSi– S�MSi.
Snow cover area (SCA) of the i-th elevation zone ASi is
assigned as the area of the zone if corresponding snow water
equivalent is positive but as the glacier-covered area of the
zoneAGi otherwise.ASi of all the elevation zones are summed
up to obtain the daily SCA of the whole catchment.
Daily snowmelt is calculated using the following

equation (Martinec et al., 2008):

MSi ¼
DDS Ti � TS0ð Þ Ti > TS0

0 Ti≤TS0

�
(1)

whereMSi is the daily snowmelt at the i-th elevation zone,
DDS is the degree-day factor for snowmelt, Ti is the air
temperature at the i-th elevation zone extrapolated from
the Langkazi weather station data using TLR, and TS0 is
the snowmelt base temperature. The greater the degree-
day factor the faster the snow melts.
Three unknown parameters, the snowmelt base

temperature TS0 (ºC), the degree-day factor for snowmelt
DDS (mmH2O/ ºC-day) and the daily snow sublimation S
(mmH2O/day), were assumed to be constant throughout
the simulation periods and estimated using a nonlinear
inversion code UCODE (Poeter et al., 2005) by
automatically adjusting the parameters to achieve best
match between simulated and remote sensing SCA data
during the model calibration period of 2003–2005. SCA
simulation results during the model verification period of
2006 were also compared with those of the MODIS 8-day
maximum snow cover data to further assess the
performance of the model.
The UCODE model calibration uses error-based

weighting to deal with errors in the observations (Foglia
et al., 2009). The weighting is inversely proportional to
Hydrol. Process. (2013)
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the error variance–covariance matrix, i.e. smaller weights
are assigned to data with larger errors. In this study, it is
assumed that the errors are uncorrelated, and only the
error variance is calculated. Following Hill and Tiedeman
(Hill and Tiedeman 2007), the error variance is estimated
as [(1�A)y*/z1� α/2]

2, where A is accuracy of the
measurements, y* and z1� α/2 is the z statistic of standard
normal distribution with significance level α (a common
practice is to take α= 5% and the corresponding z1� α/2

value is 1.96). The estimation is based on the assumption
that there is (1� α)% probability that the true value is
within the range of (1�E)y* and (1 +E)y*, where
E = 1�A is the percentage of error. Under clear sky
view, accuracy of MODIS snow cover mapping has a
strong correlation with snow depth and is 54.1%~ 94.3%,
over 90% and around 100% with snow depth of 1–3,
3–36 and more than 36 cm, respectively (Zhang et al.,
2008). In this study, because the snow depth is unknown,
we generally assumed that the accuracy is 85%, indicative
of relatively large error especially for large observation
values, y*. Another source of data uncertainty is the cloud
cover. However, quantitative relation between the
accuracy and cloud cover is unavailable to support a
rigorous estimation of the uncertainty. An empirical
assumption is used instead that the data quality is
proportional to (1�C), where C is cloud cover
percentage. Therefore, the final weight is (1�C)
[(1�A)y*/z1� α/2]

�2.

Runoff modelling

On the basis of the three parameters calibrated through
SCA modelling, runoff of the Karuxung River was further
simulated. Comparing the runoff simulation with field
measurements provides another way of evaluating the
temperature and precipitation parameters. Following the
mathematics of SRM shown in Equation (2) (Martinec
et al., 2008), daily runoff at the Wengguo station was
computed by the water produced from snowmelt runoff,
glacier melt runoff and rainfall runoff on all elevation
zones in addition to the recession flow:

Qnþ1 ¼ 1� kð Þ QS
nþ1 þ QG

nþ1 þ QR
nþ1

� �þ kQn (2)

where Qn+ 1 is the runoff in day n + 1, k is the recession
coefficient indicating the decline of discharge in a period
without snowmelt, glacier melt and rainfall, QS

n + 1 is the
daily runoff from snowmelt on day n+ 1, QG

n + 1 is the
daily runoff from glacier melt on day n + 1, QR

n+ 1 is
the daily runoff from rainfall on day n+ 1 and Qn is the
daily runoff on day n. This model thus provides a time
series of runoff that can be compared with corresponding
measurements at the Wengguo hydrological station.
Copyright © 2013 John Wiley & Sons, Ltd.
Daily snowmelt runoff QS is calculated on the basis of
the daily snowmelt as

QS ¼ αS∑MSiASi; i ¼ 1;N (3)

where αS is the snowmelt runoff coefficient, MSi is the
daily snowmelt at the i-th elevation zone calculated by
Equation (1), ASi is the snow-covered area of the i-th
elevation zone calculated in snowmelt modelling and
N= 27 is the total number of elevation zones in the
catchment (Table III).
After snow depletion is complete, ice melt within each

zone occurs upon the glacier-covered area (Bocchiola et al.,
2011). Daily glacier melt runoff, QG, is calculated as

QG ¼ αG∑MGiAGi; i ¼ 1;N (4)

In which, αG is the glacier melt runoff coefficient, AGi

is the glacier-covered area of the i-th elevation zone listed
in Table III, and MSi is the daily glacier melt at the i-th
elevation zone calculated via

MGi ¼
DDG Ti � TG0ð Þ Ti > TG0

0 Ti≤TG0

�
(5)

where DDG is the degree-day factor for glacier melt, Ti is
the temperature at the i-th elevation zone and TG0 is the
glacier melt base temperature (assumed to be the same as
TS0 in this study).
Rainfall on the snow/glacier-covered area is retained

by the snow/glacier, and rainfall is only added to runoff
from the snow/glacier-free area (Martinec et al., 2008).
Therefore, daily rainfall runoff, QR, is calculated as

QR ¼ αR∑RiA′i; i ¼ 1;N (6)

where αR is the rainfall runoff coefficient, Ri is the daily
rainfall at the i-th elevation zone, A′i is the snow/glacier-free
area of the i-th elevation zone. The snowmelt runoff
coefficient αS is usually lower than the rainfall runoff
coefficient αR because of the effect of cold water temperature
on soil hydraulic conductivity (Dahri et al., 2011)
On the basis of the three parameters estimated through

SCA calibration, the aforementioned runoff model was
further calibrated to estimate the degree-day factor for
glacier melt DDG, the snowmelt runoff coefficient αS, the
glacier melt runoff coefficient αG, the rainfall runoff
coefficient αR and the recession coefficient k, when
monthly runoff data at the Wengguo station are available
Hydrol. Process. (2013)
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during 2003–2005. Daily simulation results during the
model verification period of 1 April through 30
November 2006 were compared with field observation
to further assess the performance of the model.
The data uncertainty of the runoff data is quantified

using the same formula for the snow cover data, i.e.
the error variance is estimated via [(1�A)y*/z1� α/2]

2,
and the weight is taken as the inverse of the error
variance. Although the runoff measurements error at
the Wengguo Station is below 6%, 7% and 10%,
respectively, under high, medium and low state, the
accuracy, A, is taken as 90% corresponding to the
smallest accuracy. Because the runoff measurements
range over several orders of magnitude, the errors also
vary over several orders of magnitudes. The conse-
quence is that small measurements receive significantly
larger weights than large measurements. As a result, the
peak flow measurements cannot be well simulated. To
resolve this problem, we followed Hill and Tiedeman
(Hill and Tiedeman 2007) to evaluate the weights as
min{[(1�A)y*/z1� α/2]

�2, 30}, where the factor of 30
was determined empirically. In this way, the weight of
peak flow measurements is about one third of that of low
flow measurements.
Figure 6. Eight-day maximum snow cover distribution simulation compared t
model calibration period (2003–200

Copyright © 2013 John Wiley & Sons, Ltd.
RESULTS

SCA simulation

The snow cover distribution and SCA simulation
results are compared with the MODIS data in Figures 6
and 7, respectively, during the model calibration period of
2003–2005 and the validation period of 2006. Snow
covers almost the whole catchment in early spring and
keeps accumulating and melting during spring and early
summer as temperature and precipitation increase. Not all
the snow melts during summer. SCA reaches a minimum
value that is close to the glacier-covered area in the end of
summer. As the air temperature and precipitation decrease
in fall, snow accumulates temporarily and keeps sublimat-
ing and melting slowly in winter when there is little
precipitation. Simulation during both the model calibration
period (R2 = 0.541 between the simulation and the MODIS
data) and the validation period (R2 = 0.531) reflects the
seasonal SCA evolution in general but tends to overestimate
the snowmelt in summer and winter.
Calibrated model parameters are listed in Table IV. The

snowmelt base temperature TS0 is estimated to be �5.8 °
C. According to observations at the Langkazi weather
station during 1991–2012, the difference between daily
o the moderate resolution imaging spectroradiometer (MODIS) data during
5) and validation period (2006)
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Figure 7. Eight-day maximum snow cover area (SCA) simulation compared with the moderate resolution imaging spectroradiometer (MODIS) data
during model calibration period (2003–2005) and validation period (2006)

Table IV. Estimated parameters obtained through model calibration

Calibration Variable Estimated value

95% confidence limits

Lower limit Upper limit

Snow cover area TS0 (ºC) �5.8 �6.0 �5.7
DDS (mmH2O/°C-day) 4.7 4.3 5.0
S (mmH2O/day) 0.0 �9.4 9.4

Runoff DDG (mmH2O/°C-day) 5.8 �2.28 × 104 2.28 × 104

αS 0.448 0.058 0.837
αG 0.182 �0.713 × 103 �0.713 × 103

αR 0.900 0.162 1.64
k 0.936 0.903 0.968

SNOW-HYDROLOGICAL MODELLING IN A HIGH MOUNTAIN CATCHMENT
maximum and dailymean air temperature ranges from1.2 to
14.9 °C and has an average value of 6.7 °C. Accordingly,
even when the daily temperature is as low as �5.8 °C, the
daily maximum temperature can still be above freezing. The
degree-day factor for snowmelt, DDS, is estimated to be
4.7mmH2O/°C-day. This value is within a reference range
of 3.1 ~ 5.9mmH2O/°C-day on observed glaciers in western
China (Zhang et al., 2006). In this study,DDS is assumed to
be constant throughout the investigated period. Omitting the
variation ofDDSmay cause overestimation of DDS for new
snow and result in the faster snowmelt in the simulation.

Runoff simulation

The runoff simulation results are compared with the
observation at the Wengguo hydrological station in
Figure 8 during the model calibration period of
2003–2005 with monthly averaged values and the model
validation period of 2006 with daily values. Generally,
the fits between observation and simulation are good,
with R2 reaching 0.863 and 0.857 for model calibration
and validation, respectively. The simulation captures the
seasonal changes of the runoff. Figure 8 also shows the
simulated runoff components contributed from snowmelt,
glacier melt and rainfall. The simulation illustrates that
the stream flow in the Karuxung River is driven mainly
by snowmelt in spring and by the combination of glacier
melt, rainfall and snowmelt in summer. Faster snowmelt
in the SCA simulation results in earlier exposure of
Copyright © 2013 John Wiley & Sons, Ltd.
glacier-covered area in the runoff simulation and thus the
overestimation of glacier melt runoff in fall.
Calibrated model parameters are listed in Table IV. In

addition to the optimum parameter estimate, Table IV
also lists the 95% confidence intervals of the estimates
because of measurement errors. The degree-day factor for
glacier melt, DDG, is estimated to be 5.8mmH2O/°C-day
and within a reference range of 2.6 ~ 13.8mmH2O/°C-day
on observed glaciers in western China (Zhang et al.,
2006). However, there is large uncertainty associated with
the estimation of DDG and the glacier melt runoff
coefficient αG, as shown by their wide confidence limits
in Table IV. These two parameters are both positively
correlated with glacier melt runoff according to Equations
(4) and (5). This indicates that total runoff data are not
sufficient for glacier related parameter calibration and more
specific observation on glacier mass balance is needed to
determine these parameters with less uncertainty.

Sensitivity analyses

The aforementioned simulation uses TS calculated by
the daily relative humidity (Figure 2) and monthly TLRs
(Figure 4) and PGs (Figure 5) derived from the Langkazi
and Jiangzi weather stations. Taking the 2006 simulation
as a base case, sensitivity analyses are performed to assess
the effect of changing a single temperature and precipitation
parameter, i.e. TS, TLR or PG at a time, on the runoff
simulation. Figure 9(a) illustrates the relative changes in the
Hydrol. Process. (2013)



Figure 8. Observed and simulated runoff and its components at the Wengguo station during model calibration period (2003–2005) and validation
period (2006)
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runoff simulation when TS is assigned to be 6.4 °C (Case
TS-1, i.e. the averaged temperature on the days with
mixed rainfall and snowfall at the Jiangzi weather station)
and 2 °C (Case TS-2, i.e. awidely used value in hydrological
modelling studies), respectively. Because rainfall on the
snow-covered area is retained by the snow and also
considered as snowmelt contribution to the runoff, changing
of TS does not significantly alter the snow cover and
snowmelt runoff simulation. Because only rainfall on the
snow-free area is considered as rainfall runoff, changing of
TS affects the rainfall proportion in the total precipitation and
results in rainfall runoff changes of�30%and 240% inCase
TS-1 and Case TS-2, respectively.
Figure 9(b) illustrates the relative changes in the runoff

simulation when TLR is assigned to be �0.52 °C/100m
(Case TLR-1, i.e. the averaged value between the
Langkazi and the Jiangzi weather stations during
1991–2012) and �0.65 °C/100m (Case TLR-2, i.e. the
global lapse rate), respectively. Changing TLR modifies
the predicted temperature distribution at higher elevations
of the study area. The temperature changes affect the
snowmelt amount, and snow cover changes further
influence the glacier exposure resulting in snowmelt
runoff changes of �62% and �15% in Case TLR-1 and
Case TLR-2, respectively, and glacier melt runoff
changes of 46% and 4% in Case TLR-1 and Case TLR-
Copyright © 2013 John Wiley & Sons, Ltd.
2, respectively. The temperature changes also result in
different rainfall proportions and thus rainfall runoff
changes of 41% and �16% in Case TLR-1 and Case
TLR-2, respectively.
Figure 9(c) illustrates the relative changes in the runoff

simulation when PG is assigned to be 0.26mm/day/100m
(Case PG-1, i.e. the averaged value between the Langkazi
and the Jiangzi weather stations during 1991–2012) and
0.0mm/day/100m (Case PG-2, i.e. without consideration
of the precipitation gradient), respectively. Changing PG
modifies the precipitation prediction at higher elevations.
Because snow falls more frequently at higher elevations
than rain, snowmelt runoff changes of 4% and �45% in
Case PG-1 and Case PG-2, respectively, are more obvious
than the rainfall runoff changes of �4% and �20% in
Case PG-1 and Case PG-2, respectively. The snow cover
changes further influence the glacier exposure and result
in glacier melt runoff changes (0.2% and �3% in Case
PG-1 and Case PG-2, respectively).
The aforementioned sensitivity analyses show that the

runoff simulation results involving snowmelt, glacier melt
and rainfall runoff are highly sensitive to the temperature
and precipitation parameters, TS, TLR and PG. The
dynamics of TS and monthly changes of TLR and PG
should be considered for accurate snow cover and runoff
modelling in the high mountain catchment.
Hydrol. Process. (2013)



Figure 9. Results of sensitivity analyses by varying (a) snow fall
temperature (TS), (b) temperature lapse rate (TLR) and (c) precipitation

gradient (PG) parameter values based on 2006 simulation

SNOW-HYDROLOGICAL MODELLING IN A HIGH MOUNTAIN CATCHMENT
DISCUSSIONS

Most of the parameter estimation results are reasonable
compared with reference values in previous studies.
The estimated degree-day factor for snowmelt DDS

of 4.7mmH2O/°C-day is within the reference range
of 3.1 ~ 5.9mmH2O/°C-day in western China (Zhang
et al., 2006) and close to the value range of
5.0 ~ 11.6mmH2O/°C-day in Himalaya (Kulkarni et al.,
Copyright © 2013 John Wiley & Sons, Ltd.
2002; Hock, 2003). The estimated degree-day factor for
glacier melt DDG of 5.8mmH2O/°C-day is within the
reference range of 5.0 ~ 16.9mmH2O/°C-day in Himalaya
(Kulkarni et al., 2002; Hock, 2003). Because of generally
higher albedo of snow compared with ice, DDS tends to
be lower than DDG (Hock, 2003).
When the calibrated model is used to make predictions,

the parameter estimation uncertainty propagates through
the model and leads to predictive uncertainty. The
predictive uncertainty is quantified using the 95% linear
prediction intervals estimated using the linear uncertainty
package of UCODE. The prediction intervals consider
sensitivity of calibration data and predictions to model
parameters and measurement errors. Details of the
definition and calculation are referred to Hill and
Tiedeman (2007). Previous studies (Lu et al., 2012; Shi
et al., 2012) showed that the prediction intervals are
accurate for models with moderate nonlinearity, which is
the case of the model of this study. The prediction
intervals are shown in Figure 10 for the cross-validation
period. All the measurements of snow cover and runoff
are within the prediction intervals, suggesting that the
model is able to predict the field observations despite of
mismatch between the observations and the mean
predictions. However, the prediction interval, especially
for runoff, tends to be larger for the larger observations in
summer than for smaller observations in spring and fall
(Figure 10). This is not surprising because large
observations are subject to large measurement errors. To
increase precision of the predictions, it is necessary to
reduce measurement errors.
The degree-day model used in this study suffers from

some possible inaccuracy but is computationally efficient,
requiring a minimal amount of data and reasonably
capturing the observed pattern of snow melt. This feature
is critical to the modelling for high mountain catchments
where data are always scarce. This study identified three
important parameters for runoff simulation using degree-
day model. In addition, on the basis of the aforemen-
tioned results and discussion, following suggestions that
are important for a wider international readership are
given for further improvement of SCA and runoff
simulation: (1) The use of extrapolated rather than
measured temperatures and precipitation may affect the
performance of the model (Bocchiola et al., 2011). For
example, precipitation at local scales may show complex
patterns because of air divergence and convergence
mechanisms caused by the mountain morphology
(Marques et al., 2011). Interpolation by the PG method
may not fully reflect the storm events in the whole
catchment, because some storms occurring in the mid-
mountain cannot be captured by the station located at the
mountain front (Yu et al., 2011). It should also be noted
that the precipitation increase with altitude does not
Hydrol. Process. (2013)



Figure 10. Snow cover and runoff prediction intervals during model validation period (2006)
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continue infinitely, especially in high mountain areas
(Martinec et al., 2008). Intensified temporal and spatial
monitoring of meteorological variables will compensate
for the input errors to improve the snow processes
simulation in high elevation regions (Shrestha et al.,
2012). (2) The degree-day factors may change between
elevation zones (Butt and Bilal, 2011). Sometimes, the
occurrence of a large, late season snowfall will produce
depressed degree-day factor for several days because of
the new low-density snow (Martinec et al., 2008). In this
study, the quicker snowmelt in fall shown in simulation
than the MODIS data may be caused by omitting the
variation of DDS and the overestimation of DDS for new
snow. Using a more complex tuning exercise may
improve the model, for example by using variable values
of DDs with season or with altitude when snow
observation data are available. (3) Judging the exposure
of glacier within an elevation zone based on remote
sensing snow cover data or observation of the transient
snow line (Mernild et al., 2013) instead of simulated
snow cover would help relieve the overestimation of
glacier melt runoff in fall introduced by faster snowmelt
simulation. (4) Further improvement of runoff simulation
can also be achieved by including seasonally variable
runoff coefficients or by updating the previous day runoff
Qn by the actual discharge, which can avoid accumulating
computational error (Martinec et al., 2008). (5) Because
both DDG and αG are positively correlated with glacier
melt runoff, calibration using only the total runoff data
Copyright © 2013 John Wiley & Sons, Ltd.
shows high uncertainty associated with these two
parameters. It is suggested that more specific observations
on glacier mass balance are needed to determine the
glacier related parameters with more confidence.
CONCLUSIONS

This study characterized three temperature and precipita-
tion parameters including TS, TLR and PG in a high
mountain catchment. Analyses of historical meteorolog-
ical data show that (1) TS is negatively correlated with
relative humidity, (2) TLR shows seasonal pattern with
larger gradients in spring, summer and fall but smaller
gradients or even temperature inversion in winter and (3)
PG demonstrates high correlation with precipitation at
monthly time scale.
With consideration of the dynamics of TS, TLR and

PG, snow cover and runoff in the study area are simulated
by an altitude zone based temperature-index model.
Simulation results reflect the seasonal SCA evolution and
capture the seasonal changes of total runoff in general. As a
result, this study projects temperatures and precipitation at
different altitudes in the hydrological modelling, yielding
improved understanding of hydrological processes in a
poorly gauged high mountain catchment.
All the measurements of snow cover and runoff are

covered by the prediction intervals, suggesting that the
model is able to predict the remote sensing and field
observations. Most of the parameter estimation results are
Hydrol. Process. (2013)



SNOW-HYDROLOGICAL MODELLING IN A HIGH MOUNTAIN CATCHMENT
reasonable compared with reference values in previous
studies. To reduce the uncertainty associated with the
estimates of the parameters and increase the precision of
the predictions, it is necessary to further reduce
observation errors and improve the model setting up.
Sensitivity analyses show that the simulation results are

highly sensitive to the three temperature and precipitation
parameters. Without considering the correlation between
TS and humidity or monthly changes of TLR and PG,
simulated snowmelt runoff, glacier melt runoff and
rainfall runoff change dramatically. The three parameters
determine the form of precipitation and spatial distribu-
tion of temperature and precipitation and are critical for
snow cover and runoff modelling in the high mountain
catchment. Accurate estimation of these temperature and
precipitation parameters would greatly help in improving
the snowmelt simulation accuracy and further our
understanding of hydrological processes in sparsely
gauged high mountain area.
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