:' frontiers ‘ Frontiers in Environmental Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Yang Yu,
Beijing Forestry University, China

REVIEWED BY

Jingwen Zhang,

University of Illinois at Urbana-
Champaign, United States
Dehua Zhu,

Nanjing University of Information
Science and Technology, China

*CORRESPONDENCE
Siyu Cai,
caisy@iwhr.com

SPECIALTY SECTION

This article was submitted to Freshwater
Science,

a section of the journal

Frontiers in Environmental Science

RECEIVED 29 June 2022
ACCEPTED 13 July 2022
PUBLISHED 17 August 2022

CITATION
Zhou X, Chen W, Liu Q, Shen H, Cai S
and Lei X (2022), Future runoff forecast
in Hanjiang River Basin based on Wetspa
model and CMIP6 model.

Front. Environ. Sci. 10:980949.

doi: 10.3389/fenvs.2022.980949

COPYRIGHT

© 2022 Zhou, Chen, Liu, Shen, Cai and
Lei. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science

Tvpe Original Research
PUBLISHED 17 August 2022
Dol 10.3389/fenvs.2022.980949

Future runoff forecast in
Hanjiang River Basin based on
Wetspa model and CMIP6 model

Xi Zhou'?, Wei Chen?, Qingtao Liu®, Hongxia Shen?, Siyu Cai®*

and Xiaohui Lei*?®

'Hebei Key Laboratory of Intelligent Water Conservancy, School of Water Conservancy and
Hydropower, Hebei University of Engineering, Handan, China, *School of Water Conservancy and
Hydropower, Hebei University of Engineering, Handan, China, *Song-Liao Water Resources
Commission Basin Planning and Policy Research Center, Changchun, China, “Information Center,
Ministry of Water Resources, Beijing, China, °China Institute of Water Resources and Hydropower
Research, Beijing, China

In order to comprehensively consider the impact of human activities on runoff
simulation and improve the accuracy of runoff simulation, so as to make a more
accurate prediction of the future runoff of the Hanjiang River Basin, this study
improved the reservoir module of the Wespa model, adding two parts: reservoir
inflow data correction and water storage and outflow data calculation without
measured data. Use the improved model to verify its applicability to the
Hanjiang River Basin, then, choose the ones who has the most familiar trend
with the historical data in the future climate model data (CMIP6). Put the
selected data in the model to predict the runoff of Hanjiang River from
2021 to 2060. By analyzing the future runoff trend of Ankang, Huangjiagang
and Huangzhuang in the Hanjiang River Basin from 2021 to 2060 and the
changes of average runoff, seasonal runoff and monthly runoff compared with
the historical period (1981-2020), the conclusions drawn are as follows: 1) The
improved Wetspa model has good applicability in the Hanjiang River Basin; 2)
The future runoff of Ankang section is decreasing, while that of Huangjiagang
and Huangzhuang sections is increasing; 3) Compared with the reference
period, the average runoff of the three sections in the future shows an
increasing trend, which indicates that there will be flood risk in the future; 4)
Compared with the reference period, the runoff proportion of the three
sections will increase in spring and winter, and decrease in autumn.
Attention should be paid to the risk of drought in autumn. In terms of
months, the proportion of runoff from April to June increases, decreases
from September to November, and increases and decreases in other months
are uncertain.
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1 Introduction

Over the past century, the global climate has changed
significantly. Climate change has brought new variations to the
inherent laws of physical processes such as rainfall, runoff and
evapotranspiration in the basin (Wang et al,, 2013; Wang et al,,
2017). As the largest tributary of the Yangtze River, the runoff
change of the Hanjiang River has a great impact on the normal
production and life of the people in the basin. Therefore, it is of
great significance to study the runoff change trend of the Hanjiang
River Basin under the future climate for the future water resources
management and utilization of the Hanjiang River.

Domestic and foreign scholars use various hydrological
models to predict the future runoff of different basins. For
example, Wei et al. (2016) predicted the future runoff process
of the Yellow River Basin based on VIC Model. The results show
that the annual average runoff increased by 2.65%, 2.66%, and
8.07% respectively, and the increase gradually decreased with the
passage of time, showing a downward trend in the long term; In
terms of annual distribution, runoff increases in winter and
decreases slightly in summer Guo et al. (2015) is based on
Budyko’s hydro thermal coupling equilibrium hypothesis,
BCC-CSM1-1  global
RCP4.5 emission scenarios, and the future runoff changes in
the Yangtze River Basin are estimated. The results show that
the relative change of future runoff in each sub watershed of

selected climate  model and

the Yangtze River varies, and the maximum change range is about
10%; In the three periods of 2020s, 2050s, and 2080s, the runoff of
the basins on the north and south banks of the Yangtze River will
decrease in the south and increase in the north. The increase of
runoff change on the north bank will gradually increase, and the
decrease of runoff change on the south bank will gradually
decrease Zhang and Yang (2018). Studied the multi model
integration (MME) and combined runoff prediction under
climate change scenarios generated by eight rainfall runoff
models in the Yellow River Basin by using genetic algorithm
and Bayesian model averaging method. The results show that
in most climate scenarios, the runoff is expected to decrease, which
will threaten the water security of the basin Guo et al. (2012) used
GCM and a hydrological model to forecast future runoff in the
upper reaches of Hanjiang River under the A2 climate change
scenario. The results show that, compared with the average runoff
during the 1961 baseline period, the future runoff predicted based
on the output of CGCM2 decreases in 2020s, increases in 2080s
and does not change significantly in 2050s. For HadCM3, the two
hydrological models increase in 2050s and 2080s, and different
models predict different increasing and decreasing trends in 2020s.
The results in the existing studies are not completely consistent,
which may be related to the different hydrological models and
meteorological model data used.

There are many influencing factors for future runoff change,
and climate change is only one of the main influencing factors. In
simulating future runoff, it is still necessary to consider the
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FIGURE 1

The location of hydrological stations and reservoirs in

Hanjiang River Basin.

impact of human activities, such as reservoir regulation and
storage (Homa et al, 2013; IPCC, 2014; Al-Faraj and Al-
Dabbagh, 2015; Hayal et al, 2017; Yan et al., 2018). In
particular, reservoir regulation and storage will change the
affect the
hydrological cycle in the basin (Yaghmaei et al., 2018). The

size¢ and annual distribution of runoff and

existing research only simulates the future runoff through the
correlation between climate change and runoff, without
considering the impact of the reservoir on the future runoff,
which may be caused by the lack of treatment of the reservoir part
in the general model and the lack of an appropriate simulation
method for reservoir discharge.

Based on the inaccurate reservoir simulation and the difficulty
in predicting the reservoir outflow without measured data, this
study improved the calculation method of the reservoir unit in the
Wetspa model, corrected the zigzag fluctuation and extreme value
of the reservoir inflow, put forward the method that the reservoir
cannot predict the outflow in the future prediction period, and
predicted the runoff change in the Hanjiang River Basin in the next
40 years based on the modified model using CMIP6 data. It is
expected to provide reference for water resources planning and
rational development in Hanjiang River Basin.

2 Materials and methods
2.1 Study regions

The Hanjiang River originates at the south foot of Qinling
Mountains in Shaanxi Province. Its main stream flows through
Shaanxi and Hubei provinces and joins the Yangtze River at the
Longwang temple in Hankou. Hanjiang River has a total length
of 1,577 km and a drainage area of 15.3 x 10* km?, with longitude
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and latitude ranging from 106°15'-14°20'E,30°10'-34°20'N
(Figure 1). The terrain is high in the West and low in the
East, with medium and low mountains in the West and hills
and plains in the East. The Hanjiang River Basin is located in the
North-South climatic junction zone of China. The climate has
obvious seasonality, cold in winter and hot in summer. The
annual average temperature reaches 12-16°C, and the monthly
average maximum temperature occurs in July and the minimum
temperature occurs in January. The precipitation in the basin is
mostly in the form of rainfall, snow and little hail. The annual
average precipitation is 873mm. The annual average
precipitation decreases from upstream to downstream,
reaching more than 1,100 mm in the downstream area and
700-900 mm in the Danjiangkou area. The precipitation in
the year is unevenly distributed, reaching 50%-60% of the
whole year for a maximum of four consecutive months, and
mostly concentrated in April to July. The average annual runoff
of the basin is 55.6 billion m?, equivalent runoff depth 256 mm.
The runoff varies greatly between years and is unevenly
distributed throughout the year. The flood season can account
for up to 65% of the annual runoff. It is the river with the largest
change among the major tributaries of the Yangtze River.

2.2 Data

The input data of the model mainly includes: Geospatial data,
meteorological data, various hydrological monitoring data and
water intake monitoring data. Data sources are as follows:

2.2.1 Geospatial data

Geospatial data includes DEM, soil type, land use type and site
location information. The first three are grid data, which are used
to generate model parameters such as potential runoff coefficient,
depression filling storage capacity, field water capacity, and runoff
production parameters of each grid computing unit.

(1)DEM data.

DEM data is from the Federal Bureau of address investigation
with a resolution of 1 km x 1km grid data.

(2)Soil type.

The soil data is from the “1:1million soil classification map of
China” of the second national soil survey, and the corresponding
data such as soil texture and soil layer thickness are from the
Chinese soil database and the Chinese soil records.

(3) Land use data.

The land use data is from the Vegetation Atlas of China (1:
1million).
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FIGURE 2
The distribution of water intake stations and meteorological
stations.

2.2.2 Meteorological data

The meteorological data used in the modeling came from the
daily meteorological element data of 13 meteorological stations
in the Hanjiang River basin for 61 years (1960-2020) in the daily
value data set of China’s surface climate data (V 3.0).

2.2.3 Hydrological monitoring data

There are 18 hydrological stations and 17 large reservoirs in
the basin selected for modeling. The hydrological monitoring data
comes from the national real-time water and rain database,
including the water level and flow data of the hydrological
stations, and the upper water level, storage capacity, inflow and
outflow flow data of the reservoir. The monitoring data needs to be
processed into daily scale data that meets the requirements of the
model through data cleaning and integration.

2.2.4 Monitoring data of state-controlled water
intake

The water intake monitoring data used in the study are from
the state-controlled water intake monitoring stations of the
National Water Resources Monitoring Capability Project.
There are 569 water intake monitoring stations in the
Hanjiang River Basin. The daily water intake monitoring data
includes surface water intake and underground water intake. The
data years are from 2016 to 2020.

The spatial distribution of meteorological stations and water
intake monitoring stations is shown in the figure below (Figure 2).

2.2.5 Future scenario model data in CMIP6

The meteorological data used to simulate the future runoft is the
future scenario model data in CMIP6. At present, the global climate
model is one of the core tools to study the impact of future climate
change (Ma et al., 2019; Zhao et al., 2020). CMIP6 is the Coupled
Model Intercomparison Project (CMIP) organized and developed
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TABLE 1 Information of 5 global climate models.

10.3389/fenvs.2022.980949

Model name Institution Country Resolution ratio
CanESM5 Canadian Environment Agency (CCCma) Canada 2.8125° x 2.8125°
MRI-ESM2-0 Meteorological Research Institute, Japan Meteorological Agency (MRI) Japan 1.875° x 1.875°
IPSL-CM6A-LR Pierre-Simon Laplace Institute (IPSL) France 2.5° x 1.259°

NESM3 Nanjing University of Information Technology (NUIST) China 1.875° x 1.875°
KACE-1-0-G Institute of Meteorology, Korea Meteorological Administration (NIMS-KMA) Korea 1.875° x 1.25°

by the World Climate Research Programme Working Group (Yang
et al, 2010; Nashwan and Shahid, 2020). Considering the
comprehensiveness and time length of various model data in
cmip6, five global climate models CanESM5, MRI-ESM2-0,IPSL-
CM6A-LRNESM3,KACE-1-0-G and nesm3 are selected for follow-
up research. In this paper, the grid data of daily average precipitation
and daily maximum and minimum temperature output from the
above five global climate models are used to simulate future runoff.
In terms of scenarios, historical scenarios (1961-2011) and three
future scenarios (2015-2060) are selected. The three future scenarios
correspond to the forced scenarios of low (SSP1-2.6), medium
(SSP2-4.5) and high (SSP5-8.5) emissions, respectively (Table 1).

2.3 Wetspa model

2.3.1 Model principle

Wetspa (A Distributed Model for Water and Energy Transfer
Between Soil, Plants and Atmosphere) model is a distributed
hydrological model based on physical mechanisms, which was
proposed by Wang and Batelaan of Vrije Universiteit Brussels in
Belgium in 1996. The model is based on the following
assumptions: 1) The soil properties, geographical elevations,
vegetation category and rainfall inputs of each grid in the sub
watershed are identical; 2) When the soil moisture content is less
than the wilting coefficient, the evapotranspiration process stops;
3) Deep evapotranspiration is limited by groundwater and only
occurs when the soil dries up; 4) The grid has only one outflow
direction; 5) The water conservancy radius is related to the
geographical location and flood frequency, but does not
change during a flood. The model is based on the grid as the
calculation unit for calculation, and the model has good
versatility and portability, and can more intuitively reflect the
runoff process at any point and any time period (Batelaan et al.,
1996; Wang et al., 1996; Liu et al., 2005).

The Wetspa model considers physical processes such as
rainfall, closure, infiltration, evapotranspiration, seepage,
ground and underground runoff, so multi-layer results are
used to represent the water and energy balance of each unit
(Liu and De Smedt, 2004; Liu et al., 2006; Zeinivand et al., 2007).
As shown in the figure (Figure 3), the model is vertically divided
into four layers, namely Plant canopies, Surface layer, Soil layer
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and Underground aquifer. The data required for model operation
are DEM, Landuse data, soil type data, meteorological data,
hydrological monitoring data and water intake monitoring data.

2.3.2 Model building

(1) Divide parameter partitions.

Parameter partitions refer to the control area of the
survey stations in the basin, and each section will be
calculated based on the parameter partition during model
calculation. In this paper, reservoirs and hydrological
stations are taken as control stations when dividing
the
upstream and downstream of each station is determined

parameter partitions, and relationship between
according to the topological map of the basin. When the
zoning range of the upstream station is determined, the
control area of the next station can be obtained according
to the flow direction, elevation and other comprehensive
After

calculate the sub-basin within this parameter zone or all

parameters. dividing the parameter partitions,
sub-basins in the upstream according to the basin conditions
and the specific calculation requirements. When there is a
control station in the upstream, read the upstream
calculation results according to the upstream downstream
relationship and simulate the runoff generation and
of the the

parameter division of the station.

concentration process sub-basin  within

(2) Reservoir storage data correction.

This study mainly modifies the reservoir module of Wetspa.
The initial reservoir simulation of the model is to directly
simulate the outflow, that is, the inflow of the reservoir is
simulated first in the internal calculation of the model, and
the outflow of the reservoir is obtained through the water
balance equation in combination with the measured storage
capacity. However, there are cases where the calculated
outflow is negative. To solve such problems, the reservoir
module in the model is modified in this study. After
correcting the abnormal in the measured data, put them in
Wetspa to simulate the reservoir inflow and derive the
outflow. Among them, the monitoring data of the reservoir is
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The construction of Wetspa flow generation model.

the measured data provided by the Hydrological Bureau, the
storage capacity and outflow volume of the reservoir are the real-
time monitoring data, and the inflow data is the data derived
from the direct water consumption balance equation. However,
the jagged fluctuation of the reservoir inflow obtained in this way
is obvious, and the inflow is likely to be negative when the outflow
is small. Therefore, this study adopts an improved calculation
method of the reverse push-in flow process (Liu P. et al., 2017).
The specific steps are as follows:

Use the continuity of the process of reservoir inflow to
establish the optimization objective function:

minF=a) (Lo -1+ (1-) (Vi- V' (1)

@ Where, li+1 and Ii are the reservoir inflow water volume in
the i+1 and i periods respectively; « is the weight coefficient,
and the value range is [0,1]. The larger the value, the more
attention is paid to the inflow continuity; V; is the storage
capacity of the reservoir in period i; V? = f(Z;), Z; is the water
level above the reservoir, and the function F represents the
Water level-storage capacity relationship function; n
represents the length of reservoir inflow series. After
comparison, the « value was taken as 0.8 in the calculation
of this study.

® According to the water balance equation, the inflow water
in the optimization objective function is transformed into a
reversed reservoir capacity, and the optimization objective
function is converted into a function of outflow flow and
reservoir storage capacity, and the Lagrangian function is used
to find the partiality of Vi to obtain the analytical formula of
the inflow flow of the reversed reservoir.
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® Set a weight coefficient, and bring the reservoir
capacity V?, reservoir outflow Ri and weight coefficient
into the analytical formula to obtain the inverted reservoir
capacity.

@ By introducing the back extrapolated reservoir capacity
into the relationship between reservoir capacity and reservoir
inflow, the back extrapolated reservoir inflow process can be
obtained.

® Negative values in the process of inbound flow after
inversion are replaced by linear interpolation results.

(3) Reservoir discharge calculation.

Another improvement of the reservoir module is the part of
calculating the outflow process. Since the calculation method of
the reservoir in the model has been modified, the reservoir
outflow needs to be calculated by the water balance equation
with the simulated inflow and measured reservoir capacity. This
method is feasible when simulating the period with measured
data in the past, but it is difficult to implement in the future
runoff forecast because there is no real-time monitoring data.
Therefore, the model cannot predict the reservoir outflow. To
solve such problems in the future, the following methods are used
in this study to calculate the reservoir delivery data in the missing

measurement period:

@ The Wetspa model is used to simulate the inflow of the
reservoir according to the method described above, so as to
ensure that there is corresponding inflow in each simulation
period.
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Flow chart of reservoir outflow process estimation.

@ Set the initial water level value, which can be selected from
the most familiar data corresponding to the inflow on the
same date in the historical data. Set the maximum and
minimum water level according to the historical data.

® Through analyzing historical data, it is found that at the
same or similar water level or storage, the corresponding
reservoir outflow is not completely consistent, but it always
fluctuates within a range. Therefore, this study uses this law
when calculating the storage. In order to avoid the
simulation value in the dry season matching to the flood
season, the data in the history corresponding to the
simulation value on the same day shall be found during
the calculation, and use the Euclidean distance to find out
the five groups of data that are closest to the simulated
water level and storage capacity of the day (Liu and De
Smedt, 2005; Ding et al., 2008; Li et al., 2004). The outflow
is the mean value of the outflow corresponding to the five
groups of data. Taking the mean value can effectively avoid
the abnormal extrapolation result caused by taking the
maximum or minimum value.

@ The corresponding storage capacity of the current reservoir
is found according to the water level storage capacity curve.
When the storage capacity is greater than the storage
capacity corresponding to the maximum water level or
less than the storage capacity corresponding to the
minimum water level, the maximum or minimum

storage capacity is used. If the queried storage capacity
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is within this range, the queried storage capacity can be
directly used.

® According to the water balance the

corresponding storage capacity of the next period is

equation,

derived. The water level of the next period is queried by
using the water level storage capacity curve. According to the
above method, use the water level and the simulated stock of
this period to query the stock out, and so on to deduce the
stock out corresponding to all periods. The specific process is
shown in the figure below (Figure 4).

2.3.3 Model evaluation indicators

In this study, Relative Bias (RB) and Nash-Sutcliffe Efficiency
(NSE) are used as the evaluation indicators for the simulation
results of flow process.

(1) Relative Bias (RB)
Zthl (Qin — Q:a)
TaQ

Where Q' is the simulated flow value at time t, Q, is the observed

value at time t, and RB is the relative error between the

RB = )

simulated flow and the measured flow. The closer the RB

value is to 0, the smaller the difference between the
simulated flow and the measured flow, and the higher the

simulation accuracy.
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FIGURE 5

The comparison of data of Danjiangkou Reservoir in 2018 before and after correction.

(2) Nash -Sutcliffe Efficiency (NSE)
T (@-Q)

NSE =1 .
sh(e-a)

3

Where the meaning of each variable is the same as before, Q, is
the average value of the measured flow series, and NSE is the
Nash efficiency coefficient, reflecting the fitting effect of large
flow. The optimal value of NSE coefficient is 1.

3 Results and analysis
3.1 Model evaluation results

(1) Simulation after model modification.
@ Comparison between initial data and corrected data.

In order to ensure the continuity of reservoir inflow and
reduce the occurrence of abnormal values, the method
mentioned above is used to correct the inflow data of
reservoirs in the basin. As shown in the figure (Figure 5),
the corrected results of Danjiangkou Reservoir in 2018 are
compared with the original data. It is obvious that the
corrected inflow process is smoother, there is no zero
value, and the “zigzag” fluctuation has been greatly
improved.
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@ Model accuracy after warehousing correction

As mentioned above, this paper improves Wetspa’s reservoir
treatment method when simulating runoff, and improves the
calculation method of reservoir outflow in the original model
while revising the inbound data. Compared with the previous
model, the accuracy of the model has been improved; the
comparison of the simulation results before and after the
correction of the Danjiangkou Reservoir in 2018 is shown in
the figure below (Figure 6).

Obviously, the model after correction (Figure 6B) has a
higher degree of fit than before correction (Figure 6A).
Subsequent cross-sectional simulation results are calculated
based on the improved model.

Considering the data length of water intake monitoring data,
this paper selects the daily data series from 2016 to 2020 to
calibrate and verify the model parameters. Set 2016 as the warm-
up period, 2017-2018 as the rate period, and 2019-2020 as the
validation period. In this study, Ankang (AK) section in the
upper reaches of Hanjiang River, Huangjiagang (HJG) section in
the middle reaches and Huangzhuang (HZ) section in the lower
reaches are selected as typical sections to verify the applicability
of the model in the basin. As AK section is about 1.8 km away
from Ankang reservoir (AKR) and HJG section is only 1.05 km
away from Danjiangkou reservoir (DJK), the discharge of an
upstream reservoir has a great impact on the simulation of
downstream stations. It is unreasonable to directly use these
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FIGURE 6

The comparison of simulation results of Danjiangkou reservoir after correction of 2018 inflow data. (A) shows the simulation results before
correction. (B) shows the simulation results after correction.

two reservoirs as the measured upstream to simulate the TABLE 2 Index evaluation results of each section.
downstream section. Therefore, in this study, the inflow of
AKR and DJK and the discharge of HZ section are calibrated.
After the parameter calibration is completed, the calculation
results of the three stations in the calibration period and
validation period are counted by using the above model
evaluation indicators, and the statistical results are shown in
the table below (Table 2).

Parameter AKR DJK HZ

RB NSE RB NSE RB NSE

calibration (2017-2018)  —0.14 0.79 -0.05 0.94 -0.08 0.93
validation (2019-2020) -0.17 0.73 -0.16 0.83 -0.03 0.85
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FIGURE 7

Simulation results of three section rates at calibration and validation periods (m®/s). (A—C) are the simulation results of Ankang, Huangjiagang

and Huangzhuang respectively.

It can be seen from the above table that the NSE coefficient of
AKR, DJK, and HZ are all above 0.7, and the absolute value of
Relative Bias is less than 20%. The simulation results are good
(Figure 7). Based on the simulation results and various parameters,
it can be considered that the Wetspa model can be better applied to
the simulation of runoff process in the Hanjiang River Basin, and
the model can be used for subsequent research and analysis.

3.2 Comparison and selection of climate
model assessment

In this study, the runoff of the three typical sections of the
Hanjiang River Basin in the next 40 years is simulated by selecting
one of the five climate models with the most similar trend to the
historical data of the Hanjiang River. According to the principle of
the model, rainfall is the most significant elements for the runoff
simulation results of the model, so rainfall is used as the basis for the
evaluation and selection of climate models (Liu et al., 2005; Liu
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J. etal.,, 2017). The historical data of CMIP6 model are from 1961 to
2011. In order to ensure the time consistency of the two data, this
study selects the historical data of Hanjiang River Basin from
1961 to 2011 and the historical data of the same time period
under the five scenarios of CMIP6 for comparison, and takes the
absolute difference and percentage deviation of the two as the
selection indicators of model data. The more obvious the
absolute difference and percentage deviation are, the more
similar they are.

In order to more accurately reflect the future precipitation in
the Hanjiang River Basin, this study uses Tyson polygon to
calculate the weight of each station, multiply it by the rainfall
of the corresponding station and sum it to obtain the area rainfall.
The following table shows the multi-year average rainfall of the
measured data and the five model data, as well as the absolute
difference and percentage deviation of the area rainfall of each
model relative to the measured value (Table 3). It can be seen
from the table that there is the smallest absolute difference and
percentage deviation between the simulated value under
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TABLE 3 Difference between five model data and measured data.

Model Average/mm
Percentage deviation 778.73
CanESM 909.71
MRI-ESM2-0 916.41
IPSL-CM6A-LR 909.94
KACE-1-0-G 919.90
NESM3 909.54

NESM3 mode and the historical measured value from 1961 to
2011, which proves that the meteorological data under this model
is more suitable for the Hanjiang River Basin.

3.3 Analysis of future rainfall data

The figure below shows the overall change trend from 2021 to
2060 under the three scenarios of NESM3 mode and the inter-
annual change and trend every 10 years in the future (Figure 8). It
can be seen from the figure that the inter-annual variation of rainfall
is large, in which SSP1-2.6 shows a downward trend as a whole,
while SSP2-4.5 and SSP5-8.5 show an upward trend, and the
upward trend of SSP2-4.5 is more obvious than SSP5-8.5.
Among them, the decline rate of SSP1-2.6 is 1.48 mm/a, the
rising trend of SSP2-45 and SSP5-8.5 is 3.89 mm/a, and
3.19 mm/a respectively, and the multi-year average precipitation
of SSP2-4.5 is greater than that of SSP5-8.5. In SSP1-2.6, although
the overall trend of rainfall is declining, the decline rate slows down,
and even there is an increasing trend from 2051 to 2060, but the
increase rate is slow, only 0.51 mm/a. In SSP2-4.5, although the
overall trend of rainfall increases, only the rainfall from 2031 to
2040 shows an increasing trend. Although the rainfall from 2051 to
2060 shows a decreasing trend, the multi-year average value in these
10 years is the largest, reaching 1089.31 mm. The rainfall of SSP5-
8.5 shows an increasing trend from 2021 to 2050, but the rainfall
starts to decrease at the rate of 3.25 mm/a from 2051 to 2060. The
maximum and minimum rainfall during this period are the

minimums in all future forecast periods.

3.4 Future runoff estimation

Based on the Wetspa model, this paper simulates the runoff of
Hanjiang River Basin in 2021-2060 under different emission forcing
scenarios of NESM3 model. In the future runoff forecast, the model
simulates from upstream to downstream according to the divided
parameter zoning. When simulating the reservoir section, the
simulation results need to be corrected by the correction method
in the previous article before the outbound calculation, so as to
prevent the abnormal values in the simulated inbound from
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Difference/mm Percentage deviation/%
130.98 16.82
137.68 17.68
13121 16.85
141.17 18.13
13091 16.80

affecting the outbound results. The spatial and temporal
variation of runoff in the Hanjiang River Basin in the future is
analyzed from the inter-annual variation, average runoff, seasonal
runoff and monthly runoff.

(1) Inter-annual variation of runoff.

The figure below shows the overall change of rainfall and
runoff from 2021 to 2060 under three scenarios simulated by
three typical sections (Figure 9). It can be seen from the figure
that the annual runoff of AK section shows a downward trend
under SSP1-2.6 and upward trends under SSP2-4.5 and SSP5-8.5,
which is consistent with the overall future change trend under the
three rainfall scenarios. The annual runoff changes of HJG
section and HZ section show an upward trend.

The figure shows the change trend of runoff every 10 years for
the three sections under the three scenarios of SSP1-2.6, SSP2-4.5,
and SSP5-8.5 (Figure 10). According to the figure, except for
individual years, the time corresponding to the maximum and
minimum values of runoff in different years of the three sections
is basically the same as that corresponding to the maximum and
minimum values of rainfall in different years. In different scenarios,
the runoff variation trends of the three sections in different
prediction periods are also different. During the period from
2021 to 2030, the annual runoff of AK section shows a
downward trend under SSP1-2.6 and SSP2-4.5, while it shows an
upward trend under SSP5-8.5. During the same period, the runoff of
HJG section shows an upward trend under all three scenarios, with a
change range of 41.62 mm/(s*a) under SSP5-8.5. The annual runoff
of HZ section shows a downward trend under SSP1-2.6, and an
upward trend under the other two scenarios. From 2031 to 2040, the
annual runoff of AK section shows a downward trend under SSP1-
2.6 and SSP5-8.5, an upward trend under SSP2-4.5. The annual
runoff of HJG shows an upward trend under SSP1-2.6 and SSP2-4.5,
and a downward trend under SSP5-8.5, while the annual runoff of
HZ section shows a downward trend under SSP1-2.6 and SSP5-8.5,
and an upward trend under SSP2-4.5. From 2041 to 2050, AK
section, HJG section and HZ section all show an upward
trend under SSP1-2.6 and SSP5-8.5, and a
downward trend under SSP2-4.5. From 2051 to 2060, the
annual runoff of the three sections shows an upward trend
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FIGURE 9

Overall changes of rainfall and runoff from 2021 to 2060 under different scenarios simulated by three typical sections. (A—C) are the overall
inter-annual variation trend of runoff in AK, HJG and HZ under SSP1-2.6, SSP2-4.5 and SSP5-8.5 respectively.

in SSP1-2.6 and SSP5-8.5 scenarios, and a downward trend
in SSP2-4.5 scenarios.

@ Average runoff variation.

Taking the measured data of 40 years from 1981 to 2020 as a
reference, it is compared with the simulated runoff in the next
40 years. The difference between the average runoff of AK section,
HJG section, HZ section in the future (2021-2060) and the reference
period (1981-2020) is shown in the figure (Figure 11). The average
flow of AK section, HJG section and HZ section under the three
scenarios has an increasing trend compared with the reference
period. Among them, the order of average runoff increments of
AK, HJG, and HZ is SSP1-2.6 > SSP5-8.5 > SSP2-4.5.

® Proportion of seasonal runoff.

The difference of the seasonal runoff proportion of the three
sections under NESM3 model relative to the historical period is
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shown in the figure below (Figure 12). The four seasons in this
study are divided according to the division method of the
meteorological department, that is, from March to May is
spring, from June to August is summer, from September to
November is autumn, and from December to next February is
winter. The three sections have a high proportion of summer
runoff in the base period and the three scenarios, followed by
spring and autumn, and the lowest proportion of winter runoft.
Compared with the reference period, the runoff proportion of
AK section decreases in autumn, and increases in spring,
summer and winter; The proportion of runoff in HJG
section decreased in summer and autumn, and decreased
greatly in autumn, and increased in spring and winter; The
runoff proportion of HZ section decreases in autumn and
winter, and increases in spring and summer. To sum up, in
three scenarios, the proportion of runoff in spring shows an
increasing trend, while the proportion of runoff in autumn
shows a decreasing trend. The increasing and decreasing trends
of the three sections in summer and winter are different.
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Climate change has the most significant impact on Runoff in
spring, autumn and winter.

The difference of the monthly runoff proportion of the
three sections under different scenarios relative to the base
period is shown in the figure below (Figure 13). Compared
with the base period, the runoff proportion of AK and HJG
sections shows an increasing trend from February to June,
and increases most in May and June, and decreases from
August to November, of which August and September
decrease most. The changes in January, February and July
are uncertain. Except for SSP2-4.5, the other two scenarios of
AK section show an increasing trend, while the three scenarios
of HJG section show a decreasing trend. Under the two scenarios of
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SSP1-2.6 and SSP2-4.5, the runoff proportion of HZ section
increases from April to June, and increases the most in June.
The runoff proportion of January to March and August to
December decreases, while the runoff proportion of all months
under SSP5-8.5 shows an increasing trend.

4 Discussion
(1) Temporal and spatial variation characteristics of runoff

In this paper, the improved Wetspa model is used to simulate
the future runoff of the Hanjiang River Basin by selecting the
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Differences between the average runoff of three sections
from 2021 to 2060 and the reference period (%).

meteorological data of the CMIP6 model with the closest change
trend to the historical measured data. By analyzing the rainfall
data under this model and the simulated runoff data, it is found
that the future runoff change trend of the upstream AK is
basically the same as that of the future rainfall, indicating that
for the AK section, the rainfall change is positively correlated
with the increase or decrease of runoff, while the Runoff Trend of
the middle HJG and the runoff law of the downstream HZ are
significantly different from that of AK, regardless of the rainfall
trend under the three scenarios. The runoff generally shows an
upward trend, which is affected by the blocking river at the
upstream of HJG and the Nanhe River and Tangbai river at the
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FIGURE 12
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Difference of seasonal runoff proportion of three sections under NESM3 mode relative (%). (A—C) are the seasonal runoff distribution of AK, HIG
and HZ under SSP1-2.6, SSP2-4.5 and SSP5-8.5 compared with the historical period.
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upstream of HZ. Under the two scenarios of SSP 2-4.5 and SSP
5-8.5, where the runoff trend of the three sections is upward, the
runoff growth of HJG and HZ sections corresponding to the
upstream and downstream sections is also larger than that of
AK section. The main reason for the decrease of runoff in the
upstream of Hanjiang River is the operation of reservoirs in the
middle reaches and the influence of other human activities (Li
et al., 2020). The influence of reservoir regulation on the
downstream can not be ignored (Cong et al, 2013).
When forecasting future runoff, the following conclusions
can be drawn: It is very important to carry out reservoir
simulation.

The correlation between the multi-year average runoff of
the three sections and the multi-year average value of area
rainfall is slightly different. The multi-year average runoff of
each section simulated by the three scenarios is SSP1-2.6 >
SSP5-8.5 > SSP2-4.5, while the multi-year average value of area
rainfall is SSP1-2.6 > SSP2-4.5 > SSP5-8.5. The reason for this
may be that the comparison of areal rainfall is the comparison
of the whole basin, and the rainfall stations affecting the three
sections are only a part of these data. Because the three
sections selected are typical sections in the upper, middle
and lower reaches of the Hanjiang River Basin, the three
sections are far apart, and the rainfall stations do not
overlap each other, and the size relationship is not
consistent, which leads to the difference in the average
rainfall of the three sections over the years (Table 4). The
runoff of the Hanjiang River basin increases most in spring
and winter, and reaches its peak value in May and June, which
is consistent with the conclusions reached by Xiang et al.
(2021). in Yarkant River Basin. Ji et al. (2021) found that the
runoff in spring decreases while the runoff in winter increases.
In April, May, June, July, October, Tang Naihai, Toudaoguan,
Sanmenxia, and Lijin hydrological stations, the monthly
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Difference of monthly runoff proportion of three sections under different scenarios relative to historical period (%). (A—C) are the monthly runoff
distribution of AK, HIG and HZ under SSP1-2.6, SSP2-4.5 and SSP5-8.5 compared with the historical period.

TABLE 4 Average runoff and rainfall of three sections under three scenarios.

Station Runoff (m?/s) Percipitation (mm/d)
SSP1-2.6 SSP2-4.5 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5
AK 768.34 618.82 726.05 2.57 249 2.46
HIG 1345.89 1169.55 1228.18 245 228 227
HZ 1897.32 1679.85 1737.67 2.73 213 2.56
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runoff ratio shows a downward trend. This gap may be caused
by different impacts of human activities on Runoff in different
watershed.

and

(2) Advantages and limitations

uncertainty of simulation results of measured data

of Wetspa model

Based on the improved Wetspa model, this paper simulates
the runoff change of the Hanjiang River basin in the future
2021-2060 years. The layered structure and grid calculation
method of Wetspa model make it universal and portable, at the
same time, the topological thinking of the model in modeling
can well consider the impact of reservoir regulation and water
access in the basin, and it can also produce good results for
runoff simulation of Complex Watershed (De Smedt et al,
2004). The improved Wetspa model solves the difficult
problem of reservoir inflow and outlet and reservoir
capacity calculation when no measured data is available, so
the role of reservoir storage can be considered in forecasting
future runoff changes of Hanjiang River Basin. Through the
research above, it can be found that when calibrating and
validating the measured data of AK, HJG, and HZ sections in
2016-2020, although it can be proved that the Wetspa model is
applicable used in the Hanjiang River Basin, there are still
large errors between the simulated results and measured data
in some time periods (Figure 7), and this is unavoidable, which
is caused by the limitations of the model. It mainly includes the
following aspects: 1) There is uncertainty in the description of
runoff-runoff process by mathematical formula, which may
lead to different simulation effects of different models (Jiang
et al., 2007); 2) Considering the limitation of the length of
measured water consumption data, only 4 years of historical
data are used for model calibration verification, and the
evaporation data in the model are calculated by Penman
formula instead of measured data, which will also affect the
forecast of future runoff. 3) Reservoir storage of large reservoir
will affect regional climate change and result in hydrological
change (Wu et al., 2006). Therefore, it is very important for
reservoir treatment and forecasting runoff in the future. The
improved model needs to analyze historical data when
calculating future reservoir reserve conditions. If the length
of historical data is too short, it may lead to abnormal values of
the calculated results. 4) Like other physical models, Wetspa
calculates from upstream to downstream in turn, so errors
accumulate gradually, and simulation results using artificial
intelligence and other methods may be better (Wu and Chau,
2011; Fotovatikhah et al., 2018). Therefore, in the follow-up
study, it is necessary to further modify the model to make the
simulation process more in line with the physical process of
rainfall-runoff and remove the unreasonable values in the
simulation results. In addition, more comprehensive data
should be collected to carry out long-sequence data
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simulation during simulation to improve the simulation
accuracy.

(3) Influence of future climate model data on simulation results

Future climate model data are highly uncertain (Xu et al.,, 2011;
Teng et al, 2012). These uncertainties are highly related to the
corresponding structure, parameters and spatial resolution of the
global climate model (Yan et al,, 2015). When forecasting the future,
there is a significant gap between the future climate model data and
historical measured data even though the trend is similar. Therefore,
its replacement effect to historical data is not necessarily excellent. In
addition, the choice of different climate models has a great influence
on the simulation results. For example, Guo et al. found that the
annual change trend is different between CGSM2 model and
HadCM3 model, the runoff increase and decrease trend is
uncertain in 2020s, there is no significant change in 2050s in
CGCMS model and increase in HadCM3 model. However, the
runoff increase and decrease in three sections simulated based on
three scenarios of NESM3 model is uncertain in 2020s and 2050s.
Besides that, different model data will affect the forecasting results
As shown above, even the simulated runoff change trend and annual
runoff distribution of the data in the same model under different
scenarios are different. Therefore, the simulation results of any
model in any basin may not reflect the true runoff change of the
Hanjiang River basin in the next 40 years. Its main function is to
provide reference for future planning and utilization of water
resources in the Hanjiang River Basin. In addition to considering
the meteorological data itself, meteorological elements, especially
precipitation, have a great impact on land use and will also affect the
future runoff simulation (Yu et al,, 2022). In the follow-up study, we
will also study other impacts of meteorological elements on runoff
simulation, try more methods to modify future meteorological data
or use more climate model data to estimate future runoft.

5 Conclusion

Based on the Wetspa model of the improved reservoir module,
this paper verifies the applicability of the model in the Hanjiang
River Basin, simulates the runoff change of the Hanjiang River Basin
under the action of climate, and analyzes the overall change of the
runoff trend, the change of each year, the average runoff and the
annual distribution of the three typical sections of the Hanjiang
River in the future. The research conclusions are as follows:

(1) The accuracy of reservoir simulation of the improved Wetspa
model has been greatly improved, and the Nash coefficient of
Danjiangkou reservoir simulation results has increased from
0.86 to 0.91. The determination coefficient and Nash efficiency
coefficient of the improved Wetspa model in AKR, DJK, and
HZ sections are greater than 0.7, and the model has good
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accuracy and is suitable for the Hanjiang River Basin. By
comparing the area rainfall of historical data and model data
in Hanjiang River Basin, the percentage deviation of
NESM3 model data relative to historical data is the smallest,
so nesm3 model data is selected as the meteorological data for
future runoff forecast.

From 2021 to 2060, the runoff of AK section shows a
downward trend, while the runoff of HJG section and HZ
section shows an upward trend. Taking every decade as a node,

)

except for individual time, the change trends of the three
sections in the same period and under the same scenario are
consistent. From 2041 to 2050, under the SSP5-8.5 scenario, the
runoff of the three sections will have the maximum extreme
value ratio and change range in the future prediction period,
indicating that the runoff of each section will change
dramatically during this period, and attention should be
paid to the risk of flood disaster. From 2051 to 2060, the
three sections have small extreme value ratio and change range
under SSP2-4.5 and SSP5-8.5 scenarios, indicating that the
runoff of each section is relatively stable during this period.

Compared with the reference period (1981-2020), the
average runoff of Hanjiang River Basin in the future
(2021-2060)
Accordingly, the possibility of flood disaster also shows an

3)

years shows an increasing  trend.
increasing trend. Under the influence of climate change, the
runoff proportion of Hanjiang River Basin in spring and
winter shows an increasing trend, and the increase is more
obvious in spring. Attention should be paid to the risk of
flood in spring. The proportion in autumn is decreasing.
Attention also should be paid to the risk of drought in

autumn to reduce the impact on crops.
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