* water

Article

An Improved Xin'anjiang Hydrological Model for Flood Simulation
Coupling Snowmelt Runoff Module in Northwestern China

Yaogeng Tan *, Ningpeng Dong 2, Aizhong Hou ! and Wei Yan 3

check for
updates

Citation: Tan, Y.; Dong, N.; Hou, A.;
Yan, W. An Improved Xin’anjiang
Hydrological Model for Flood
Simulation Coupling Snowmelt
Runoff Module in Northwestern
China. Water 2023, 15, 3401.
https://doi.org/10.3390/w15193401

Academic Editor: Hongyi Li

Received: 17 August 2023
Revised: 25 September 2023
Accepted: 25 September 2023
Published: 28 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Information Center (Hydrology Monitor and Forecast Center), Ministry of Water Resources, Beijing 100053,
China; houaizhong@mwr.gov.cn

State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water
Resources and Hydropower Research, Beijing 100048, China; dongnp@iwhr.com

School of Geographic Sciences, Xinyang Normal University, Xinyang 464000, China; yanwei jw@xynu.edu.cn
*  Correspondence: yaogengtan@mwr.gov.cn

Abstract: The Xin’anjiang hydrological model (XHM) is the practical tool for runoff simulation and
flood forecasting in most regions in China, but it still presents some challenges when applied to
Northwest China, where the river runoff mostly comes from high-temperature snowmelt, as the model
lacks such a functional module. In this study, the improved XHM coupling snowmelt module is
presented to complete the existing XHM for better suitability for flood simulation in areas dominated
by snowmelt. The improved model includes four sub-models: evapotranspiration, runoff yield, runoff
separation, and runoff routing, where the snowmelt runoff module is introduced in both the runoff
yield and separation sub-models. The watershed is divided into two types, non-snow areas with lower
altitudes and snow-covered areas with higher altitudes, to study the mechanism of runoff production
and separation. The evaluation index, determination coefficients (R%), mean square error (MSE), and
Nash efficiency coefficients (NSE) are used to assess the improved XHM's effect by comparing it with
the traditional model. Results show that the R? of the improved XHM coupled with snowmelt are
around 0.7 and 0.8 at the Zamashk and Yingluoxia stations, respectively, while the MSE and NSE
are also under 0.4 and above 0.6, respectively. The absolute value of error of both flood peaks in the
Yingluoxia station simulated by improved XHM is only 10% and 6%, and that of traditional XHM is
32% and 40%, indicating that the peak flow and flood process can be well simulated and showing
that the improved XHM coupled with snowmelt constructed in this paper can be applied to the flood
forecasting of the Heihe River Basin. The critical temperature of snow melting and degree-day factor of
snow are more sensitive compared with other parameters related to snow melting, and the increasing
trend of peak flow caused by both decreased critical temperature and increased degree-day factor
occurs only when the value of the model’s state (snow reserve) is higher. These results can expand the
application scope in snow-dominated areas of the XHM, providing certain technical references for
flood forecasting and early warning of other snowmelt-dominated river basins.

Keywords: Xin’anjiang hydrological model (XHM); snowmelt runoff; flood simulation; hydrological
forecasting

1. Introduction

Precipitation is an indispensable part of the water cycle and the material basis of runoff
formation [1]. In recent years, under the joint influence of both global climate change and
subtropical highs, the precipitation has gradually presented the characteristics of uneven
spatial and temporal distribution and high intensity in flood season, further forming the
turbulent surface runoff [2,3]. The resulting flood disasters are gradually becoming more
common and complex. In addition, most cities are built along rivers where the social
economy is relatively concentrated. Therefore, the casualties and economic losses caused
are usually immeasurable when facing flood events. The soil erosion caused by soil flooding
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will also lead to nutrient loss, resulting in barren land and reduced vegetation, which will
eventually cause environmental pollution [4].

The rivers in Northwest China are characterized by high altitude and low temper-
ature, covered with snow all year round, and most of the surface runoff comes from
high-temperature snowmelt [5-7]. In recent years, under the background of global warm-
ing, the melting speed of glaciers and snowmelt in the Northwest region is on a rapid
upward trend, posing a potential threat to snowmelt flooding and further affecting the
normal life of residents in this region [8]. Most notably, flood disasters in small- and
medium-sized rivers often present the characteristics of a high frequency of occurrence and
complex formation process, causing great damage compared with major rivers.

Studying the changing properties of the hydrological state of the river basin and under-
standing the formation mechanism of floods is one of the necessary conditions to reduce the
losses incurred in flood disasters. The hydrological model is an important technical means to
study the changing properties of watershed runoff characteristics at different temporal and
spatial scales. In recent decades, many scholars worldwide have developed many hydro-
logical models successively, but they can be generally divided into two categories: lumped
models and distributed models [9,10]. The lumped model, which includes the black-box
model and reservoir-type model, usually focuses on the overall hydrological process of the
entire karst aquifer system and neglects the spatial distribution. Meanwhile, it is difficult
to precisely quantify the spatial structure of karst aquifer systems because of the lack of
consideration of the watershed’s inhomogeneity [9,11-14]. To overcome this problem, some
researchers tried to introduce multi-source precipitation products to improve the model’s
precision [15]. Besides the lumped model, the distributed model has become a hot topic
for hydrological researchers because of its ability to consider factors such as terrain and
uneven distribution of land use and soil types, such as TOPMODEL (a topography-based
hydrological model) [16,17], SHE (Systeme Hydrologique Europeen) [18,19], SWAT (Soil &
Water Assessment Tool) [20-22], VIC (Variable Infiltration Capacity) model [23,24], etc. They
discretize the river basin into two-dimensional or three-dimensional grids, and the model
parameters are assigned to each grid so that they can account for the spatial variability
characteristics of hydrological parameters and elements [9,24-26]. The more representative
distributed hydrological model is the SWAT model developed by the American Bureau
of Agriculture, which covers multiple modules such as sub-basin, land use, soil, climate,
etc. It is widely used by hydrological scholars because of its complete model structure and
powerful functions, and the research field covers hydrological process simulation, short-,
medium-, and long-term flood forecasting, the response of climate change to runoff pro-
cesses, etc. [21,22]. Some new technologies, such as artificial intelligence (AI) and machine
learning, are also coupled in the common hydrological models to improve the model’s oper-
ation efficiency. For example, Okkan et al. (2021) [27] coupled the rainfall-runoff model with
machine learning and applied it to the Gediz basin in Turkey to simulate the monthly runoff.

The Xin’anjiang hydrological model (XHM) is a conceptual model of runoff simulation
and flood forecasting that has complete functions and can objectively reflect the charac-
teristics of each aspect of the hydrological process in the basin and has been widely used
in humid and semi-humid areas in China [28]. XHM includes evapotranspiration, runoff
yield, runoff separation, and runoff routing modules, in which both the evapotranspiration
and runoff separation modules use the three-layer model, and the inhomogeneity of the
spatial distribution of the basin’s water storage capacity is reflected by the water storage
capacity curve so that it can truly and objectively reflect the real-time hydrological pro-
cess of the basin. Zhang et al. (2014) [29] developed a distributed XHM called the Grid
Xin’anjiang hydrological model (GXHM) based on the traditional XHM. GXHM assumes
that the spatial distribution of rainfall, land use, and soil conditions in each grid is uniform,
there is no distribution curve of both tension and free water storage capacity, and only
needs to consider the variability of each element between different grids [30]. Both XHM
and GXHM are widely applied in most river basins for flood forecasting, playing a major
role in flood control and disaster mitigation.
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Snowmelt is one of the crucial parts of the cryospheric water cycle, and the cryospheric
hydrological model adds the influence of these factors on the water cycle process of
the basin, which provides a basis for researchers to further understand the cryospheric
elements compared with the common hydrological model. There are two main forms of
cryospheric hydrological models. One is based on ordinary hydrological models in which
the cryospheric elements are coupled [31]; the other is used to construct new independent
hydrological models with cryospheric elements, such as the glacier and snowmelt degree-
day hydrological model [32], SRM (Snowmelt Runoff Model) [6], SPHY (Spatial Processes
in Hydrology Mode) model [33], and frozen soil hydrological model. There are some
differences between the two models in the research purpose, research object, and research
area, but they are still closely related in the development situation. For example, the SPHY
model is a distributed hydrological model including a glacier ablation module that can
classify runoff components according to the source of runoff through the integration of
different modules under different terrain and geomorphology, hydrology, and climate
conditions, and then simulate the terrestrial hydrological cycle process. SRM model was
presented by Martinec and Rango (1986) [34] and its principle is based on the amount of
water produced by daily precipitation and snowmelt in which the degree-day factor model
is used, and they are superimposed on the calculated amount of water retreat. In terms
of time scale, both daily and monthly scales are available when considering snowmelt
elements. For example, a monthly time-scale precipitation-runoff model, named GR2M, is
proposed for the entire US to simulate the long-term monthly runoff [35] where the general
principle is the water balance of both precipitation and snowmelt runoff.

The cryospheric hydrological model can simulate the hydrological cycle process of
the alpine mountain basin without measured data and can obtain the contribution of
rainfall and snowmelt water to the total river runoff [36]. At present, there have been
relevant studies in arid mountain basins to use hydrological models to divide runoff and
further explore its change rules. However, most studies may not take into account the use of
hydrological models to simulate glacier hydrological processes, which will cause differences
between the studies and the actual basin hydrological processes [37]. Moreover, though
XHM and GXHM are efficient when applied in humid or semi-humid areas and provide
the basis for the scientific management and planning of flood prevention, they are relatively
weak when facing flood forecasting in snow-covered watersheds like Northwestern China
because XHM considering snowmelt runoff is still immature and few studies focus on
this topic. Before XHM is applied to hydrological forecasting in these areas, it needs to be
improved to a certain extent to broaden its applicability.

To fully improve the existing XHM model for better flood forecasting in snow-melting
areas, the objective of this study is to (a) develop an improved XHM based on the traditional
model by adding a snowmelt runoff module, separating the watershed into non-snow areas
and snow-covered areas, and improve the mechanism of the runoff yield and separation of
snow-covered areas; (b) figure out the model parameters especially related to snowmelt
runoff and optimize them with a shuffled complex evolution approach (SCE-UA) method;
(c) apply the new model in the Heihe River Basin in Northwestern China for flood prediction
and simulation and compare the simulation result with traditional model to assess the
model’s precision; and (d) conduct a sensitivity analysis of the parameters. The results
have good practical significance in providing strong technical support for flood forecasting
mainly based on snowmelt floods, expanding the application scope in snow-dominated
areas of the XHM, and providing certain technical references for flood forecasting and early
warning of other snowmelt-dominated river basins.

2. Methodology
2.1. Study Area and Data
2.1.1. Study Area

The Heihe River is the second-largest continental river in China. Its source originates
from the northern foot of the Qilian Mountains. The Yingluoxia station is the control station
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for the upper reaches of the Heihe River Basin (HRB) with a total area of about 10,000 km?,
a longitude of 98°33/~101°09’ E, and a latitude of 37°24’~39°06’ N (see Figure 1). The study
area generally presents a trend of high in the west and low in the east, dominated by alpine
snow areas and low hilly areas without snow covering, of which the alpine snow belts
account for about 22% of the entire study area [38]. The altitude of the study area ranges
from 1675 m to 5073 m, with an average temperature of 4 °C or less and an annual sunshine
duration of 2600 h. The water system in the study area is a typical snowmelt river, and the
snow cover lasts for up to 200 days per year. During the snowmelt period in spring and
summer, the snowmelt runoff can contribute more than 70% of the total river’s runoff, and
the rainfall runoff only accounts for 19% of the total annual runoff. According to statistics
from the Yingluoxia station, the average annual water resource in the upper reaches of the
HRB is about 1.6 billion m?, and the annual runoff distribution is relatively uneven. The
runoff from June to August accounts for about 53% of the annual runoff. Due to the high
mountains and steep slopes in the study area, the rapid flow of rivers leads to relatively
concentrated floods and frequent snowmelt flood disasters.
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Figure 1. Water system map of the upper reaches of the Heihe River Basin: (a) location in China,
(b) river channel and stations, (c) land uses, and (d) DEM.

2.1.2. Data Collection

Basic data mainly include DEM data, meteorological data, hydrological data, and land
use data. The resolution of DEM data is 90 m x 90 m, and the meteorological data mainly
includes the rainfall data and daily average temperature data from meteorological stations
in the watershed. The hydrological data mainly include the observed data of the hydro-
logical stations, mainly including the daily flow series of the three hydrological stations:
Zamashk, Qilian, and Yingluoxia. The length of both meteorological and hydrological data
is from 2010 to 2019. The land use data comes from the new generation of EOS/MODIS
satellite data. Considering the large amount of cloud cover, the eight-day synthetic snow
cover product MOD10A1 of MODIS is used, and the spring snowmelt season (3—6 months)
was chosen as remote sensing data period.
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2.2. Model Description

The traditional XHM includes four sub-models: evaporation, runoff yield, runoff
separation, and runoff routing. In this study, the improved XHM is coupled with the
snowmelt runoff module and some sub-models of the traditional XHM. Therefore, the
watershed needs to be divided into two types, non-snow areas and snow-covered areas,
because their runoff yield mechanisms are quite different, and need to be calculated
separately. The non-snow areas are generally at lower elevations, while the snow-cover
areas are generally at higher elevations. The snow-covered area also includes the glacier
area, and its runoff yield mechanism is different from snow. The glacier area is considered
as a higher average altitude than the snow area, and the precipitation is only in the form of
snow. The general flowchart of the improved XHM model is shown in Figure 2.

Input
Output: Watershed cvaporation (EP’
i poration (EF) Precipitation(P) | 5" Temperature(T)
Deep Lower Upper Evaporation(EM)
ED) | cvap ion(EL) | cvap ion(EU)
[ Effective precipitation (PE) |
Non-snow area PE.IM- PEIM.T Snow-covered area
WMB l FI
‘ Pervious arca runoff (R) ‘ | Impervious arca runoff (RB) ‘ !SQM,S\VETSWEM!
PE;‘—PE—l ‘ Pervious area runoff (R) ‘
WUM | Non-runoff Runoff yield SWEM P SWEM:
area (1-FR) area (FR)
L swe Runoff yield Non-runoff area
arca (FR) (1-FR)
WLM . ‘ ¢—I—¢
flokiing wat=: (W) Free water(S) MEX] Snow water holding
Upper layer (WU) Snow reserve (SN) ‘ (SW) =
Lower layer (WL)
Deep layer (WD) Surface runoff (RS) }—-{ Surface Flow (QS) }—l
Total Unit Output: Total
Tnterflow runoff (RT) Pcl»{ Interflow (QT) |—> inflow [CSLAGH area | —XMPKK-»| watershed
outflow outflow (Q)

Groundwater flow
y ater -
Groundwater runoff (RG) }—C QG) }—T

Figure 2. The flowchart of the improved XHM model.

2.2.1. Evaporation Sub-Model

The traditional three-level evaporation model is used in non-snow areas. The snow-
covered areas are characterized by high altitudes and the average temperature is relatively
low; thus, evaporation in these areas is not considered. Also, evaporation is not considered
if the precipitation is in the form of snowfall because of the low temperature. If the
precipitation is in the form of rainfall, evaporation needs to be considered. Generally, the
relationship between watershed evaporation and water surface evaporation is linear, and
water surface evaporation can be observed as follows:

EP = K-EM 1)

where EP and EM are watershed evaporation and water surface evaporation, respectively.
K is the evaporation conversion coefficient. The three-level evaporation is divided into the
upper, lower, and deep layer, which is calculated as follows:

EU = EP
WL

EL = (EP — EU) - (oot 2

ED = C-EU

where EU, EL, and ED are the evaporation of the upper layer, lower layer, and deep layer.
WL is the lower soil water content, WLM is the lower soil water-holding capacity, and C is
the deep layer evaporation conversion coefficient.

2.2.2. Runoff Yield Sub-Model

(1) Precipitation input processing
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Rrain,t =

Precipitation usually includes rainfall and snowfall. The division of rainfall and
snowfall is a crucial part of the improved XHM, mainly done by comparing the daily
average temperature with the critical temperature of snowmelt. When the daily average
temperature is greater than the critical temperature, all precipitation on that day is treated
as rainfall. Otherwise, all precipitation on that day is treated as snowfall:

Pt _ {Prain,tr 1f Tt > Tc (3)
Psnow,t, if Ty < T¢

where P} is the precipitation on the tth day; Pyain + is the precipitation in the form of rainfall
on the tth day; Psnow,t is the precipitation in the form of snowfall on the tth day; T is the
daily average temperature on the tth day; and T is the critical temperature for the division
of rain and snow.

(2) Snowmelt runoff module

The degree-day factor method is widely used when calculating snowmelt runoff. It is
mainly based on the empirical relationship between glacier or snow melt and air temper-
ature. Therefore, the degree-day model can be constructed and only the air-temperature
value is needed:

SWEM; = Asnow * (Tt - Tme“rSHOW)’ if T > Tmelt,snow 4)
’ if T < Tmelt,snow

where SWEM represents the maximum snow water equivalent; that is, the total amount
of liquid water formed by the complete melting of snow. asu.w represents the snowmelt
degree-day factor (mm/(°C-d)), which represents the depth of snow melting when the
temperature rises by 1 °C. Tpnelt snow i the threshold temperature for snow melting.

(3) Runoff production calculation considering snow melting

The crucial point of runoff production is to judge whether the precipitation falls in
the snow-covered areas or the non-snow areas, and their runoff yield mechanisms are
quite different.

a. Non-snow areas

According to the DEM and land use data of the study area (Figure 1), the non-snow
areas are mainly distributed in the relatively lower altitude region with a relatively higher
average temperature. According to the long-series meteorological data, the form of pre-
cipitation is mainly rainfall in non-snow areas and there are few snowfall events, and the
snowfall amount of a single snowfall event is generally small and not enough to form
long-term snow cover. Based on this, we assume that the runoff production of non-snow
areas follows the principle of traditional runoff production under saturated conditions:

PErain,t + A 1B .
PEraint + WM —W+WM- |1~ TWMM , if PEint + A < WMM 5)
PEraint + WM 1 — W, if PEraint + A > WMM
PEain = Prain — EP (6)

where PE, i, is the effective rainfall, W is the soil-water content of the watershed, WM is
the average water-holding capacity of the watershed, and WMM is its maximum value. A
is the ordinate value corresponding to the watershed water-holding-capacity curve. B is
the uneven coefficient of the water-holding capacity of the watershed. All variables in the
above formulas are in mm.

b.  Snow-covered areas (considering glaciers)

These areas are usually characterized as high altitude and the snow does not melt all
year round. The runoff mechanism involves the maximum snowmelt water equivalent,
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actual snowmelt water equivalent, snow storage capacity, and snow water-holding capac-
ity [39]. Moreover, the precipitation in the forms of either rainfall or snowfall in these areas
is also different and needs further discussion.

Case 1: the precipitation form is rainfall.

It should be stated that the glacier area has a lower average temperature, even lower
than the snow area; therefore, precipitation in the glacier area is considered as snowfall (see
Case 2). That is, we do not consider the rainfall on glaciers.

Here, the source of runoff not only comes from the remaining water after the rain-
fall fills the gaps of the snow but also comes from the melting of the snow itself. That
is, the rainfall first fills the gaps of snow, and when the water storage capacity reaches
the snow water-holding capacity, the remaining water will be discharged under gravity.
Snow water-holding capacity is the same as soil water-holding capacity, and it also has
uneven distribution. We use M to represent the uneven coefficient of snow water-holding
capacity. The melting of the snow itself is the actual snowmelt water equivalent, obtained
by comparing the actual snowmelt water equivalent with that of the previous day. The
amount of runoff yield can be expressed by the following formula:

PErain,t + SWt—l —SC+
_ PE+A |1 TM :
Renowt = § SC- (1 Gf0) " + SWEy,  if PErain + Ag < SCM )
PEraint + SWi_1 — SC+SWEy,  if PEyaine + Ag > SCM

SWE; = min(SN;_1, SWEM;) (8)

SCM = SC- (1 +M) 9

where Rgnowt is the total runoff yield of the snow-covered areas; SWE is the actual snowmelt
water equivalent; SN is the snow reserve; SW is the total amount of water held by the snow;
SC is the average water-holding capacity of the snow and SCM is its maximum value; A is
the ordinate value corresponding to the snow water-holding-capacity curve. All variables
in the above formulas are in mm. The snowmelt yield here comes from the contributions
of rainfall (PE) and snow melt (SWE), where SWE is a function of degree-day factor and
temperature and has nothing to do with rainfall.

We assume that the change of SN is related to the change in temperature, and the
specific calculation rules are as follows:

e  If the threshold temperature for snow melting (Tpejt snow) is between the temperature
range of two adjacent days (hereby Tt and T;_1), then

SN, — SNt — asnow * (Tt — Trelt,snow )s %f Ty > Ty (10)
SN;_1, if Ty < Tiq
e Ifboth T; and T;_; are greater than Ty gnow then
SN; = SN¢_1 — snow - (Tt - thl)/ lf T > T (11)
SNt_], if Tt < Tt—l
e Ifboth Ti and T;_; are less than Tpejt snow then
SN; = SN;_1q (12)

Case 2: the precipitation form is snowfall.

Here, snowfall is stored on the existing snow cover as part of total SN. The water yield
from snow melting (Rsnow1,¢) is calculated as follows:

Rsnowl,t = SWE; = min(SNtfl + Pspow,ts SWEMt) (13)
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The glacier runoff is divided into two types, debris-covered glaciers and debris-free
glaciers, because they have different melting rates [40]. The glacier runoff is calculated
as follows:

GWEM; = (Ryct + Rygt) - GlacFre (14)
where
Rdc,t _ Ade - (Tt - Tmelt.ice) : chr lf Tt > Tmelt,ice (15)
0, if T < Tmelt,ice
Rdc,t _ Ade - (Tt - Tmelt.ice) : chr lf Tt > Tmelt,ice (16)
0, if Ty < Tmelt,ice

where GWEM,; is the maximum glacier water equivalent, and Ry, and Ry are the runoff
from debris-covered and debris-free areas, respectively. GlacFrc is the proportion of glacier
area to the whole watershed. Fy. and F4 are the proportion of both debris-covered glaciers
and debris-free glaciers, respectively. a;. and a4 are the degree-day factors of both debris-
covered glaciers and debris-free glaciers, respectively. Tyt ice is the critical temperature of
ice melting.

Similar to snow cover reserve (SN), the calculation of glacier cover reserve (GN)
can refer to Equations (10)—(12). Similarly, the actual glacier water equivalent (GWE) is
calculated as follows:

GWE; = min(GN;_1 + Psnow t, GWEM;) (17)
The total runoff considering both snow and glacier areas (Rsnow) is calculated as follows:
Rsnow,t = min(SNtfl + Psnow,tr SWEMt) + min(GNtfl + Psnow,t/ GWEM’:) (18)

Case 3: no precipitation.
At this time, the runoff is only derived from the snowmelt and glacier water equivalent,

which is a function of both SN and GN, and the snowmelt and glacier water equivalent of
the previous day, and the snowmelt runoff is calculated as follows.

Rsnow,¢ = min(SN;_1, SWEM,) + min(GN_1, GWEM;) (19)

2.2.3. Runoff Separation Sub-Model

This sub-model is still divided into surface runoff (RS), soil interflow runoff (RI), and
groundwater runoff (RG), but they differ in non-snow areas and snow-covered areas. For
runoff in non-snow areas, only rainfall runoff is considered, and the area ratio of runoff
yield (FR) only considers the runoff generated by rainfall:

Rrain

FRrain = PE....
rain

(20)

where Ry, is the total runoff yield in non-snow areas. For runoff in snow-covered areas,
its main source mainly includes the surface snow melting and precipitation in the form of
snowfall, and FR is calculated as follows:

RSIIOW
FR S ) — 21
SIOW T P ow + SWEM 1)

where Pgnow is precipitation in the form of snowfall; and Rgnow is the total runoff yield in
snow-covered areas.
Correspondingly, RS in the non-snow areas (hereby RS;,in) is calculated below:
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Rsrain =

{PE—l—S—SM—!—SM- ll—(

PE + AU

1+EX
e ) 1 } -FRyain  if PE+ AU < MS

(22)

(PE +S — SM) - FRyotal if PE+ AU > MS

RI and RG in non-snow areas (hereby Rl;,i, and RGy,in) are calculated as follows:
Rlygin = KI-S - FRygin (23)

RGmin =KG-S- FRmin (24)

where KI and KG are the discharge coefficients of soil interflow runoff and groundwater
runoff, respectively. The formula in the snow-covered areas (hereby RSsnow, Rlsnow, and
RGgnow) can refer to that in non-snow areas. However, the glacier runoff is considered as
having no soil interflow runoff (RI) because the soil is frozen. Some of the glacier runoff is
infiltrated into groundwater and the rest is the surface water; the coefficient of glacier melt
runoff (0) is used to define them. The total runoff in the snow area is as follows:

Psnow + SWE; 4- 6 - GWE; 4+ S — SM

. 14EX
RSgnow — 4 +SM - |1 — <PS“°W +SWE, 1\4/—[;3 GWE, + AU) FRenow,  if Ponow + SWE¢ + 0 - GWE; + AU < MS  (25)
(Psnow -+ SWE; + 8 - GWE; +5 — SM) - FRynow, §f Panow + SWE; + 0 - GWE; + AU > MS
RIsnow =KI-S- FRsnow (26)
RGenow = KG - S - FRenow + (1 — 8) - GWE; 27)

where S is the free water content of the soil, SM is the free water-holding capacity of
the soil, and MS is its maximum value. AU is the ordinate value corresponding to the
free water-holding-capacity curve. EX is the uneven coefficient of the free water-holding
capacity of the soil.

2.2.4. Runoff Concentration Sub-Model

The principle of the runoff concentration sub-model is still divided into three stages:
slope concentration, river network concentration, and river channel concentration. How-
ever, in the XHM considering snowmelt runoff, the calculation is performed after combining
the RS, RI, and RG of both non-snow areas and snow-covered areas, namely:

Rst = RSrain + RSsnow (28)
Rl = RIrain + RIsnow (29)
RG; = RGrain + RGsnow (30)

The slope concentration stage is to convert runoff (R, mm) into flow (Q, m?3/s). Corre-
spondingly, RS, RI, and RQ should be converted into QS, QI, and QG:

QS, =RS;-U (31)
QL =CI-Ql_;+ (1—CI)-RI-U (32)

QG = CG-QG;_; + (1—CG) -RG;- U (33)

where QS, QI, and QG are surface flow, soil interflow, and groundwater flow, respectively;

3.6F
U is the conversion factor from mm to m3/s, and U = A ; F is the total area of the
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watershed (km?); and CI and CG are the extinction coefficient of interflow and groundwater
flow, respectively.
In the river network concentration stage, the total flow is calculated as follows:

Qt =CS- Qt—l + (1 - CS) 'QthL (34)

where
QT = QS5; + QI + QG; (35)

where Q is the total flow considering surface flow, soil interflow, and groundwater flow;
CS is the extinction coefficient of surface flow; and L is the lag time.
The river channel concentration stage is calculated by the Muskingum method:

Q=Cop-Li+Cp L1 +Co-Qy (36)

Where I and Q are the upstream flow and downstream flow, respectively; and Cy, Cy,
and C, are Muskingum calculation coefficients.

2.3. Model Calibration and Validation
2.3.1. Parameters Needing Calibration

In traditional XHM, 27 parameters need to be calibrated, covering four sub-models.
If the snowmelt factor is considered, nine more parameters (SC, M, T¢, Tinelt snows Tmelt ices

0, Asnow, 44, and adf) should be calibrated and only cover the runoff yield sub-model. The
detailed parameter variables are listed in Table 1.

Table 1. Parameter list of XHM.

Type of Parameter Pl\aI:ammeefc):r Unit Description Default Range
WM mm Average tension water storage capacity of the basin (80, 200)
K / Watershed evapotranspiration conversion coefficient (0.7,1.3)
B / Coefficient of thecz;lsl/;;r;rels:hoef ;:;;ion water storage (0.01, 0.4)
i%?gfégﬁli C / Deep evapotranspiration conversion coefficient (0.01, 0.15)
non-snow areas used M / The proportion of imp.ervious area in the whole (0.02,0.1)
in traditional XHM basin area
EX / Coefficient of the unevenness Qf surface free water 15
storage capacity
SM mm Surface free water storage capacity (15, 50)
KG / Groundwater discharge coefficient
KI / Interflow discharge coefficient
SC mm Average water-holding capacity of snow cover
M / Uneven coefficient of water-holding capacity of
snow cover
Runoff yield T °C Critical temperature for rain and snow
S:::;:gsgsg i}:a Tmelt snow °C Critical temperature of snow melt (—2,5)
used in Tmelt ice °C Critical temperature of ice melt (—2,5)
improved XHM 0 / Coefficient of glacier melt runoff (0.3,0.7)
Asnow mm/(°C-d) Degree-day factor of snow (0.6, 3.5)
ags mm/(°C-d) Degree-day factor of debris-free glaciers (7.5,9.5)
age mm/(°C-d) Degree-day factor of debris-covered glaciers (7.5,9.5)
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Table 1. Cont.
Type of Parameter Name of Unit Description Default Range
P Parameter p 8
F km? Basin area /
CI / Interflow extinction coefficient
. CG / Groundwater extinction coefficient
Runoff concentration
of slope and river CS / Surface flow extinction coefficient
network KK h Time step (At)
The intermediate variable of the lag time represents
L / how many KK’s, and the value multiplied by the value (0,20, N)
of KK is the lag time
X / Represents the shape of the flood process line (=00, 0.5)
Runof.f concentration KK h Time step (At)
of river channel
MP / Flood traveling time represents how many KK’s.

2.3.2. Parameter Value Range Considering Snowmelt
(1) Degree-day factor (a)

According to previous research and experience, there are two methods to calculate
the degree-day factor: one is obtained through field observation, and the other is through
empirical formula. The specific calculation method is as follows:

a=11x gi 37)
w

where p; and py, refer to the density of snow and water, respectively. According to Equation
(34), as the density of water is fixed, the value of the degree-day factor directly only depends
on the density of snow. Based on the observation data of relevant scholars from the east
side of the Tianshan Mountains in Xinjiang and the Kunes River Valley, the snow density is
stable between 0.06 and 0.24 g/cm? [41]. If the altitude is higher, the snow will be more
stable and the density will be higher correspondingly, about 0.3 to 0.35 g/cm3 [39,41].
In this paper, the value range of the degree-day factor of snow (asuow) is set between 0.6
and 3.5.

Considering the density of ice is larger than snow, the range of both a4, and ags is set
between 7.5 and 9.5.

(2) Snow cover storage (SN)

SN is a state variable, and it changes with seasons. In general, the value of SN is
higher and ranges from 30 to 50 mm in winter and spring because of the relatively lower
temperature with the relatively thicker snow cover. Even in summer, the value of SN ranges
from 10 to 20. That is because of the higher altitude with relatively lower temperatures in
plain areas and the snow is not easy to completely melt. During simulation, the value of
SN ranges from 10 to 50 depending on the simulation time.

2.3.3. Parameter Calibration and Model Assessment

The shuffled Complex Evolution Algorithm (SCE-UA) is used for parameter calibra-
tion, which can effectively solve the optimization problem with nonlinear constraints and
obtain the global optimal solution of hydrological model parameters quickly and effectively,
and has been widely used in the optimization of hydrological model parameters [42—44].

SCE-UA is a global optimization algorithm that combines the advantages of the sim-
plex method and genetic algorithm, and it is designed to solve the problem that some local
search algorithms often fall into the local extremum region and are difficult to converge to
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the global extremum region in the process of automatic parameter calibration of hydrologi-
cal models [42]. In the SCE-UA algorithm, the initial solution is divided into several groups
according to certain rules, and the points in each group are organized in a data structure
called “complex”. The points in each complex are selected according to the competition
mechanism to form a simplex, and then the downhill simplex algorithm is used to search
and calculate.

After the search is completed, all the points are put back into a buffer. The shuffle
algorithm is used to rearrange the position of points in the buffer to complete the generation
evolution. After the completion of one generation of evolution, the SCE-UA algorithm
shuffles the points in the buffer, disturbs the original order, and then redistributes the points
in the buffer into several complexes according to the established rules, and then starts a
new generation of evolution calculation. This process of assigning the points in the buffer
to the complex, putting them back after evolution, and then shuffling is the mechanism of
sharing information among the complex of the SCE-UA algorithm [45].

To assess the simulation efficiency of XHM, the determination coefficient (R?), mean
square error (MSE), and Nash efficiency coefficient (NSE) were used.

n 2

Z (Qobs,i - éobs) (Qsim,i - @sim)
R? = = (38)

i (Qobs,i - @obs)z Z (Qsim,i - @sim)z

n
i=1 i=1

ﬁ (Qobs,i — Qsim,i)2

MSE = =1 (39)
n

Y (Qobsi — Qsimi)’

NSE=1-"

—_

(40)

'il (Qobs,i - éobs ) ?

where Qs and Qg represent the observed flow and simulated flow, respectively. Gen-
erally, if R? is greater than 0.6 and NSE is greater than 0.5, the simulation effect can be
considered satisfactory. If the NSE is above 0.75, the simulation effect is considered to be
preferable [45]. For MSE, a value close to 0 means a better simulation result.

3. Results
3.1. Parameter Calibration Result

The daily hydrological data of the Zamashk and Yingluoxia stations from 2010 to 2016
were selected as the XHM'’s calibration period, and from 2017 to 2019 was selected as its
validation period. The parameters of the two stations were calibrated with the time step
(At) of 6 h. The calibration results are shown in Tables 2 and 3.

To illustrate, the total flow of both Yingluoxia and Zamashk is calculated as follows:

Qz = Qutshd,z (41)
QQL = thshd,QL (42)
Qvrx = Qorin + Qz,in + Qutshd 1 (43)

where Qz, Qqr, Qyrx are the simulated flow of the Zamashk, Qilian, and Yingluoxia
stations. Qyishd,z and Qyshd,QL are the upstream watershed input of the correspond-
ing station. Qqr,in and Qz;, are the flow inputs of the river channel from the Zamashk
and Yingluoxia stations measured by the Muskingum method. Qyshq,1 is the upstream
watershed input bounded by the Zamashk, Qilian, and Yingluoxia stations. Therefore,
Equations (22)—(24) indicate that the model output of Zamashk has only watershed input
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(Qwtsha,qr) that is related to evaporation, runoff yield and separation, and runoff concentra-
tion of the slope and river network, while the model output of Yingluoxia includes not only
watershed input (Qyshg,1) but also runoff concentration input of the river channel from
the Zamashk (Qzn) and Qilian (Qq,in) station. The topological graph of the hydrological
stations is shown in Figure 3.

vi A4 W |

|
Zamashk Yingluoxia Legend
A Hydrological station :
! v Watershed input
A Qilian : » River channel

Figure 3. The topological graph of the hydrological stations.

Table 2. Calibration results of evapotranspiration, runoff yield and separation, and runoff concentra-
tion from slope and river network.

Value
Name of Parameter Unit
Zamashk Yingluoxia
WM mm 109.9 100.51
K / 0.729 0.741
B / 0.389 0.375
C / 0.135 0.165
M / 0.041 0.035
EX / 15 1.5
SM mm 47.82 25.29
KG / 0.497 0.362
KI / 0.179 0.169
SC mm 53.75 58.63
M / 15 1.56
Te °C —2.54 —1.89
Telt snow °C 3.65 4.09
Trmelt ice °C 1.53 1.06
0 / 0.423 0.537
Asnow mm/(°C-d) 2.17 2.31
age mm/(°C-d) 7.98 8.56
ags mm/(°C-d) 8.22 8.97
F km? 4589 2968
CI / 0.66 0.597
CG / 0.959 0.966
CS / 0.8 0.452
KK h 6 6
L / 0 4

Table 3. Calibration results of runoff concentration from river channel using Muskingum method of
Yingluoxia station.

Value
Name of Parameter Unit
From Zamashk From Qilian
X / 0.264 0.244
KK h 6 6
MP / 1 2
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3.2. Model Simulation Result and Comparison
3.2.1. Model Efficiency Assessment

According to the calibrated parameter results, data from 2017 to 2019 were used for
validation. In addition, to further illustrate the simulation effect of the XHM considering
snowmelt, the traditional XHM was used for calibration and verification with the same
dataset to further verify the simulation effectiveness. The results are shown in Table 4.

Table 4. Calibration and inspection evaluation factor results of hydrological stations.

Zamashk Station Yingluoxia Station
Model Type
R? MSE (m3/s) NSE R? MSE (m3/s) NSE
Traditional xpy | C2libration period (2010~2016) - 0.466 897 0.284 0.724 547 0.559
raditiona Validation period (2017~2019)  0.426 634 0.171 0.751 529 0.541
XHM considering ~ Calibration period (2010~2016) ~ 0.792 524 0.589 0.884 465 0.785
snowmelt Validation period (2017~2019)  0.764 435 0.582 0.861 397 0.794

As can be seen in Table 4, in terms of the overall simulation results of two stations,
XHM coupled with snowmelt has higher simulation accuracy than the traditional XHM,
reflected by the higher values of R? and NSE compared with traditional XHM under the
same conditions, while the values of MSE are lower than the traditional XHM. Specifically,
the values of R? and NSE simulated by the traditional XHM in the Zamashk station are only
about 0.4 and 0.2, respectively. Although the R? of the Yingluoxia station reached about 0.7
under the traditional XHM, the NSE value did not exceed 0.6, and the simulation effect was
satisfactory. When it comes to the XHM considering snowmelt, the R* and NSE of Zamashk
were close to 0.8 and 0.6, respectively, and that of the Yingluoxia station was about 0.8. In the
case of MSE, the values of improvement are lower than the values of the traditional XHM.
The MSE of the Yingluoxia station is also less than that of the Zamashk station because
the downstream simulation effect is better than the upstream. Thus, the values of three
indicators of different models in both calibration and validation processes suggest that the
simulation results can restore the natural runoff process. The evaluation index of the XHM
considering snowmelt is generally greater than that of the traditional XHM model in both
calibration and validation periods. However, the simulation effect of Yingluoxia is better
than that of Zamashk under both models, which may be because the simulation effect of
the flow from watershed input (hereby Qytshq 7z and Qyyshq 1) is poorer than that of the flow
from river channel (hereby Qz;, and Qqrin), because there are more parameters related
to the flow from Qyshg,z and Qyshg,1 compared with that from Qz;, and Qg in, and the
snowmelt runoff also comes from the Qyshg z and Qyshg,1- Besides the watershed input
Quishd 1, the flow of Yingluoxia also includes the inflow input of Qz;, and Qg in, while the
flow of Zamashk itself only from Qyshq 7, resulting in its relatively poor simulation effect.

3.2.2. Comparison of Simulation Result with the Traditional Model

To illustrate the simulation effect of the flooding process, the flood process simulation
results of the traditional XHM of 2019 were compared with the simulation results using the
XHM coupled with snowmelt runoff presented in this paper, and the simulation results
of Zamashk and Yingluoxia stations were shown in Table 5, Figures 4 and 5, respectively.
The flooding process of 14~17 June, 24~27 June, and 5~8 July can be well simulated by the
XHM with coupled snowmelt runoff. It can also be seen that the observed flood peak of
the Yingluoxia station on 14~17 June was about 444 m3/s, and the flood peak simulated by
the traditional XHM was only about 303 m3/s, indicating that the difference between the
flood peak of both observed and simulated values with the traditional model is basically
from snowmelt runoff. We can see from Table 5 that the error of the flood peak value of
14~17 June simulated by the improved XHM is only 10% compared with the traditional
XHM of 32%, while the error of the flood peak value of 24~27 June simulated by improved
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XHM is only 6% compared with the traditional XHM of 40%, indicating that both flood
process and flood peak could be well simulated using the improved XHM in this paper.
However, the peak flow simulation of the Zamashk station is poorer than that of the
Yingluoxia station. For example, the error of the peak flood of 24~27 June of the Zamashk
station is 18%, which is larger than that of the Yingluoxia station at 6%, and the evaluation
factors of the Zamashk station are also poorer than Yingluoxia (Table 4). This is because
there is only watershed input (Qyishd,z) for Zamashk with more parameters and limited
accuracy. From the analysis of air temperature data, there was a period of temperature rise
of about 5 °C from 9 June to 14 June (see Table 6), and the watershed is almost covered by
snow, which further determined that the difference in flow was due to the snowmelt runoff.

Table 5. The peak flow simulation and occurring time of both flood processes using different models.

Flood Process 6/14~6/17 6/24~6/27
Station Zamashk Yingluoxia Zamashk Yingluoxia
Ob d Flow (m3/s) 331 444 278 617
serve Occur time ~ 6/14 15:00 6/15 4:00 6/26 3:00 6/26 16:00
Traditional Flow (m3/s) 66 303 109 368
raxilll\c/’[“a Occur time 6/15 6:00 6/15 2:00 6/26 12:00 6/27 2:00
Error (%) —-80 -32 —61 —40
I 4 Flow (m3/s) 275 488 229 577
m)l(DI‘_'I‘;\YIe Occur time 6/15 0:00 6/15 8:00 6/26 12:00 6/27 2:00
Error (%) —-17 10 —18 -6
400 — —— Observed
. — Improved XHM
300 — Traditional XHM
= 200
=]
= r
100 —
0 -
T T L— T T T T T T T T T T T T T T T
2019/3/23 4/4 4/17 4/29 5/12 5/24 6/6 6/16 6/26 7/5
Date
Figure 4. Comparison of flood simulation results using different methods at Zamashk Station in 2019.
700
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1 — Improved XHM
500 Traditional XHM
2 400
g
é 300 —
= ]
200 —
100 —
5 T~
: I - T — — - I - T : T . T . I T
2019/3/23 4/4 4/17 4/29 5/12 5/24 6/6 6/16 6/26 7/5
Date

Figure 5. Comparison of flood simulation results using different methods at Yingluoxia Station in 2019.
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Table 6. Daily temperature in June.
Date 7 8 9 10 11 12 13 . 19 20 21 22 23 24
Temperature 12.2 13 11.9 11 129 145 17 . 123 138 14 142 135 153

It should be noted, however, that the setting of the model state variable SN is very
crucial because the source of snowmelt runoff in the northwest is mostly SN. We can see
that the flood on 5 July was not as large as the previous two floods. This is because the
corresponding rainfall is relatively low, but the temperature is relatively higher in July. If
the SN was too large, the simulated runoff on 5 July would also be large as there was a large
snow reserve at the model’s initial state, and there might be a certain snow reserve on 5 July.
As temperatures rise, snow melts, creating more snowmelt runoff. However, according to
the analysis of observed rainfall and hydrological data, the flood contribution on 5 July is
mainly the rainfall from the watershed (Qyyshq,1) and the upstream flow (Qz i, and Qqr in)-
In addition, the temperature will rise in July, and there will be fewer snow reserves in the
watershed in June or July compared with the beginning of the year. However, when SN is
too small, the snowmelt flood process cannot be simulated because there is no snow cover
on the soil at this time, and the runoff is still dominated by rainfall from the watershed.

3.3. Flood Composition Analysis

The flood composition analysis of the Yingluoxia station in 2019 is shown in Figure 6.
As can be seen in Figure 6, the flow from the upstream watershed input (Qyshg 1) simulated
using the traditional XHM is basically zero, because there are few rainfalls from the
upstream watershed. We can also see from Figure 6 that the precipitation in early May is
larger than that of June, but the total flow is only about 100 m3/s, compared with the flood
process in June with a flow peak of 488 m3/s and 577 m3/s, respectively. This is because
the watershed is located in an arid area where annual evaporation is much greater than
annual precipitation, resulting in a soil water shortage compared with humid areas. The
precipitation will first replenish the soil water storage before the runoff is yielded in early
May, and the snow cover of late spring initially reserved in the soil will transfer to runoff
as the temperature rises and exceeds T in June (see Figure 7).

Precipitation (mm)
0

T 7 Y 5 B T LI ] B g —
5! ] 3
101
151
6001 [ Quusha 1 (traditional)
— Qsng. 1 (SNOWMELL)
500- Ql.in
:v; 4004 Q()l..in
= - Total flow (snowmelt)
Z 300
2
* 2001
100 //\ \\A\_J
8 B _,\//
2019323 4/5 4/17 4/30 5/12 5125 6/6 6/19 !

Date
Figure 6. Analysis of flood composition in 2019 at Yingluoxia Hydrological Station.
However, from the measured temperature analysis, the temperature increase of the

second flood process was only 3 °C (from about 19 to 24 June), which is less than the
temperature increase of 5 °C of the first flood process (see Table 6 and Figure 7), but the
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second peak flow was higher than the first peak flow. This is because the contribution of
the second flood is from not only Qyshg1 but also Qzin and Qqr in. The contribution of
QoL,in in the second flood is larger than that of the first flood, while the contribution of
Qz,in is almost the same. But in terms of Qyshg 1, the peak flow of the second flood process
is still lower than the peak flow of the first flood, probably as the temperature-increasing
rate of the second flood process is less than that of the first flood process.

20

Temperature ('C)
o o & o
| | 1 1 "

|
w
|

2019/4/8 4/23 5/8 523 6/7 622 77T 72
Date

Figure 7. The 5 day sliding average temperature process.

4. Discussion
4.1. Sensitivity Analysis of Parameters

In this paper, the sensitivity analysis of nine parameters referring to the snowmelt
module is shown in Figure 8. Figure 8a—i demonstrates the effects of the flow process of the
Yingluoxia station on changing ranges of Tc, M, Tpneltices Tmelt snows 0, @snow, SC, aqe, and agy,
respectively. It should be pointed out that we keep the other parameters unchanged (See
Table 2) when we analyze one parameter. We can see that SC and M are not sensitive to the
flood simulation results, while Ty}t ice adc, ads, and O are less sensitive to flood simulation
results. This is because the snow density and snow water-holding capacity are relatively
even, and the proportion of glaciers in the snow-covered area is small. In other words,
Theltice and O are related to glacier runoff, but there is little contribution of glacier runoff to
total runoff because of the poor proportion of the glacier area. However, Tc, Tpnelt snow, and a
are relatively sensitive to the flood simulation results, and the latter two are more sensitive.
This is because the snow cover accounts for a large proportion, and the average temperature
of the study area is hovering around the threshold temperature of snow melting.

In addition, the amount of runoff and Ty}t snow also have some regularity (Figure 8d).
Concretely, there is relatively more snow reserve (SN) before flood season (about 1 June)
and enough snow reserve for melting to runoff; thus, at the same moment, the lower the
critical temperature of snow melt, the more snow is melting to river runoff. However, in
flood season, such a relationship is no longer valid. For example, in the flooding process
on 14~17 June, when the critical temperature of snowmelt is below 0 °C, the lower critical
temperature of snowmelt results in less river runoff. This is because of the initial state and
the initial snow reserve (SN) of the model (See Figure 9). If the initial SN is small, there is
seldom snow cover in flood season, and runoff is only related to precipitation at this time
and has nothing to do with temperature.

Moreover, the same story occurs in the analysis of the degree-day factor. The higher
value of the degree-day factor represents more snow melting to river runoff (Figure 6). This
occurs in the pre-flood season where there is more snow reserve. When it comes to the flood
season, the total runoff only refers to precipitation and has nothing to do with degree-day
factor and Tpejt, snow, Unless there is more snow reserve at the beginning. That is, if there’s
more snow reserve, total runoff relates to precipitation, Tp,ejt, snow, and degree-day factor,
otherwise, it is only related to precipitation and other non-snow parameters.
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Figure 8. Sensitive analysis: the effect of the flooding process of Yingluoxia station on changing
parameters referring to snowmelt module: T¢, M, Treltices Tmelt,snow- 9, @snow. @dc, ags, and SC.
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Figure 9. The effect of the peak flows of three different flood processes of Yingluoxia station under
varying critical temperatures of snow melting (Tpelt snow) On different model’s initial states (SN).
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4.2. Effects of Model’s State

We stated in the previous section that the lower critical temperature of snow melting
(Timelt snow) Will result in higher snowmelt runoff, but this is valid only in a certain model state.
Here, we selected three flood processes (one for the pre-flood season on 25 May, the other two
for the flood seasons on 14~17 and 24~27 June, respectively) to analyze the peak flow trend in
the Yingluoxia station by varying Tyt snow under different model states, that is, a different
value of initial snow reserve (SN) ranging from 30 mm to 70 mm with the step of 5 mm. The
analyzing results are shown in Figure 9. We can see from Figure 9 that the peak flows of the
three flood processes show a decreasing trend as Tyt snow iNCreases only when SN equals
70 mm or more. When SN decreases, only some of the flood processes conform to this law. For
example, when SN equals 60 mm, only the first two floods meet this principle. But when SN
equals 50 mm or 40 mm, only the first flood meets this principle. To illustrate, more SN means
more snow reserves, and such a relationship between T )t snow and peak flow stands only
when there are enough snow reserves. As SN decreases, the flood process of pre-flood season
is more likely to make such a relationship work compared with that in flood season, because
there is more snow reserve than in the flood season with a higher average temperature.

Besides Tielt, snow- the impact of different flow processes of varying degree-day factors
of snow (asnow) are also analyzed and shown in Figure 10. Generally, a greater degree-
day factor will generate more snowmelt runoff. However, this only occurs when there is
enough snow reserve, which is similar to the analysis of Tyejt flow- The third flood process
accords with this relationship only when the degree-day factor is less than 1.5 under an
initial SN equal to 70 mm, while the first two flood processes accord with this relationship
(Figure 10e). As the SN decreases, the earlier floods (25 May and 14~17 June) are more
likely to conform to this rule compared with the flood process on 24~27 June. This is also
due to more snow reserve in the earlier floods with lower temperatures under the same
initial SN.
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varying critical degree-day factors of snow (asnow) on different model’s initial states (SN).
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4.3. Model Comparisons and Limitations

Currently, the main method of simulating the snow melt runoff is the SRM model [6],
SPHY model [33], and frozen soil hydrological model, which separates the total flow
calculation from both rainfall and snowfall (including snow reserve in the basin). That is,
the whole process of both runoff yield and concentration is calculated in the precipitation
and snowmelt areas respectively; thus, both the area of the total watershed and the snow-
covered part are needed in the model. However, in this research, the non-snow area and
snow-covered areas are separated only in the runoff yield calculation process. The input of
the runoff separation module involves the summary of both rainfall and snow-melt runoff;
thus, only the total area of the watershed is needed. Therefore, this study seems to improve
the model where there is no snowmelt module, but it still follows the advantages of the
traditional model [28,29].

Although this research presented the improved Xin’anjiang model considering the
snowmelt module and further expanded the application scope in areas with different
traditions, there are still some limitations of this study. For example, the division of
precipitation forms of either rainfall or snowfall is defined only by the critical temperature.
However, as the precipitation falls from the sky to the ground, the temperature will rise. If
the precipitation in the sky is in the form of snow, it may convert to rain when it falls to the
ground. In addition, the traditional XHM is presented based on the water balance of the
river basin, but the water balance equation may still be valid in snow-covered areas. These
points will be considered in future research on the development of hydrological modeling
considering snow and glacier runoff.

5. Conclusions

Based on the traditional XHM, the snowmelt runoff module is considered to study
the mechanism of runoff yield and concentration of snow-dominated areas by dividing the
watershed into non-snow areas and snow-covered areas. The flood process was simulated
in the upper reaches of the Heihe River basin in northwest China, and the following
conclusions were obtained:

First, the index of the model’s performance in the improved model is superior to that
of the traditional model. The flood processes can be better simulated and the peak flow
in two flood processes in June is almost near the observed value. This shows that the
model can be applied in the Heihe River Basin and provides important technical support
for flood forecasting in Northwest China and other regions dominated by snowmelt runoff,
which expands the model’s application scope, provides a strong tool for flood forecasting
in snow-dominated areas, and provides certain technical references for flood forecasting
and early warning.

Second, flood composition analysis indicates that the watershed input simulation is
not as good as the river channel’s simulation result because of the numerous parameters
of watershed input which limited the model’s prediction accuracy when there is only
upstream watershed input, reflected by the relatively poor simulated effect of the Zamashk
station compared with the Yingluoxia Station. Further research should emphasize the
water balance of snow cover, the deeper characteristics of the runoff yield of snowmelt,
and the mechanism of runoff yield when snowfall transfers to rainfall as the temperature
near the ground is higher than that in the upper air to further improve the accuracy of
flood forecasting.

Finally, sensitivity analysis indicates that of the nine parameters related to snow
melting, only the critical temperature of snowmelt and the degree-day factor of snow are
sensitive to the simulated runoff process, and its changing trend is related to the model’s
initial state, i.e., the initial snow reserve. Both the decrease in the critical temperature of
the snowmelt and the increase in the degree-day factor will lead to the increased trend of
the peak flood, but such a relationship stays true only when there is enough snow reserve
caused by either the higher value of initial SN or a flood that occurs in the pre-flood season,
providing strong references for researchers for setting model’s parameters and initial states.
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