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Abstract: Snowmelt water is essential to the water resources management over the Three-River
Headwater Region (TRHR), where hydrological processes are influenced by snowmelt runoff and
sensitive to climate change. The objectives of this study were to analyse the contribution of snowmelt
water to the total streamflow (fq snow) in the TRHR by applying a snowmelt tracking algorithm and
Variable Infiltration Capacity (VIC) model. The ratio of snowfall to precipitation, and the variation of
the April 1 snow water equivalent (SWE) associated with fq ¢now, were identified to analyse the role
of snowpack in the hydrological cycle. Prior to the simulation, the VIC model was validated based
on the observed streamflow data to recognize its adequacy in the region. In order to improve the
VIC model in snow hydrology simulation, Advanced Scanning Microwave Radiometer E (ASMR-E)
SWE product data was used to compare with VIC output SWE to adjust the snow parameters. From
1971 to 2007, the averaged fq snow Was 19.9% with a significant decreasing trend over entire TRHR
(p < 0.05).The influence factor resulted in the rate of change in fg ¢now Which were different for
each sub-basin TRHR. The decreasing rate of fq ¢now Was highest of 0.24%/year for S_Lantsang,
which should be due to the increasing streamflow and the decreasing snowmelt water. For the
S_Yangtze, the increasing streamflow contributed more than the stable change of snowmelt water to
the decreasing fq snow With a rate of 0.1%/year. The April 1 SWE with the minimum value appearing
after 2000 and the decreased ratio of snowfall to precipitation during the study period, suggested the
snow solid water resource over the TRHR was shrinking. Our results imply that the role of snow in
the snow-hydrological regime is weakening in the TRHR in terms of water supplement and runoff
regulation due to the decreased fg ¢now and snowfall.

Keywords: snowmelt; VIC model; streamflow; SWE; Three-River Headwater Region

1. Introduction

Seasonal snowpack accumulation in the cold season and ablation on warm days
are considered bridge among the cryosphere, climate system, and surface energy and
water balance; and snowpack supply a large amount of freshwater to surface and ground-
water reservoirs, which are valuable for water resource utilization such as agricultural
irrigation, hydroelectric generation, eco-hydrological utility, and urban economic activi-
ties [1-7]. Snowpack also functions as a vital regulator for the inter-annual and intra-annual
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variation of streamflow by releasing and storing water in dry and wet years/seasons, re-
spectively [8,9]. Globally, on average, 5% of precipitation falls as snowfall; the snow cover
in the northern hemisphere can reach 4.6 x 107 km?, approximately 50% of its total land
area [10,11]. More than one-sixth of the world’s population is dependent on glacier and
seasonal snowmelt water, and one-quarter of livestock products are produced in snow-
dominated mountainous regions [2]. The characteristics of snowmelt are an important
component in hydrological process simulation, especially at high-altitude and arid areas,
where snowmelt water is considered to be a dominant resource [12]. However, the floods
caused by extensive snowmelt may destroy transportation infrastructure, buildings, and
agriculture lands [13,14].

Snow is extremely sensitive to temperature and precipitation variation and therefore,
it functions as an indicator of climate change. With increasing temperature, the melting
of snow accelerates, resulting in rapid loss of water storage in the form of snowpack or
glacier. Additionally, more rainfall than snowfall in the winter can decrease snowpack
accumulation and shrink available water in the coming summer season. With global
warming, the variability in the volume, extent, and seasonality of snowpack, snowmelt
runoff, and the influencing factors to the snow hydrology regime over most high elevation
or mountainous regions is well documented. Partly due to differences in data sources and
methodologies, a wide range of results in terms of snow hydrology have been reported over
the last several decades. Li et al. [15] found that snow cover area declined by 0.970 (percent
per pixel) globally, 1.064 (percent per pixel) over mid-latitude region, and 0.792 (percent per
pixel) in higher latitudes based on MOD10CM from 2002 to 2016. Adam et al. [16] reported
that both snow accumulation in winter and snowmelt in spring sharply decreased with
projected warming at the global scale. Coppola [17] determined that the time of snowmelt-
driven runoff would span one to three months with temperature increasing by up to 4 °C
over the alpine region. Clow [3] indicated that the snowmelt shifted 2-3 weeks earlier in
the year based on the daily SWE, as determined from snowpack telemetry in Colorado.

The contribution of snow to runoff was estimated using various methods and data in-
cluding the ratio of snowfall to the total precipitation [18], snowfall to total runoff [2,18], SWE
to precipitation [19], snowmelt runoff to total runoff [20], degree-day approaches [21-23].
Kang et al. [24] quantified the contribution of snow to runoff by using the ratio of the
spatially averaged peak SWE to runoff and showed that the ratio was in decrease during
the period 1949 to 2006 over Fraser River Basin. Islam [25] regarded the difference between
SWEnax (maximum) and SWE,;; (minimum) of the runoff as the contribution of snow
to runoff generation and predicted a decrease of 15-30% across Fraser River Basin from
2040 to 2069. Grover et al. [22] adopted degree-day approaches of conceptual hydrological
model to estimate the contribution of snow melt to the total runoff over Western Himalaya.
However, these quantitative methods might overestimate the contribution of snowmelt to
streamflow as the losses and exchanges of snowmelt to evapotranspiration and infiltration
before water flows into river channels are overlooked. Compared with the previous stud-
ies, the snowmelt tracking system quantifies the contribution of snowmelt to streamflow
by tracking the fate of snowmelt using modelled hydrologic influxes [4], which empha-
sizes the physical process affecting the transformation of snow to streamflow including
evapotranspiration, infiltration, sublimation, and rainfall. Moreover, differences between
snow-derived water and rainfall-derived water to streamflow could also be estimated.

Located in the Qinghai-Tibet Plateau, the Three-River Headwater Region (TRHR) is
one of the largest nature reserves in China. Seasonal snow fluctuates widely in this region
and accounts for approximately 20% of the area. The snowmelt in spring replenishes the
rivers flowing from this region which offer considerable water resources to millions of
people downstream. With obvious change in temperature and precipitation, the impacts of
climate change on snow hydrology are already evident over the TRHR. The peak flow of
spring occurred earlier by approximately 15 days because of the earlier snow melt over
the source region of the Yellow River (S_Yellow) in the last three decades, as explained
by Meng et al. [26]. Given the vital roles of snowmelt-derived runoff in supplying water
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resources during a low flow period, it is essential to quantify the amount of streamflow
originated from snow and its variations with global warming. Han et al. [12] reported that
snow and glacier melt water contributed 7% and 5% to the runoff, respectively, over the
source region of the Yangtze River(S_Yangtze), by means of remote sensing data. Zhang
et al. [27] estimated that the contribution of glaciers to runoff is minor for the S_Yellow
and Lantsang River (S_Lantsang), and is moderate for the S_Yangtze, using a degree-day
glacier melt scheme. Li et al. [28] investigated fraction of the glaciers snow meltwater
to the river water at the Tuotuohe national hydrological station over the Yangtze river.
These studies provided useful basic parameters for improving the hydrology model in
alpine regions and valuable references for stakeholders to make informed decisions in
water resource management. However, to our knowledge, detailed research on the regional
difference of the fqnow Over the TRHR is lacking. In addition, most previous studies
neglected the physical processes of the snowmelt transformation to the streamflow such
as evapotranspiration, sublimation, infiltration, and rainfall, which may have important
impacts on the snowmelt water before it flows into the river channel.

Thus, the objectives of this study were to analyse the fq snow based on a snowmelt
tracking algorithm and by the simulated variable infiltration capacity (VIC) model results
over the TRHR. Our analysis was performed using daily data over three major sub-basins
of the TRHR during the period of 1971 to 2007. We aim to (1) track the snowmelt water and
quantify the fq ¢now (2) investigate seasonal snow accumulation and the ratio of snowfall
and rainfall to precipitation; and (3) spatially explore the regional difference of snow
hydrology variables over the TRHR. This study is expected to improve our understanding
on the response of regional snow hydrological processes to global warming, therefore
assisting decision-making for water resource management and ecological restoration.

2. Materials and Methods
2.1. Study Area

Covering 302,500 km? and holding the headwaters of the Yangtze, Yellow, and
Lantsang rivers, the TRHR is referred to as China’s “water tower”. It contains three
sub-basins, namely, the S_Yellow, S_Lantsang, and S_Yangzte (Figure 1). The average
elevation is higher than 4000 m, with terrain sloping from the west to the east. Mountains
with an elevation of 5000-6000 m run through the TRHR and have the characteristics
of mountain ranges, complex topography, and perennial snow distribution. The annual
average precipitation is approximately 423 mm and it shows a significantly increasing
trend [29]. The precipitation shows a southeast-northwest negative gradient because of
mountains in the southeast, which block the moisture from flowing to the northwest, and
the S_lantsang is wetter than the other two sub-basins [30]. The annual average tempera-
ture ranges from —5.6 °C to —3.8 °C, and the average temperature of July and January is
from 6.4 °C to 13.2 °C and —6.6 °C to —13.8 °C, respectively [31]. The alternation of dry
and wet seasons is a common phenomenon over the entire TRHR.

The TRHR is at the highest altitude and has the largest natural ecological reserve in
China, with a wetland area of 73,300 km? and abundant wildlife diversity. Seasonal snow
and permanent glaciers in the TRHR play important roles in recharging rivers. The glaciers
and snow cover an area of approximately 2400 km?. Recently, under the context of global
warming, glacier and snow cover area have shown obvious changes [32]. Moreover, some
rivers and lakes have tended to become dry and the degradation of wetlands has been
estimated to prevail in the mid-21st century [33]. This process adds more pressure on local
people and regions facing existing desertification and grassland degradation problems.
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Figure 1. Location of the 5 hydrological stations across TRHR.

2.2. VIC Model and Setup

The original VIC model was developed by Wood [34,35]; however, only one soil layer
was considered in their study. With the continuous improvement of the VIC model, VIC-3L,
i.e., with three soil layers, was established [36]. This model not only incorporates the cohort
structure of land surface in terms of water and energy balance for each land cover type over
each single grid cell but also includes the dynamic diffusion of soil moisture between soil
layers. It has already been used widely in various aspects of research, such as hydrological
regime simulation, water resource assessment, and land-atmosphere interactions [37—-40].

In this study, we employed the VIC-3L, which is a large-scale, semi-distributed hydro-
logical model, and the simulation domain is normally divided into multiple rectangular
grid cells, each one with its own meteorological data and underlying surface parame-
ters. The following processes of water balance and energy balance items were simulated:
soil evaporation and vegetation evapotranspiration, long wave and short-wave radiation,
sensible and lateral heat flux, infiltration, surface runoff, and baseflow. These simulated
processes in each gird cell are independent with respect to neighbouring grid cells. The
VIC model adopted different approaches to simulate surface runoff and baseflow. For
the runoff generation, the saturated capacity curve method for runoff generation was
used, which considers the effects of soil saturated water capacity distribution to runoff.
Subsurface runoff uses the Arno model. Runoff at the basin outlet was routed with a
post-process routing model, where after-surface runoff and baseflow in each grid cell were
simulated [41,42]. Snow accumulation and ablation at the snow surface in the VIC model
were simulated with a two-layer energy-balance model [43,44]. The rain or snow fraction
calculated by the model is added to the snowpack.

In this study, the TRHR contained 7398 grid cells with a spatial resolution of 5 min (or
1/12°) in latitude and longitude. Each grid cell displayed its soil, vegetation mix, meteo-
rological, and elevation. The observed soil and vegetation types in each cell must match
the VIC model soil and vegetation databases. Soil types that characterized the TRHR were
derived from the Harmonized World Soil Database version (HWSD). The VIC soil database
includes over 20 typical soil types and their corresponding soil properties (e.g., soil bulk
density, soil particle density, surface roughness, etc.), which affect the simulation [24,45].
Vegetation type characterized in the TRHR were derived from University of Maryland’s 1
km Global Land cover product [46]. It was composed of 14 land cover classes among which,
there are 11 vegetation types and 3 non-vegetation classes i.e., water body, urban, and bare
land. Details on the soil and vegetation parameters can be found in Zhang et al. [27].
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The VIC model was run at 1/12° spatial resolution at a daily time step. The time
period from 1971 to 1980 was used for calibration and that from 1981 to 1990 was used for
validation. The Nash-Sutcliffe coefficient (NSE) and index of agreement of D were used
to evaluate the result of calibration and validation by minimizing the difference between
simulated and observed streamflow [47,48]. The value of the NSE ranges from negative
infinity to 1. When the value is close to 1, a good agreement between simulated and
observation values is suggested. If NSE is significantly less than 0, the simulation result is
poor. D ranges from 0 (the worst performance) to 1 (best performance). NSE and D were
calculated as:

D=1— Zf\il(Pi — Mi)z 5 (1)
£ ([P - M|+ [ mi = m])
NsE = 1- Zim(Pim Mi)zz 2)
£V (M - M)

where M; and P; are the simulated and measured values, respectively; M is the average
measured value; and N is the number of measurements and simulations.

Over the three sub-basins, six soil properties that control surface runoff and baseflow
were calibrated against observations to determine the optimal parameters. They included
D2 and D3 (the depths of the second and third soil layers, respectively), Dsmax (the
maximum velocity of baseflow for each grid cell), Ds (the fraction of the Dsmax parameter
at which nonlinear baseflow occurs), Ws (the fraction of maximum soil moisture where
nonlinear baseflow occurs), and b_infilt (a parameter of the variable infiltration curve). The
final value of the optimized six parameters was evaluated by minimizing the differences
between simulated and observed discharge records.

Table 1 lists the definitions, ranges, and final value of these six optimized parameters
by comprehensive comparative analysis at the chosen hydrologic stations across the TRHR.

Table 1. Ranges and final values of VIC calibration parameters.

Unit Definition Range Final Value

D2 m Depth of second soil layer 0.7-1.0 1.0
D3 m Depth of third soil layer 0.7-2.5 1.0

Ds Fraction The fraction of the Dsmax parameter at which 0.00001-0.1 0.001

nonlinear base flow occurs

Dsmax Mm/day Maximum velocity of base flow for each grid cell 12.0-18.0 10.0
Infilt Dimensionless A parameter of the variable infiltration curve 0.00001-0.2 0.2
Ws Fraction The fraction of maximum soil moisture where 0.2-0.9 0.9

nonlinear base flow occurs

2.3. Forcing Dataset

In this study, the VIC model was driven by the daily maximum and minimum tem-
perature, daily average wind speed at a height of 2 m, and daily precipitation from 1971
to 2007 at a 1/12° horizontal resolution. The forcing data of maximum and minimum
temperature and wind speed were obtained from the National Meteorological Information
Center of China and interpolated using the thin plate spline method based on the basic
meteorological factors of 2472 meteorological stations.

For the precipitation, Asian Precipitation-Highly Resolved Observational Data Inte-
gration Towards Evaluation of Water Resources (APHRODITE) was adopted and it was
developed by the University of Tsukuba and Japan Meteorological Agency/Akiyo. It has
already been widely used in the study of regional hydrology cycle and climate change
because of its wide scope of coverage and high resolution [27,49]. The APHRODITE pre-
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cipitation data (with 0.25° resolution) and the NMIC data were resampled using bilinear
interpolation for the resolution of 1/12° before being used. During the interpolation, the
temperature was adjusted with estimated uniform monthly mean lapse rate and elevation
(daily maximum and minimum temperature are conducted separately).

2.4. Observed Hydrological Data

Streamflow of five hydrologic stations (acquired from the Hydrology Bureau of Qing-
hai) over the TRHR were used to calibrate and validate the VIC model. Zhimenda and
Tuotuohe stations are located in the S_Yangtze; Xiangda station in the S_Lantsang; and
Jimai and Tangnaihai in the S_Yellow (Table 2).

Table 2. Hydrological stations across TRHR.

Years of
. Hydrographic Elevation Drainage Area Latitude Longitude R
Sub-Basin Station Name (m) (km?) °N) CCE) A‘{allablhty
/Time Scale
S Yanet Zhimenda 3740 137,704 33.03 97.22 1971-2012/daily
—tangtze Tuotuohee 4560 1416 3421 92.43 1971-2014/daily
. 1971-1992,
S_Lantsang Xiangda 4089 17,907 32.25 96.47 2007-2012/ daily
S Yellow Jimai 4375 45,019 33.77 99.65 1971-2000/month
—Yeto Tangnaihai 2733 121,972 35.50 100.15 1971-2007 /month
2.5. AMSR SWE

Reliable remote sensing SWE is crucial to understand the evolution of cryosphere for
improving the hydrological models [50]. Advanced Scanning Microwave Radiometer E
(ASMR-E), boarded on the NASA EOS Aqua satellite, provide almost global coverage for
SWE estimation. AMSR-E/Aqua Monthly L3 Global Snow Water Equivalent EASE-Grids,
Version 2 (https:/ /nsidc.org/data/AE_MoSno/versions/2, accessed on 6 August 2019)
derived from National Snow & Ice Data Center, was used to compared with VIC model
output SWE to adjust the snow parameters in this study.

2.6. Snowmelt Tracking Algorithm

To quantify the contribution of snow-melt water to the streamflow, a snowmelt track-
ing algorithm was adopted [4]. The fg ,, was calculated based on the modelled surface and
sub-surface runoff fluxes, meteorological data, and water balance equations. The fg snow

was calculated as follows:
fQ,snow = 2 anow / Z Q (3)

where Qsyow is the streamflow that originates as snow, and Q is the total streamflow. In the
VIC model, streamflow at each time step ¢t is equal to the sum of baseflow B;, and surface
runoff, R;. The contribution of snowmelt water to streamflow at each time step t could be
calculated from the following equation:

R + B
fQ,snow = Snou{éi T Bjmw,t (4)

In Equation (4), Rsnow,t and Bs,ow, are the surface runoff and baseflow derived from
snow, respectively. The snowmelt tracking algorithm tracks the snowmelt water in surface
water, soil, and the atmosphere. In addition, before snowmelt water flows into river
channels, the losses and exchanges were both considered. By calculating the weighted
average of fg 5400 Of every grid, we estimated the average contribution of snowmelt water
from 1971 to 2007 over the TRHR.
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3. Results and Discussion
3.1. VIC Performance

Figures 2 and 3 depict the comparison between simulated streamflow and observations
over these five hydrologic stations during calibration and validation periods, respectively.
Table 3 lists the evaluation metrics of these stations.
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Figure 2. Simulated (sim) and observed (obs) streamflow for the three sub-basins of TRHR during
the calibration period (1971-1980).

In general, the simulated streamflow was determined to be smaller than the observa-
tions; this might be attributed to the routed catchment area being smaller than the actual
one. Nevertheless, the variation of characters and the time of peak flow were accurately
captured during the calibration and validation period (Figures 2 and 3), with a D value
greater than 0.70 and an NSE value ranging from 0.40 to 0.94. Moreover, with larger
drainage area, the model performance during calibration and validation period were more
acceptable. For example, the NSE and D values at Zhimenda were higher than at Tuotuohe
over the S_Yangtze during the validation and calibration period (Table 3). In 1984, 1985,
and 1988 the simulated streamflow at Zhimenda fitted better with the measurement, and
the agreement D values were all more than 0.85. Over the S_Lantsang, the simulated
streamflow at Xiangda reasonably estimated the peak time and magnitude of seasonal
variation but estimated lower values than observations during the validation period. The
model performance over the S_Yellow was the best (the highest NSE and D values) (Table 3;
Figures 2 and 3). During the calibration period, eight years showed a D value higher than
0.8, and during the validation period, the D and NSE values over the 10-year study period
were higher than 0.85 and 0.65, respectively.

The TRHR has numerous large lakes and is surrounded by glaciers in some marginal
areas. As a result, the effects of lakes and glaciers on the hydrological regimes may be
significant in this region. In this study, we did not operate the lake model or track the
glacier’s dynamics, which may contribute to the discrepancies between simulated and
measured values. For example, since the glacier area over the S_Yellow is much smaller
than that over the S_Yangtze and S_Lantsang, the simulated results over the S_Yellow are
better than those of the S_Yangtze and S_Lantsang.
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Figure 3. Simulated (sim) and observed (obs) streamflow for the three sub-basins of TRHR during
the validation period (1981-1990).

Table 3. NSE and D during the calibration and validation periods in VIC simulation in TRHR.

. NSE D NSE D
Sub-Basin H);‘:::)il(;’flc Daily/Month Daily/Month Daily/Month Daily/Month
Calibration (1971-1980) Validation (1981-1990)
S Yanetze Zhimenda 0.54/0.57 0.82/0.84 0.49/0.52 0.78/0.79
- ang Tuotuohe 0.42/0.54 0.73/0.78 0.36/0.52 0.71/0.77
S_Lantsang Xiangda 0.35/0.48 0.79/0.84 0.45/0.54 0.81/0.84
S Yellow Jimai -/0.45 -/0.79 -/0.75 -/0.93
- Tangnaihai -/0.77 -/0.91 -/0.83 -/0.94

The performance of the VIC model varies based on quality of forcing data, the study
area, and the time scale. For example, to assess the impacts of climate change on snow and
water resources over the Fraser River Basin, Islam et al. [25] calibrated the VIC model and
reported that the NSE ranged from 0.62 to 0.97 [22]. Similar research over the Fraser River
Basin by Kang et al. reported that NSE was within 0.37-0.87 [25]. Zhang et al. [27] reported
that the NSE of the simulated monthly streamflow could reach up to 0.88 or fall to 0.38 for
major rivers over the Tibetan Plateau [27]. Compared with these previous studies on the
VIC model, the validation results in this study of the TRHR indicated that this model is
robust for evaluating the changes in the snow hydrology regime.
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3.2. Ratio of Rainfall and Snowfall to Precipitation

Figure 4 depicts the average ratio of rainfall and snowfall to the precipitation from
1971 to 2007 over the TRHR (Figure 4). Generally, the rainfall was higher than the snowfall
and the ratio of snowfall to precipitation ranged from 0 to 0.5, and rainfall to precipitation
ranged from 0.5 to 1.0. The ratio of snowfall and rainfall to precipitation exhibited con-
siderable spatiotemporal heterogeneity. The average ratio of snowfall to the precipitation
over the S_Lantsang was 26.6%, which was higher than that of the S_Yangtze (21.4%) and
S_Yellow (22.9%) from 1971 to 2007. The spatial pattern of the ratios, such as strip belts or
gobbets, mainly followed the topographical relief, i.e., the z-shaped pattern in the western
part of the TRHR (Figure 4c).

Figure 5 shows the inter-annual variations of the ratio of snowfall to precipitation from
1971 to 2007 (Figure 5a). The proportion of snowfall to the precipitation over the TRHR
decreased by 6%/year from 1971 to 2007. Over the S_Lantsang, the ratio significantly
decreased by 16%/year (p < 0.05) (Figure 5d). The S_Yangtze has the same large inter-
annual variation as the entire TRHR and the highest variation occurred in 1997. Inter-
annual variation in the ratio of snowfall to the precipitation over the S_Yellow showed,
with periodic features, an increasing and decreasing trend of the ratios from 1971 to 1997
and after 1997, respectively.

The increasing temperature drives the shift of snowfall to rainfall which would bring
earlier spring runoff, less snow cover and SWE in the cold season, and less streamflow and
storage in surface reservoirs during the warm season, which may trigger floods in spring
and droughts in summertime [51-55]. Recent studies have documented the significantly
increasing temperature over the Qinghai-Tibet Plateau, especially in the high elevation
areas [56,57]. The decreasing ratio of snowfall to precipitation is mostly driven by the
increasing temperature. The decreasing ratio of snowfall to precipitation was also found
over the Tibetan Plateau, western US, New England, and Tianshan Mountains [51,58].
Thus, the decreasing ratio of snowfall to precipitation is a global issue and a consequence
of global warming which is thought to be closely correlated with large-scale atmospheric
circulation, such as El Nifio-Southern Oscillation (ENSO), North Atlantic Oscillation (NAO),
and Pacific decadal Oscillation (PDO) [51,53].

seoond & The ratio of snowfall to precipitation over TRHR b: The ratio of rainfall to precipitation over TRHR
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Figure 4. Spatial distribution of (a) ratio of snowfall to precipitation; (b) ratio of rainfall to precipita-
tion; (c¢) ratio of snowfall to rainfall from 1971 to 2007 across TRHR.
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Figure 5. Annual variation of the ratio of snowfall to precipitation from 1971 to 2007 (a) over TRHR
(b) S_Yangtze; (c) S_Yellow; (d) S_Lantsang.

3.3. Variation of SWE

Figure 6 shows the spatial distribution of annual average April 1 SWE (Figure 6a)
and the inter-decadal variation of the April 1 SWE (Figure 6b—e) from 1971 to 2007 across
the TRHR.

The April 1 SWE has large spatial variations and higher values were found over
the S_Lantsang, the eastern part of the S_Yellow, and the western part of the S_Yangtze
(Figure 6a). The S_lantsang had a larger fractional area (i.e., 1.7%) with the April 1 SWE
above 4 mm than that of the S_Yangtze (0.6%) and S_Yellow (1.1%) (Table 4). It indirectly
revealed high snow water yield per unit over the S_Lantsang, even though the total amount
of SWE might be smaller compared with the S_Yangtze and S_Yellow.

Over the entire TRHR and its three sub-basins, the April 1 SWE showed characteristics
with inter-decadal variations and the highest value occurred in the 1990s (figure b—e). In
the 1990s, half of the area of the S_lantsang was covered by at least 4 mm of SWE on
April 1. After 2000, there was no April 1 SWE over 3 mm, and the April 1 SWE between
2-3 mm accounted for 0.4%, 0.3%, and 0.4% over the S_Yangtze, S_Yellow, and S_Lantsang,
respectively, which suggested a lower SWE than the earlier time period.

To obtain SWE, most studies focused on the passive microwave remote sensing data
which are advantageous in that they are unaffected by cloud cover and have high time
precision [59,60]. In this study, a comparison between SWE from the VIC model simula-
tion and SWE obtained from AMSR-E was conducted, then the snow parameters of VIC
model were adjusted. The difference between annual SWE from VIC model simulation and
AMSR-E ranged from 2% to 23% during the 2003-2007 period. The satellite radiometric
measurements of ASMR-E SWE offered an indispensable validation for the VIC snow
hydrology simulation. SWE acquired from the VIC model simulation and ASMR_E un-
covered the long-term time series SWE over high altitude localities. This reveals valuable
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information for the evaluation of terrestrial water storage and has significant implications
for water resource managers.

weoornd (@) Average SWE of April 1 from 1971 (o 2007 (mm) (b): Average SWE of April I from 1971 to 1980 (mm)
33°0'0" N
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Figure 6. Spatial variation of annual average April 1 SWE: (a) from 1971 to 2007; (b) 1970s; (c) 1980s; (d) 1990s; and (e) 2001
to 2007 over TRHR.

Table 4. Mean proportion of area covered by various peak SWE depth from 1971-2007 over TRHR.

Proportion
Sub-Basin
0-1 mm 1-2 mm 2-3 mm 3-4 mm >4 mm
S_Yangtze 82.7% 14.2% 1.9% 0.6% 0.6%
S_Yellow 81.0% 13.9% 2.7% 1.3% 1.1%

S_Lantsang 43.1% 36.1% 12.9% 6.2% 1.7%
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3.4. Contribution of Snowmelt Water to Streamflow

By integrating the VIC model and snowmelt tracking algorithm, the spatial-temporal
characteristics of the fg ¢now Were analysed from 1971 to 2007 over the TRHR (Figure 7).

600 (2): The fQ,snow during 1971- 2007 (b): The fQ,snow during 1971- 1980

33°0"0" N
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Figure 7. Spatial variation of the fq ¢now: (a) from 1971 to 2007; (b) 1970s; (c) 1980s; (d)1990s; and (e)
2001 to 2007 over TRHR.

According to the model estimation, 19.9% of streamflow originated from snowmelt
water from 1971 to 2007, while its proportion varied in space. For example, the S_Lantsang
snowmelt water contributed 29.6% to streamflow, and the S_Yangtze and S_Yellow con-
tributed 19.4% and 24.3%, respectively. More snowmelt derived streamflow was generated
in the surrounding areas of the TRHR, compared with a lower proportion of snowmelt
water to streamflow in internal areas over the S_Yangtze.

The distinction between the fg ¢now and the ratio of snowfall to precipitation is region-
specific. For example, the fq snow is higher than the ratio of snowfall to the precipitation
over the S_Lantsang, while it is the opposite over the S_Yellow. Higher fqg ¢now than the
ratio of snowfall to precipitation over the S_Lantsang indicates that the ability of snow in
generated runoff is significantly efficient.

The fq snow decreased significantly from 1971 to 2007 by a total of 0.1%/year (p < 0.05)
over the entire TRHR (Figure 8). After 2000, the rate of the proportion of snowmelt water to
overall streamflow decreased faster than in earlier decades. For example, during 2001-2007,
snowmelt water contributed only 17.8% to the total streamflow, lower than that in the
1990s at 19.8%.
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Figure 8. Annual variation of the fq snow from 1971 to 2007: (a) over TRHR (b) S_Yangtze; (c) S_Yellow; (d) S_Lantsang.

For each sub-basin, the variation characteristic of fg snow depended on different in-
ducements. A significant decreasing rate of fg snow Over the S_Lantsang was the highest at
0.24%/year from 1971 to 2007 among the three sub-basins which could be attributed to
the increasing streamflow and the decreasing snowmelt water. Over the S_Yangtze, the
increasing streamflow accounted more for the decreasing fg snow, and the stable change
of snowmelt water was not attributed to this decrease. The decrease in fq snow, OVer the
S_Yellow after 2000 was closely related to snow accumulation, melting, and the streamflow.
There was more streamflow after 2000 compared with in the 1990s, and the increased ratio
of the streamflow was much higher than the increased ratio of snowmelt water which was
the main reason leading to lower fq ¢now after 2000. Additionally, the larger SWE and higher
ratio of snowfall to precipitation did not correspond to the higher fq g0y in the 1990s, even
with the considerably lower streamflow over the S_Yangtze and S_Yellow, which may be
caused by higher loss of snowmelt water through evaporation and infiltration to the soil.

Variation in SWE and the ratio of snowfall to precipitation indicated the shrinking
freshwater resources in the form of solid snow. In addition, the decreased fq ¢now and larger
ratio of the rain to precipitation implied the role of rain was stronger over the TRHR. As a
snowpack decreases, its role in stabilizing the climate is reduced. As a result, the direct and
indirect consequences of a snowpack on the water resources and regional climate system
have significant uncertainties over the TRHR. Higher probability of the spring flood and
summer drought events could be triggered with snowmelt water increase and precipitation
system change during the early spring season.
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4. Conclusions

This study sought to identify the contribution of snowmelt water to the total stream-
flow in the TRHR. The snowmelt water contributed 19.9% to the streamflow from 1971 to
2007. The variation characteristic of fq ¢now Varied among each sub-basins due to different
inducements. During the study period, the fq snow and the ratio of snowfall to precipitation
decreased by 0.1%/year (p < 0.05) and 6%/ year, respectively, a decreasing trend was also
found for SWE, though the precipitation appeared to increase in some regions. Climate
change impacts climatic drivers that regulate the snowmelt water and streamflow, then
the fg snow in TRHR. Characterizing the trend of the fq snow Will provide insights into
potential future shifts in hydrological processes as climate changes. Snowmelt runoff
is expected to shift under strong climate change scenarios as a result of their sensitivity
to temperature and precipitation. Future work should evaluate the impact of climatic
variables on snowmelt runoff related to water resource management by characterizing the
main variables determining snowmelt runoff and their properties in response to current
and future climate.
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