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Introduction: Climate change alters the hydrological cycle to different extents, in
particular the intensification of extreme precipitation and floods, which has
garnered more attention as a significant scientific issue in the last few decades.
The last Coupled Model Inter-comparison Project 6 (CMIP6) was designed with
new shared socioeconomic pathways (SSPs) to combine socioeconomic
development with greenhouse gas emissions to project future climate.

Method: In this study, we used 22 global climate models (GCMs) from CMIP6 to
investigate future variations in extreme precipitation and temperature under SSP2-
4.5 and SSP5-8.5 scenarios over the upper-middle Huaihe River Basin (UMHRB).
Then, the modified Xinanjiang model integrating the flood control module was
driven to obtain projections of the daily streamflow and to evaluate the future
variations in flood regimes.

Results: The results show that 1) the characteristics of future extreme
precipitation, such as the average intensity and amount of annual precipitation
and extreme precipitation, are projected to increase, and the average, maximum,
and minimum temperature values also display substantial increasing trends in the
future over the UMHRB; 2) warmer climate will lead to a more severe flood
magnitude under the SSP5-8.5 scenario in the far future (2071-2100) over the
UMHRB. The results of the multi-model ensemble show that the annual maximum
flood peaks (15-day flood volumes) of Wangjiaba and Wujiadu stations are
projected to increase by 46.4% (43.1%) and 45.4% (51.1%), respectively, in the
far future (2071-2100) under the SSP5-8.5 scenario; and 3) variations in the flood
frequency tend to resemble variations in flood magnitude, and the return period of
the design flood will obviously decrease under future climate scenarios. For
instance, in the far future, under SSP5-8.5 scenarios, the return period of the
design flood with a 100-year return period will become 38 years and 31 years for
Wangjiaba and Wujiadu stations, respectively.

Discussion: The study enhances a more realistic understanding that the
occurrence of future extreme precipitation and floods is projected to be more
frequent and severe, thereby resulting in an urgent imperative to develop pertinent
adaptation strategies to enhance social resilience toward the warming climate.
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1 Introduction

Since the end of the 20th century, the global climate and
environment have undergone significant changes, owing to
increasing greenhouse gas emissions, which mainly results in
global warming (IPCC, 2013). The Sixth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC) states
that  the
approximately 1.09°C, compared to preindustrial levels, and

global average temperature has increased by
global warming is projected to reach or exceed 1.5°C between
2021 and 2040 (IPCC, 2021). As a result, numerous literature
reports have already suggested that the quantity of water vapor
in the atmosphere has been escalating, and there have been notable
modifications in precipitation as well (Schewe et al., 2014; Wang
et al,, 2017; Zhao, et al., 2019). The inherent regional natural water
cycle mechanisms of river basins have been disrupted as a result of
climate change, and the warmer climate can exacerbate and trigger
certain future extreme weather events, such as increases in the
severity and frequency of extreme precipitations and flood
disasters, which will cause large losses to the economy and
society, and cause huge irreversible damage to natural ecosystems
(Nasse and Naresh, 2018; Papalexiou and Montanari, 2019; Oakley
and Nina, 2021; Slater et al., 2021; Wang et al., 2021). However, the
characteristics of these changes vary regionally, creating the need for
the regional assessment and investigation of extreme precipitation
and floods under future climate change scenarios to inform regional
and facilitate the
appropriate adaptive strategies.

The Huaihe River Basin (HRB), a vital river basin in China,
covers approximately 3.4% of the land area, accommodates

flood-risk management development of

approximately 14.5% of China’s population, and contributes over
13.3% of China’s total gross domestic product (GDP) (Song, 2023).
However, due to the special geographical and climatic conditions, as
well as the complicated river system, in the HRB, flooding is
recognized as the most common and detrimental natural disaster,
which has caused considerable losses in the HRB, including
emergency relocation of millions of people and damage to the
economy amounting to billions (Zhang et al,, 2014). The worst
flood on record occurred in 1954 and was incredibly devastating,
causing over 1,930 fatalities and approximately 3.35 million hectares
of inundation land (Luo et al, 2006). Additionally, this basin
experienced the second most devastating flood event in 2007,
which led to approximately 25.6 million people being homeless
and economic losses amounting to 16 billion (China’s Flood and
Drought Disasters Report, 2007). Considering the substantial losses
caused by historical flooding in the HRB, this raises the question of
how future climate change will impact the extreme precipitation and
floods in the HRB. Currently, GCMs and hydrological models have
been widely acknowledged as a versatile and reliable approach for
evaluating the hydrological responses to future climate change
(Amin et al,, 2017; Zhuan, et al., 2018; Mondal et al., 2021). For
instance, Mou et al. (2020) used 12 CMIP5 GCMs to project regional
responses of extreme precipitation under the RCP-4.5 scenario over
the upper-middle HRB. Their findings showed that change
characteristics of precipitation displayed an increasing trend for
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the mean intensity and amount of annual precipitation, and the
intensity and amount of extreme precipitation. Jin et al. (2017)
analyzed the future changes in water resources and extreme
hydrological events over the HRB, combining the variable
infiltration capacity (VIC) model and a single CMIP5 model, and
suggested that future water resources would slightly increase during
2021-2050 under the RCP-4.5 and RCP-5.8 scenarios, while extreme
flood events would be more severe and the flood risk would be
further expanded over the HRB.

Although CMIP5 model outputs are commonly applied in the
hydrological projection of the HRB, the latest CMIP6 dataset has
been developed and represents a significant advancement from the
prior version, due to its use of more sophisticated Earth system
models, improved spatiotemporal resolution, and an expanded suite
of variables (Chen et al., 2020; Cook et al., 2020; Zhu et al., 2020).
Hence, CMIP6 models can provide a more comprehensive and
detailed understanding of future climate change, contributing to
more accurate projections and a better assessment of climate
impacts on both global and regional scales. Furthermore, a novel
concept titled shared socioeconomic pathways (SSPs) has been
devised for scenario simulation, representing an updated version
of the representative concentration pathways (RCPs) utilized in
CMIP5 (Igbal et al., 2021). The SSP scenarios can provide a credible
and reasonable climate background for future climate simulations
by integrating greenhouse gas emissions, along with socioeconomic
development. Additionally, by incorporating climate policies such as
anthropogenic emissions reductions, the SSP scenarios can meet the
needs of various research fields related to climate change impacts,
adaptation, and mitigation. However, only a few studies to date have
systematically discussed the impacts of future climate change on the
hydrological process in the HRB using the CMIP6 output. Jiang et al.
(2020) projected a rise in the annual temperature and precipitation
from 2021 to 2100 under SSP scenarios, with the basin facing
heightened susceptibility to flooding. Regrettably, their findings
did not integrate with a hydrological model to provide a more
in-depth analysis of the hydrological response of the basin. Bian et al.
(2021) conducted a comprehensive investigation of the impacts of
future climate change on the hydrological process in the upper HRB
combining four CMIP6 GCMs and a hydrological model, and found
that runoffs in the high-flow season and design flood will show
increasing trends during the 2080s. Yao et al. (2021) applied five
CMIP6 GCMs to force the VIC model and subsequently carried out
simulations of the hydrological response under future SSP scenarios
over the upper and middle HRB.

However, previous studies mostly relied on the projections of
fewer CMIP6 GCMs and ignored greater uncertainty in future climate
projections. Meanwhile, some previous studies analyzed changes in
flood, but few studies consider the impact of flood control measures,
such as reservoirs and flood storage areas, on the projection of future
floods. In this study, the primary purpose is to project the variations in
extreme precipitation and flood across the UMHRB using
CMIP6 GCMs under SSP2-4.5 and SSP5-8.5 scenarios. To
accomplish this, the simulations of precipitation and temperature
from 22 CMIP6 GCMs are downscaled and input to drive the
modified Xinanjiang model and obtain the projections of daily
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FIGURE 1

Location, topography, and river network of the UMHRB, and the distribution of meteorological gauges, hydrological stations, and large reservoirs.

streamflow under the two SSP scenarios. The influences of climate
change on flood magnitude and frequency are investigated for the
near future period (2031-2060) and far future period (2071-2100),
relative to the baseline period (1961-2014). In this study, we mainly
aim to 1) assess the simulation performance of CMIP6 GCMs for
extreme precipitation and temperature; 2) investigate changing
characteristics of future extreme precipitation and temperature;
and 3) explore the impacts of climate change on flood magnitude
and frequency over the UMHRB.

2. Data and methods
2.1 Study area and datasets

The Huaihe River Basin (HRB) is situated between 111°55’E
and 121°25'E, and 30°55'N and 36°36'N, lying between the
Yangtze River Basin and Yellow River Basin (Figure 1). The
main channel stretches out over approximately 1,000 km and
spans a total altitude difference of approximately 200 m. The
large drop causes extreme precipitation within the mountainous
regions of the upper reach and rapidly converges to the plains in
the middle reach of HRB. Moreover, the convergence of multiple
tributaries may also cause flood disasters in this basin.
Therefore, this study chose the UMHRB as the study area,
and the catchment area is approximately 12.39 x 10* km’.
The UMHRB is
straps, and precipitation increases from north to south, with

in the south-north climate transitional
the annual average precipitation being 910 mm (Jin et al., 2022).
Moreover, approximately 55%-80% of annual precipitation
occurs during the flood season (June-September). Owing to
the conditions of the monsoon and windward mountainous
terrain, floods are the most serious natural disaster in the

Frontiers in Environmental Science

03

study basin. During the past few decades, severe major floods
occurred in 1954, 1963, 1975, 1982, 1991, 2003, 2007, 2013, and
2020. In view of this background, gaining a thorough grasp of
future flood projections is imperative for making informed
decisions and planning adaptive flood management strategies
for the UMHRB.

In this study, daily precipitation and temperature observations
from 71 rainfall gauges and 12 meteorological gauges, respectively,
covering the period of 1961-2018 were obtained from the website of
the National Meteorological Information Center of the China
Daily
runoff data on two major hydrological stations (Wangjiaba and

Meteorological Administration (http://cdc.cma.gov.cn/).

Woujiadu stations) were obtained from the Huaihe River Water
Resources Commission (HRWRC). The specific location of the
rainfall stations, meteorological stations, and hydrological stations
is given in Figure 1.

The CMIP6 outputs are applied to drive the hydrological model
and project future daily runoff in the UMHRB. In this study,
22 global climate models were selected, and the detailed
information on these climate models is given in Table 1. The
choice of 22 models was based on data availability at the time of
the analysis. Moreover, these climate models are searched using the
following constrains: Variable = “pr, tasmean, tasmax, tasmin” |
Frequency = “day” | Variant Label = “rlilp1f1” | Experiment ID =
“historical, ssp245, ssp585” | Grid Label = “gn” (https://esgf-node.lln
L. gov/search/cmip6/).

2.2 Methods

2.2.1 Extreme precipitation indices
Following the Expert Team on Climate Change Detection and
Indices (ETCCDI) (http://etccdi.pacificclimate.org/list_27_indices.
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TABLE 1 Detailed information on 22 CMIP6 global climate models.
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ND Model name Modeling center and country Resolution (lat x lon)
1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology, Australia 1.25°x 1.25°
2 ACCESS-ESM1-5 1.25°x 1.25°
3 BCC-CSM2-MR Beijing Climate Center, China Meteorology Administration, China 2.81 °x2.81°
4 CanESM5 Canadian Earth System Model, Canada 28°x28"°
5 CESM2 National Center for Atmospheric Research, United States 094 °x 125°
6 CESM2-WACCM 094 °x 125°
7 CMCC-CM2-SR5 Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 0.75° % 0.75 °
8 EC-Earth3 EC-EARTH consortium 0.7 °x0.7°
9 EC-Earth3-Veg 0.7 °x0.7°
10 FGOALS-g3 Institute of Atmospheric Physics, Chinese Academy of Sciences, China 28°x14°
11 GFDL-ESM4 NOAA/Geophysical Fluid Dynamics Laboratory, United States 25°%x20°
12 INM-CM4-8 Institute for Numerical Mathematics 1.5°x20°
13 INM-CM5-0 1.5°x20°
14 IPSL-CM6A-LR L’Institute Pierre-Simon Laplace, France 1.25°%x25°
15 KACE-1-0-G National Institute of Meteorological Sciences (NIMS), Korea 125°x1.9°
16 MIROC6 National Institute for Environmental Studies, University of Tokyo, Japan 14°x14°
17 MIROC-ES2L 3.75° % 1.895 °
18 MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany 0.94°x0.94°
19 MPI-ESM1-2-LR 19°%x19°
20 MRI-ESM2-0 Meteorological Research Institute, Japan 1.1°x 1.895°
21 NorESM2-LM Norwegian Climate Centre, Norway 1.9°%x25°
22 NorESM2-MM 094 °x 125°
TABLE 2 List of the used extreme precipitation indices (recommended by the ETCCDI).
Label Description Index definition Unit
Rxlday Max 1-day precipitation amount Yearly maximum 1-day precipitation mm
R20mm Number of heavy precipitation days Annual count of days when PRCP > 20 mm Days
RI5pTOT Very wet day precipitation Annual total precipitation when PRCP >99th percentile mm
PRCPTOT Annual total precipitation Annual total precipitation when PRCP > 1 mm mm
SDII Simple daily intensity index PRCPTOT divided by the number of wet days mm/day

shtml), five indices (Rxlday, R20mm, R95pTOT, PRCPTOT, and
SDII) were chosen to represent the precipitation extremes, as shown
in Table 2. These indices are commonly acknowledged to be effective
in extracting information regarding climate change and have been
extensively applied for identifying and monitoring extreme
precipitation in IPCC AR6.

2.2.2 Daily bias correction approach

For regional studies, spatial downscaling and bias correction are
required to correct global climate projections. Therefore, we selected
the daily bias correction (DBC) approach to rectify the systematical
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deviations of raw GCM outputs, which has been widely utilized in
several previous studies as an effective empirical statistical
downscaling method (Chen et al., 2013). Further procedures of
this method involve the following calculations. First, for each GCM,
the occurrence of variables is adjusted by using a predetermined
threshold, which is defined on a month-by-month basis from the
historical period. This meticulous process ensures that the corrected
variable maintains the same frequency as in historical observations,
ensuring accuracy and reliability. Next, the frequency of the variable
in the future period is also adjusted using those thresholds.
Additionally, the distribution of daily variables for each month is
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FIGURE 2

Structure of the Xinanjiang hydrological model.

rectified by multiplying (or adding) the quantile ratios (or
differences) between the historical observations and GCM
simulations. Lastly, in the future period, these quantile ratios (or
differences) are also adopted to rectify the distribution of the daily
variable. In this study, the meteorological fields of precipitation and
temperatures (tasmean, tasmax, and tasmin) are corrected for all
GCM simulations (44 in total: 22 climate models x 2 scenarios).
Afterward, the corrected climate variables are input to drive the
hydrological model to obtain daily runoff projections for
2015-2100 at two major hydrological stations in the UMHRB.

2.2.3 Modified Xinanjiang hydrological model

The XAJ model was developed by Zhao (1992) based on the
physical concept that runoff generation occurs only when the soil
water is under saturated conditions. The XAJ model has been
widely and effectively utilized in streamflow simulation and flood
forecasting in the humid and semi-humid zones over China. In
this paper, the three-water source XAJ] model is adopted, which
consists of four modules, i.e., the evapotranspiration calculation
module, runoff production calculation module, three-water
source division calculation module, and confluence calculation
module. Figure 2 shows the structure of the model. Further
details about the XAJ model were described in Zhang et al.
(2012).

Considering the influence of hydraulic engineering facilities in
the UMHRB, such as reservoirs and flood detention areas, the
modified XAJ model is proposed by integrating the flood control
module. The impact of the flood control operation of seven large
reservoirs (including) and one flood detention area (including) is
taken into account in this study, and the regulation rules of these
hydraulic engineering facilities adopted in the flood control module
are derived from the “Large Reservoir Group Joint Operation
Scheme of the Huaihe River Basin” and “Flood Prevention
Scheme of the Huaihe River Basin,” which were formulated by
the HRWRC.

Frontiers in Environmental Science

In addition, the shuffled complex evolution optimization
algorithm (SCE-UA), proposed by Duan et al. (1992), is
chosen to calibrate the parameters of the XAJ hydrological
model. In this study, the objective function is designed to
maximize the value of the Nash-Sutcliffe efficiency (NSE)
coefficient during calibration. The NSE value is computed
using the following formula:

t=T 2
Y (Qe = Qi)

NSE=1- (1)
t_zl (Qf)bs - Qobs)2

where Q,;, indicates the observed and simulated streamflow; Q;,,,
indicates the simulated streamflow; and the value of NSE ranges
from -co to 1, with NSE = 1 indicating a perfect fit between the
observed and simulated series.

3 Results
3.1 Performance of CMIP6 GCMs

In order to project the change in extreme precipitation and
floods over the UMHRB, it is essential to assess the performances of
the selected 22 CMIP6 GCMs. The DBC method is applied to
address the systematical errors of raw GCM outputs. The
simulation performance of extreme precipitation and temperature
during the historical period (1961-2014) before and after the
application of the DBC method is shown in Figure 3. It is
observed that the 22 raw GCM outputs of precipitation and
temperature display significant deviations. The mean absolute
deviations of raw GCM outputs from the observed precipitations
are 44.4%, 24.1%, 23.2%, 29.7%, and 35.1% for Rxlday, R20mm,
R95pTOT, PRCPTOT, and SDII, respectively, whereas the absolute
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deviations in temperature are 0.9°C, 0.99°C, and 1.43°C for tasmean,
tasmax, and tasmin, respectively. However, the large systematic bias
between the raw model outputs and observations substantially
decreased after implementing the DBC algorithm. Notably, the
biases in extreme precipitation across the 22 GCMs have been
significantly decreased, with a majority of them decreasing to
below 5%, whereas the biases in temperature decreased to below
0.1°C. These results demonstrate that the DBC method significantly
enhances the accuracy and credibility of the GCMs in capturing
extreme precipitation events and temperature variations, thereby
contributing to the improvement of the reliability of the runoff
projections obtained from these GCM outputs in the UMHRB.

3.2 Extreme precipitation and temperature
projections

Based on the multi-model ensemble of the corrected GCM
outputs, the long-term alterations in extreme precipitation and
temperature are projected during 1961-2100 under SSP2-4.5 and
SSP5-8.5 scenarios over the UMHRB, as shown in Figure 4.
Compared to the baseline period (1961-2014), there is a general
increasing trend for extreme precipitation and temperature under two
future SSP scenarios in the future period (2015-2100). In addition, the
upward trend under the SSP5-8.5 scenario is projected to be more
significant than that under SSP2-4.5 scenarios. More specifically,
Table 3 shows the variations in extreme precipitation and
temperature in the near future (NF: 2031-2060) and far future
(FF: 2071-2100) relative to the baseline period. In the NF period,
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it is found that extreme precipitation indices (Rxlday, R20mm,
RI5pTOT, PRCPTOT, and SDII) will increase by 10.7%, 6.1%,
13.1%, 7.3%, and 2.2%, respectively, under the SSP2-4.5 scenarios
and increase by 13.6%, 8.5%, 16.2%, 9.6%, and 3.4%, respectively,
under the SSP5-8.5 scenarios. In addition, tasmean, tasmax, and
tasmin are projected to increase by 2°C (13.7%), 1.96°C (9.8%),
and 2.1°C (19.9%), respectively, under the SSP2-4.5 scenarios and
increase by 2.5°C (17.1%), 247°C (12.4%), and 2.56°C (24.8%),
respectively, under the SSP5-8.5 scenarios.

Moreover, these relative percentage changes in extreme
precipitation and temperature will increase drastically in the FF
period under two future SSP scenarios. It is found that extreme
precipitation indices are projected to increase by 19.9%, 17.5%,
24.7%, 17.9%, and 8.9%, respectively, under the SSP2-4.5 scenarios
and by 35.3%, 27.6%, 39.9%, 28%, and 16.8%, respectively, under the
SSP5-8.5 scenarios. In addition, tasmean, tasmax, and tasmin are
projected to increase by 3.1°C (21%), 3.1°C (15.6%), and 2.99°C
(24.8%), respectively, under the SSP2-4.5 scenarios and increase by
5.1°C (34.8%), 5.14°C (25.8%), and 5°C (48.6%), respectively, under
the SSP5-8.5 scenarios. Overall, projected climate scenarios indicate
a significant rise in both extreme precipitation and temperature over
the UMHRB, which may cause a corresponding surge in floods
throughout the study basin. Previous research studies suggested that
a wetter and warmer atmosphere can accelerate the water cycle,
eventually resulting in more severe flood hazards in the future
(Najibi and Devineni, 2018; Yang et al, 2019; Li et al., 2021).
Therefore, the growing trends of extreme precipitation detected
in the CMIP6 projections provide further justification for exploring
future flood hazards in the flood-prone UMHRB.
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FIGURE 4

Corrected CMIP6 climate models for areal averaged (A—E) Rx1day, R20mm, R95pTOT, PRCPTOT, and SDII; (F-H) average, maximum, and minimum
temperatures over the UMHRB. The black solid lines represent the multi-model ensemble results, and the shaded area represents the standard deviations
of the 22 GCMs.
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TABLE 3 Average relative changes in Rx1day, R20mm, R95pTOT, PRCPTOT, and SDII, and average, maximum, and minimum temperatures between the baseline
period (1961-2014) and future period (NF: 2031-2060 and FF: 2071-2100) over the UMHRB.

SSP2-4.5

Future scenario

SSP5-8.5

Rx1day +9.1 mm (10.7%) +16.8 mm (19.9%) +11.5 mm (13.6%) +29.7 mm (35.3%)
R20mm +0.7d (6.1%) +2.1d (17.5%) +1d (8.5%) +3.25d (27.6%)
RI5pTOT +27.6 mm (13.1%) +52.2 mm (24.7%) +33.4 mm (16.2%) +84.2 mm (39.9%)
PRCPTOT +59.5 mm (7.3%) +144.9 mm (17.9%) +77.6 mm (9.6%) +226.9 mm (28%)

SDII +0.27 mm/d (2.2%) +1.1 mm/d (8.9%) +0.4 mm/d (3.4%) +2.1 mm/d (16.8%)
Tasmean +2°C (13.7%) +3.1°C (21%) +2.5°C (17.1%) +5.1°C (34.8%)
Tasmax +1.96°C (9.8%) +3.1°C (15.6%) +2.47°C (12.4%) +5.14°C (25.8%)
Tasmin +2.1°C (19.9%) +2.99°C (28.9%) +2.56°C (24.8%) +5°C (48.6%)

3.3 Calibration and validation results of the
MXAJ model

This study used the MXAJ model to simulate the hydrological
process over the UMHRB. First, the data on mean precipitation
and temperature during 1961-1966 were used to preheat the
model; then, the calibration of the MXAJ model is carried out for
the 34-year period during 1966-1999; thereby, the optimum
SCE-UA
algorithm based on the highest NSE value. Subsequently, the
model validation is conducted for the 17-year period during
2000-2018. Moreover, the coefficient of determination (R?),
relative bias (PBIAS), and absolute error of flood peak (AEP)
are also applied to further evaluate the performance of the MXAJ

model parameters are determined using the

model relative to the XAJ model. Figure 5 presents the
comparisons between the observed daily streamflow and
simulations of the XAJ and MXAJ models. The results suggest
that both the XAJ and MXA]J models perform well in the study
basin, but compared with the overestimation in the high flow of
the XAJ model, the MXAJ model has better simulating capability.
This is mainly due to the MXAJ model being integrated with
the flood control module, which considers the peak clipping
effect of reservoirs and flood storage areas on flood. Furthermore,
Table 4 presents the results of the calibration and validation
periods for the Wangjiaba and Wujiadu stations. It is observed
that the R?, NSE, PBIAS, and AEP values of the XAJ and MXA]
models are 0.89, 0.78, 7.6%, and 20.5%, and 0.91, 0.83, =5.1%, and
16.2%, respectively, for the calibration period, and 0.95, 0.84,
4.6%, and 22.3% and 0.95, 0.89, —7.4%, and 17.9%, respectively,
for validation periods in the Wangjiaba station. For the Wujiadu
station, the R?* NSE, PBIAS, and AEP values of the XAJ
and MXAJ] models are 0.9, 0.8, 8.7%, and 26.3% and 0.91,
0.82, —2.6%, and 18.7%, respectively, for the calibration
period, and 0.86, 0.75, 12.1%, and 23.9% and 0.9, 0.79, 1.7%,
and 17.4%, respectively, for validation periods. These findings
indicate that the MXAJ model exhibits more favorable simulation
performance in simulating the daily streamflow, especially high
flow, compared to the XAJ model. As such, it is recommended
that the MXAJ model is used to predict hydrological scenarios in
future research endeavors.
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3.4 Flood regime projections

For the flood regime projections, the corrected CMIP6 GCM:s
are applied to drive the MXAJ model to generate the daily
streamflow projections; then, two flood attributes, magnitude and
frequency, are calculated to conduct comprehensive evaluations of
future flood regimes in the UMHRB. Specifically, the annual
maximum flood peaks and annual maximum 15-day flood
volumes are both obtained to characterize the flood magnitude,
and flood frequency is calculated using the generalized Pareto (GP)
distribution in this study. Therefore, we performed a comprehensive
evaluation of the future flood regime using multiple attributes in the
UMHRB. The flood magnitude and frequency are computed for the
near future (2031-2060) and far future (2071-2100), with a
comparison against the baseline period (1961-2014).

3.4.1 Flood magnitude

Figure 6 shows the relative change in the flood magnitude in
the NF and FF periods compared to the baseline period. As
mentioned previously, SSP2-4.5 and SSP5-8.5 scenarios are used
to characterize future floods. There are still large uncertainties
in the projections of the flood magnitude change from
22 CMIP6 GCMs. However, the results of the multi-model
ensemble show that the annual maximum flood peaks and 15-
day flood volumes both have clear positive changes under two SSP
scenarios in the NF and FF periods for the Wangjiaba and Wujiadu
stations; moreover, these positive changes are more significant
during the FF period and SSP5-8.5 scenario. Specifically, for the
Wangjiaba station, the average relative changes in the annual
maximum flood peak are projected to be 7.6% and 18% in the
NF period under SSP2-4.5 and SSP5-8.5 scenarios, respectively,
while During the FF period, these percentages are projected to
increase to 23.7% and 46.4% under two SSP scenarios, respectively.
Similarly, the average relative changes in the annual maximum 15-
day flood volume are projected to be 4.4% and 18.5% during the NF
period under the SSP2-4.5 and SSP5-8.5 scenarios, respectively,
and these percentages will increase to 21.1% and 43.1% under
SSP2-4.5 and SSP5-8.5 scenarios in the FF period, respectively.
Likewise, at the Wujiadu station, the average relative changes in the
annual maximum flood peak are expected to be 9% and 20.7% under
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FIGURE 5

Observed and simulated daily streamflow of the XAJ and MXAJ models for the calibration and validation periods in the (A) Wangjiaba and (B) Wujiadu

stations

SSP2-4.5 and SSP5-8.5 scenarios in the NF period, respectively. These
percentages are projected to increase to 28.7% and 45.4% under SSP2-
4.5 and SSP5-8.5 scenarios in the FF period, respectively. Additionally,
the average relative changes in the annual maximum 15-day flood
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volume are 7.3% and 23.9% under SSP2-4.5 and SSP5-8.5 scenarios in
the NF period, respectively. These percentages will increase to 27.4%
and 51.1% during the FF period under SSP2-4.5 and SSP5-
8.5 scenarios, respectively.
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TABLE 4 Evaluation of the XAJ and MAJ model performance at the Wangjiaba and Wujiadu stations.

Station XAJ model MXAJ model
PBIAS AEP (%) PBIAS
Wangjiaba Calibration (1966-1999) 0.89 0.78 7.6% 205 091 0.83 -5.1% 16.2
Validation (2000-2018) 0.95 0.84 4.6% 223 0.95 0.89 ~7.4% 17.9
Wujiadu Calibration (1966-1999) 0.9 0.8 8.7% 263 091 0.82 -2.6% 18.7
Validation (2000-2018) 0.86 0.75 12.1% 23.9 0.9 0.79 1.7% 17.4

TABLE 5 Return periods of design flood of 100 years, 50 years, 20 years, and 10 years under SSP2-4.5 and SSP5-8.5 scenarios during the future periods (NF:
2031-2060 and FF: 2071-2100).

Station Design flood NF (2031-2060) FF (2071-2100)
SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5
Wangjiaba 100-year 53-year 34-year 38-year 23-year
50-year 29-year 21-year 21-year 14-year
20-year 14-year 11-year 10-year 7-year
10-year 8-year 7-year 6-year 4-year
Wujiadu 100-year 45-year 30-year 31-year 17-year
50-year 26-year 19-year 18-year 11-year
20-year 13-year 10-year 9-year 6-year
10-year 7-year 6-year 5-year 4-year
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FIGURE 6
Relative changes in the annual maximum peak flood discharge and annual maximum 15-day flood volume at (A) Wangjiaba and (B) Wujiadu stations
over the UMHRB during future periods (NF: 2031-2060 and FF: 2071-2100) under SSP2-4.5 and SSP5-8.5 scenarios compared with the baseline period.
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In general, future flood magnitude in the UMHRB is projected to
be the most drastic during the FF period under the SSP5-
8.5 scenario, followed by the NF period under the SSP2-
4.5 scenario, NF period under the SSP5-8.5 scenario, and FF
period under the SSP2-4.5 scenario. These findings suggest that
there is a positive correlation between the warmth of the climate and
the severity of flood magnitude in the UMHRB. In other words, the
warmer the climate, the higher the flood risk, which has significant
implications for the existing flood design standards and flood
protection infrastructure over the UMHRB. For instance, a
majority of the 5,700 reservoirs in the UMHRB were constructed
between 1950 and 1970 and conferred significant flood protection
benefits in the last few decades. However, the use of antiquated
design standards and the proximity of these reservoirs to the end of
their design life give rise to concerns regarding the adaptability of the
existing flood control infrastructure in the face of future
exacerbation in flood magnitude over the UMHRB.

3.4.2 Flood frequency

Figure 7 presents the flood frequency distribution curves for
Wangjiaba and Wujiadu stations during the baseline, NF, and FF
periods under SSP2-4.5 and SSP5-8.5 scenarios. It is observed that
the future flood frequency curves under the two SSP scenarios are
located to the right of those of the historical period, indicating that
the frequency of future floods will be higher than the same
magnitude flood in the baseline period, significantly for the

more severe SSP5-8.5 scenarios and far future. Table 5 shows
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the return periods of the historical design flood of 100 years,
50 years, 20 years, and 10 years under SSP2-4.5 and SSP5-
8.5 scenarios during the future periods. The results suggest that
the return period of design flood will obviously decrease under
future periods in response to warmer climate, especially for the
design flood with 100-year and 50-year return periods. For
instance, at the Wangjiaba station, the return period of design
flood with a 100-year return period will become 53 years and
34 years in the NF period under SSP2-4.5 and SSP5-8.5 scenarios,
respectively, and 38 years and 23 years for the FF period under
two SSP scenarios, respectively. Likewise, the return period of
design flood with a 50-year return period will become 29 years and
21 years for the NF period under SSP2-4.5 and SSP5-8.5 scenarios,
respectively, and 21 years and 14 years for the FF period under two
SSP scenarios, respectively. Furthermore, at the Wujiadu station,
the return period of design flood with a 100-year return period will
become 45 years and 30 years for the NF period under SSP2-
4.5 and SSP5-8.5 scenarios, respectively, and 31 year and 17 year
for the FF period under two SSP scenarios, respectively. Similarly,
the return period of design flood with a 50-year return period will
become 26 years and 19 years for the NF period under SSP2-
4.5 and SSP5-8.5 scenarios, respectively, and 18 years and 11 years
for the FF period under two SSP scenarios, respectively. These
results can be attributed to the heavier emission of greenhouse
gases under the SSP5-8.5 scenario for the far future period, which
causes warmer climate and larger extreme precipitation, and
indicate that future floods in the UMHRB are anticipated to be
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under SSP2-4.5 and SSP5-8.5 scenarios compared with the baseline period.

intensified and more severe, which could have serious effects on
economic and social development.

To delve more deeply into the aforementioned findings,
computations are conducted to determine the alterations in
future floods for the 100-year, 50-year, 20-year, and 10-year
return periods, as shown in Figure 8. It is evident that under
SSP2-4.5 and 5-8.5 scenarios, there are great uncertainties in the
changes in different design floods in future periods among the
22 CMIP6 GCMs. However, the results of the multi-model
ensemble suggest that the design floods will experience an
increase under two future SSP scenarios in the UMHRB,
especially for the design flood with 100-year and 50-year return
periods during the far future period. In other words, for the
Wangjiaba station, the design floods with a 100-year return
period are projected to increase by 14.3% and 23.6% for SSP2-
4.5 and SSP5-8.5 scenarios in the near future, respectively, and by
19.5% (SSP2-4.5) and 26.7% (SSP5-8.5) in the far future,
respectively. The design floods with a 50-year return period are
projected to increase by 13% (SSP2-4.5) and 21.5% (SSP5-8.5) in the
near future, respectively, and by 18.5% (SSP2-4.5) and 27.1% (SSP5-
8.5) in the far future, respectively. For the Wujiadu station, the
design floods with a 100-year return period are projected to increase
by 19.2% and 30.3% for SSP2-4.5 and SSP5-8.5 scenarios in the near
future, respectively, and by 28.3% (SSP2-4.5) and 45.2% (SSP5-8.5)
in the far future, respectively. The design floods with a 50-year
return period are projected to increase by 17.6% (SSP2-4.5) and
27.8% (SSP5-8.5) in the near future, respectively, and by 28.2%
(SSP2-4.5) and 45.8% (SSP5-8.5) in the far future, respectively. Our
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results suggest that impending floods in the UMHRB are likely to be
increasingly intense and frequent. This could potentially have
far-reaching ramifications for both economic and social growth.
As a result, strategic, long-term planning measures must be
implemented to skillfully reconcile hydroelectric power and flood
management objectives. In future, flood mitigation plans must take
into consideration the anticipated escalation in flood frequency and
magnitude.

4 Discussion

This paper quantitatively evaluates the regional response of future
extreme precipitation and flood regimes to climate change combining
with CMIP6 models and the modified XAJ hydrological model over the
UMHRB. Consistent with the results of previous research studies
(Wang et al, 2018; Yang et al, 2020), the findings of this study
indicate that the magnitude and frequency of extreme precipitation
and floods are projected to increase under SSP2-4.5 and SSP5-
85 scenarios over the UMHRB. This can be attributed to the
Clausius-Clapeyron law, as proposed by Trenberth et al. (2003),
which suggests that increasing the temperature by 1 K is likely to
result in an increase of approximately 7% in the water vapor-holding
capacity. In other words, a warmer atmosphere can hold more water
vapor, thereby intensifying the probability of extreme precipitation
events. Even though the physical mechanisms of flood production are
multifaceted, flood extremes are anticipated to intensify with frequent
instances of extreme precipitation in the future, as previously reported
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(Hirabayashi et al., 2013; Wu et al,, 2015). However, some previous
studies found that reservoir regulation would offset the effects of climate
change and decrease future flood peaks (Lauri et al., 2012). Wang et al.
(2017) investigated the impact of climate change and reservoir
regulations on flood regimes over the Lancang-Mekong River Basin
using a distributed hydrological model coupled with a simple operation
model. They found that the intensification of extreme precipitation
would increase flood magnitude and frequency, but reservoir regulation
could effectively suppress the influences of climate change. Hence, the
combined impacts of climate change and flood control measures have
to be considered for future flood projection. In addition, the individual
influence of climate change and flood control measures on future floods
over the UMHRB will be investigated in future research, which is
important for the formulation of adaptive strategies in the UMHRB.

In terms of future flood risk, it commonly depends on two
elements, i.e., hazard and vulnerability (Kazakis et al., 2015; Hu et al.,
2017; Shadmehri Toosi et al., 2019; Paprotny et al., 2020). Climate
hazard refers to the potential occurrence of climate-related events
that may cause large fatalities and loss of property, such as extreme
precipitation and floods. Vulnerability indicates the thing to be
easily affected and lack of capacity to cope with, such as the social
and economic factors, including population and GDP. In this study,
the results suggest that the flood hazard will further aggravate due to
the more severe and frequent extreme precipitation and floods
under future climate scenarios over the UMHRB. For flood
vulnerability, based on the gridded datasets for population and
economy under Shared Socioeconomic Pathways published by
Jing et al. (2020) in the Science Data Bank, we project the yearly
future GDP and population data under SSP2-4.5 and SSP5-
8.5 scenarios during 2010-2100 over the UMHRB, as shown in
Figure 9. It can be observed that the GDP of the UMHRB will peak
around 2060 and remain basically stable under the SSP2-
4.5 scenario, while it will continue to increase in the SSP5-
8.5 scenario. As for future population projections, the results
show that the population of the UMHRB will peak around
2025 and then will continue to decrease under the two SSP
scenarios, while the decrease will be greater under the SSP5-
8.5 scenario. On account of previous studies, the projected flood
risk will obviously increase over the UMHRB, which is the result of
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the combined effects of future climate change and social
development. These views are consistent with the results of Wu
et al. (2017), who found that the flood risk in the HRB will increase
significantly during 2010-2040 relative to the baseline period
(1980-2010), especially with 8% and 0.77% increases in the area
of the final risk and high-risk areas. Hence, it is crucial to consider
these projected changes in the floods and enhance the effectiveness
of flood risk management strategies over the UMHRB.
Furthermore, some limitations remain in this study. Although
the multi-model ensemble method could be used to reduce the
uncertainty of the projected results (Jiang et al., 2016; Samuels et al.,
2018; Ge et al,, 2020), we failed to consider the potential effects of
other important sources of uncertainty, such as downscaling
techniques and hydrological model. According to previous
research studies (Dobler et al., 2012; Karlsson et al., 2016; Das
et al, 2018), downscaling techniques and hydrological models
generate much less uncertainty compared to GCMs. This does
not justify neglecting the impact of these sources of uncertainty.
Therefore, the next stage of our study will involve a comprehensive
analysis of the potential effects of uncertainties originated from
various sources in order to accurately evaluate the impacts of climate
change on future hydrological processes. Moreover, human
activities, such as land-use change, water resource development,
and government policies, can significantly affect flood occurrence
and flood risk in the HRB. Therefore, it is essential to investigate the
spatiotemporal responses of floods and flood risk to human activities
and climate change in future studies to ensure accurate predictions.

5 Conclusion

This study projects the impacts of climate change on extreme
precipitation and floods across the UMHRB. To this end, the
outputs of precipitation and temperature from 22 CMIP6 GCMs,
under two future SSP scenarios (SSP2-4.5 and SSP5-8.5), are
spatially downscaled and bias-corrected using the DBC method
and used to investigate changes in the characteristics of future
extreme precipitation and temperature. The projected daily
runoff output from the modified XAJ hydrologic model is
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utilized to define flood series for flood magnitude and frequency. In
order to comprehend the future impacts of climate change on the
flood regime over the UMHRB, flood magnitude and frequency are
analyzed under SSP2-4.5 and SSP5-8.5 scenarios and compared
between a baseline period (1961-2014) and future periods
(2031-2060 and 2071-2100). The main conclusions are as follows:

(1) Relative to observations in 1961-2014 for the HRB, the biases

between observations and simulated precipitation and
temperature variables are largely reduced after correction
using the DBC method. Based the
CMIP6  outputs, future precipitation

temperature are all projected to increase substantially. It is

on corrected

extreme and
found that five extreme precipitation indices (Rxlday,
R20mm, R95pTOT, PRCPTOT, and SDII) are projected to
increase by 35.3%, 27.6%, 39.9%, 28%, and 16.8% under the
SSP5-8.5 scenarios during the far future period, respectively.
Moreover, the temperature variables (tasmean, tasmax, and
tasmin) are projected to increase by 5.1°C (34.8%), 5.14°C
(25.8%), and 5°C (48.6%) under the SSP5-8.5 scenarios
during the far future period, respectively. The upward trend
in extreme precipitation and temperature could result in higher
flood hazard and risk in the future, highlighting the crucial need
for dependable projections of flood hazard under future climate
scenarios across the UMHRB.

Compared to the original XAJ model, the MXAJ model
performs well in simulating daily runoffs, as demonstrated by

(2

~

validation results. Taking the Wangjiaba station as an example,
it can be observed that the R, NSE, and PBIAS values of the XAJ
and MXAJ models are 0.89, 0.78, and 7.6% and 0.91, 0.83, —and
5.1%, respectively, for the calibration period, and 0.95, 0.84, and
4.6% and 0.95, 0.89, and —7.4% for validation periods. The
MXAJ model exhibits more favorable simulation performance
in simulating high flow by integrating the flood control module,
which considers the peak clipping effect of reservoirs and flood
storage areas on flood. As such, the MXAJ model can be used to
predict hydrological scenarios in future research endeavors.
€

~

According to the results of the multi-model ensemble, future
flood magnitude shows clear positive changes under two SSP
scenarios in the future periods, and it is expected to be the most
severe in the far future under the SSP5-8.5 scenario. For the
Wangjiaba station, the relative changes in the annual maximum
flood peak and annual maximum 15-day flood volume are
projected to be 46.4% and 43.1% under SSP5-8.5 scenarios
during the far future period, respectively. Furthermore, the
relative changes in the annual maximum flood peak and
annual maximum 15-day flood volume are projected to be
45.4% and 51.1% under SSP5-8.5 scenarios during the far
future period, respectively, in the Wujiadu station. Changes
in flood frequency tend to resemble those in flood magnitude,
and the return period of design flood will obviously decrease
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