é
- water

Article

Using Integrated Hydrological Models to Assess the Impacts of
Climate Change on Discharges and Extreme Flood Events in the
Upper Yangtze River Basin

Yanjuan Wu 230, Gang Luo #{%, Cai Chen 4, Zheng Duan > and Chao Gao /%3*

check for

updates
Citation: Wu, Y.; Luo, G.; Chen, C.;
Duan, Z.; Gao, C. Using Integrated
Hydrological Models to Assess the
Impacts of Climate Change on
Discharges and Extreme Flood Events
in the Upper Yangtze River Basin.
Water 2021, 13, 299. https://doi.org/
10.3390/w13030299

Academic Editors: Naicheng Wu,
Qinghua Cai and Wei Ouyang
Received: 2 January 2021
Accepted: 19 January 2021
Published: 26 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Geography and Spatial Information Techniques, Ningbo University, Ningbo 315211, China;
wuyanjuanfree@sina.cn

Ningbo Universities Collaborative Innovation Center for Land and Marine Spatial Utilization and
Governance Research, Ningbo University, Ningbo 315211, China

3 Institute of East China Sea, Ningbo University, Ningbo 315211, China

Ningbo Research Center for Urban Environment, Chinese Academy of Sciences, Ningbo 315800, China;
1gsj0808@163.com (G.L.); caichen@iue.ac.cn (C.C.)

Department of Physical Geography and Ecosystem Science, Lund University, S-22362 Lund, Sweden;
zheng.duan@nateko.lu.se

*  Correspondence: gaoqinchaol@163.com

Abstract: Amongst the impacts of climate change, those arising from extreme hydrological events
are expected to cause the greatest impacts. To assess the changes in temperature and precipitation
and their impacts on the discharge in the upper Yangtze Basin from pre-industrial to the end of 21st
century, four hydrological models were integrated with four global climate models. Results indicated
that mean discharge was simulated to increase slightly for all hydrological models forced by all
global climate models during 1771-1800 and 1871-1900 relative to the 1971-2000 reference period,
whereas the change directions in mean discharge were not consistent among the four global climate
models during 2070-2099, with increases from HadGEM2-ES and MIROCS, and decreases from
GFDL-ESM2M and IPSL-CM5A-LR. Additionally, our results indicated that decreases in precipitation
may always result in the decrease in mean discharge, but increases in precipitation did not always
lead to increases in discharge due to high temperature rise. The changes in extreme flood events with
different return intervals were also explored. These extreme events were projected to become more
intense and frequent in the future, which could have potential devastating impacts on the society
and ecosystem in this region.

Keywords: climate change; hydrologic modeling; global climate models; mean discharge; extreme
floods event

1. Introduction

Every year, extreme hydrological events cause enormous suffering, economic, and
often catastrophic environmental damage throughout the world. Droughts, for example,
cause famine and wildfires in Australia and North America, whilst in Asia, summer
flooding frequently ruins millions of dollars of agricultural investment and displaces large
numbers of humans. Among various hydrometeorological hazards, floods are identified
as the most destructive hazards in the world [1-4]. The Emergency Events Database
has recorded 3062 severe floods, which alone accounts for 47% of all weather-related
disasters worldwide during 1995-2015 [5]. These floods have affected 2.3 billion people
and caused 157,000 deaths. China is a place prone to flood damage due to its complex
geography and climate [6,7]. In July 2020, for example, flooding has caused an estimated
US$25 billion of impacts in China [8]. Understanding the hydrological impacts of these
climate changes is thus essential if policymakers are to be successful in averting future,
recurring disasters. Climate change as a result of enhanced greenhouse effect from human
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activities has direct influences on temperature at global and regional scale. Global mean
temperature has increased by approximately 1 °C compared to pre-industrial levels in
2017, increasing at 0.2 °C per decade [9]. The high temperature will result in the enhanced
evaporation and the increased capacity of the atmosphere to hold water [10,11]. Therefore,
climate change has the potential to profoundly change the hydrological cycle and the
global and regional precipitation patterns, which may increase the probability of floods
and drought, posing huge challenges to sustainable water resources management and
planning [12,13]. Evidence from historic climatological data and climate model projection
indicated that climate change in recent decades was expected to be an ongoing trend in
the future [14]. Therefore, there is an urgent need to explore the climate change and its
impact on hydrological cycles and water resources by integrating the climate model data
with hydrological models (HMs).

Climatic changes during the past century and in the future over the river basins have
been widely investigated, and results show that annual mean temperatures have signifi-
cantly increased across most river basins in the world, including an increased frequency
and intensity of temperature extreme and heat waves [15-17]. Climate projections indi-
cated that mean and extreme temperatures over most river basins would likely continue
to increase [18]. Although the directions of temperature change are generally consistent
across most river basins, their magnitudes varied. Change patterns in precipitation varied
among different river basins, but most of them were expected to experience more severe
and frequent extreme precipitation over the past century and in future, even over basins
where there had a reduction or no change in mean precipitation [19,20]. The significant
climatic changes in the upper Yangtze River Basin (UYRB) have also been found. In the
last century, the UYRB has experienced significant climate change, with increasing trends
in mean and extreme temperature, and extreme precipitation, but little change in mean
precipitation [15,21,22]; such changes have led to changes in its hydrological cycle and
water resources. Results from climate models also indicated that the warmer climate was
projected to continue for the 21st century in the UYRB [23,24]. There is no consistent pattern
of future change in precipitation by current studies, for example, mean precipitation was
projected to increase under all RCP scenarios by Su et al. (2017), while the decreasing
trend was detected by Wang et al. (2015). These changes in temperature and precipitation
over global river basins have implications for the water availability and the frequency and
severity of extreme hydrologic events [14,23].

Climate projections have been integrated with HMs to estimate the potential effects of
climatic changes on water resources in many previous studies. For example, Givati et al.
(2019) used an ensemble of regional climate models as input to a GR6] daily hydrological
model to project future streamflow at the upper Jordan River. They found the decrease
in streamflow in the future can be explained by the decrease in precipitation. Ficklin
et al. (2013) assessed the impacts of projected 21st century climatic changes from 16 global
climate models (GCMs) in the Upper Colorado River Basin using the SWAT model, and
found continued rising temperatures may likely cause a decline in water availability over
this region. Nohara et al. (2006) found that discharge was projected to decrease during the
21st century for the rivers in Europe to the Mediterranean region (Danube, Euphrates, and
Rhine), and the southern United States (Rio Grande), using the Global River flow model
and 19 GCMs under the A1B emission scenario. The potential hydrologic process responses
to climatic changes have also been estimated throughout the Yangtze River Basin (YRB) by
many previous studies [23,25]. Based on the outputs from the Canadian Global Coupled
Model and the WetSpass hydrological model, Wang et al. (2015) assessed monthly water
resource distributions and river discharges over the UYRB and found that the reduction
of precipitation lead to the decrease in runoff under scenarios A2 and B2 in 21st century.
Bian et al. (2017) found that simulation used a distributed hydrological soil vegetation
model with monthly outputs from six GCMs under three RCP scenarios and indicated
that the seasonal mean streamflow was predicted to increase in the source region of the
Yangtze River. In general, the climate change and its effect on streamflow differed across
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the globe [14]. Therefore, the climate change impacts need to be assessed at regional and
local scales.

Although many previous studies documented climate models and HMs to simulate
climate change and assess hydrologic responses to climate change over the YRB, the exact
characteristics of such change and its impacts on mean and extreme hydrological events
under different climate change conditions throughout the UYRB remain poorly known. In
this study, we made use of multiple GCMs and HMs to evaluate changes in temperature
and precipitation under different scenarios and to further explore the responses of mean
and extreme discharges to them from a more comprehensive time span (pre-industrial to
end of 21st century) with improved methodologies compared to existing studies. First,
most previous studies focused on either a single hydrological model or a single climate
model to simulate discharge changes. However, there is a strong influence of the selected
GCM and HM on the simulated discharge under the climate change scenarios [26]. In this
study, in order to reduce the uncertainties of both of the HMs and GCMs and assess the
range of possible changes in discharge, four HMs and four GCMs from CMIP5 were applied
to simulate the discharge over the UYRB. In addition, all four GCMs were statistically
downscaled to obtain fine-resolution climate variables to force HMs. Second, most existing
studies of climate change impacts assessment on hydrological processes of YRB focused
on coarse temporal scale (seasonal or monthly). In this study, daily scale discharge was
simulated by each of the four HMs, based on the daily input times series from each of
four GCMs. Then, changes in mean discharge and extreme flood events were explored
in this study. The frequency analysis was applied to annual maximum daily discharge
time series to model the likely impacts of climate change on extreme flood events with
different return intervals. Third, based on the temperature and precipitation projections
from climate models, many previous studies applied the outputs to HMs for predicting
future discharges in the 21st century under different climate change scenarios. In addition
to the impact assessment of climate change on the discharge over the UYRB during the
period of 2070-2099 (future period) under the RCP2.6, RCP4.5, and RCP8.5 scenarios,
we assess the impacts during the period of 1771-1800 (pre-industrial period) under a
pre-industrial control (piControl) scenario, and during the period of 1871-1900 (historical
period) and the period of 1971-2000 (reference period) under a historical scenario with
historical CO, concentration. The major objectives of this study are to:

(1) Calibrate and validate the four different HMs for simulating daily discharges at
Cuntan station within the UYRB.

(2) Simulate and project the changes in temperature and precipitation over the UYRB
using the four GCMs from CMIPS5 for the years of 1771-1800, 1871-1900, and 2070-
2099, relative to the reference period 1971-2000.

(3) Assess the responses of mean discharge at Cuntan station within the UYRB to climate
change using the four HMs during all time periods relative to 1971-2000.

(4) Evaluate the changes in extreme flood events with different interval return periods
during all time periods relative to 1971-2000.

2. Data and Methodology
2.1. Study Area

Weather-related disasters are becoming increasingly frequent under a warmer climate.
The Yangtze River, playing a vital role in the economic development of China, has experi-
enced numerous destructive floods throughout history [27]. Meanwhile, YRB is one of the
most important agricultural and industrial regions in China, and the relatively dense popu-
lation and large cities along the river make the floods more deadly and costly. This study
focuses on the upstream of the Cuntan hydrological gauging station (29°37' N, 106°36’ E),
which is considered as the UYRB with a drainage area of approximately 8.6 x 10° km?
(Figure 1). The UYRB originates from the Tibetan Plateau and is located in the west high-
land geographical region of China, which is characterized with complex terrains. The study
area is influenced by both the southeast and southwest monsoons and the Tibetan Plateau,
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therefore it is very sensitive to the climate change. It has abundant water resources and
provides more than 80% of the river flow to the Three Gorges Project, but with distinctive
annual and seasonal variabilities. Flooding along the river has always been a major prob-
lem in this region, particularly during the monsoon season from May to September. It has
experienced increasing flood events in recent years.
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Figure 1. Map of the upper Yangtze River basin and the Cuntan hydrological station in the western China.

2.2. Data

In this study, we used the observed daily meteorological data for over 189 stations
throughout UYRB for the period 1961-2018 obtained from the National Climate Center of
the China Meteorological Administration (CMA). The dataset was quality controlled by
considering changes in instrument type, station relocations, and trace biases. The daily
discharge data for the period 19612010 at the Cuntan station, the outlet of the UYRB, were
derived from the China Hydrological Year book—Yangtze. In this study, daily discharge
data from 1971 to 1990 were used for calibration and validation of the four HMs.

The climate data from four GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR,
and MIROCS5) from pre-industrial to the end of the 21st century under different scenarios
were used as climatic inputs to the calibrated HMs (Table 1). These models included
both pre-industry and retrospective 20th century climate simulations and 21st century
climate projections under the three RCP scenarios. The daily precipitation and temperature
from GCM outputs for the years 1771-1800 (pre-industrial period), 1871-1900 (historical
period), and 2070-2099 (future period) were compared against 1971-2000 (reference period).
The climate simulations during pre-industrial period was under a pre-industrial control
(piControl) scenario with a climate with natural variability under stable CO? concentration
of 286 ppm, and during the historical period and reference period were under a historical
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scenario with historical CO? concentration; the climate future projections is under four
emission scenarios: RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The use of multiple models
and scenarios provided more quantitative information about the impact of climate change
on discharge and flooding. The four GCMs have a resolution between 1.25° and 3.75°.
To facilitate comparison, all four climate model data were statistically downscaled and
bias corrected on a regular 0.5° x 0.5° resolution grid using a first-order conservative
remapping scheme [28,29].

Table 1. List of 4 CMIP5 models used in our study.

Model Name Modeling Center Original Resolution
) Geophysical Fluid Dynamics Laboratory o o
GFDL-ESM2M (GFDL)/USA 2.5° x 2

L'Institut Pierre-Simon Laplace o o

IPSL-5 CM5ALR (IPSL),/France 3.75° x 1.875
Handley Centre for Climate Prediction and o o

HadGEM2-ES Research, Met Office/United Kingdom 1.875% x1.25

Agency for Marine-Earth Science and
MIROCS Technology, Atmosphere and Ocean 2 8125° x 2.8125°

Research Institute, and National Institute for
Environment Studies/Japan

The digital elevation model with a resolution of 90 m from the Shuttle Radar To-
pography Mission database was used in this study. The data were used to delineate the
watershed boundaries and to generate the river basin networks. The soil property data
were obtained from the Harmonized World Soil Database of the Food and Agriculture
Organization of the United Nations (http://www.fao.org/), and the spatial distribution of
soil types (1:1,000,000) was taken from the Institute of Soil Science of the Chinese Academy
of Sciences. A land use map (1:1,000,000) for 1990 was provided by the Data Center for
Resource and Environmental Sciences of the CAS, and this land use map was applied in all
time periods.

2.3. Methods
2.3.1. Hydrological Models and Model Calibration

The HMs used in this study were HBV, SWAT, SWIM, and VIC, which were used
extensively in studies of the climate change impact on discharge and water resource [30-34].
These four HMs were used in this study to simulate discharge at the Cuntan hydrological
station within the UYRB. The years 1971-1980 were considered for calibration and years
1981-1990 were used to validate the models. An automated calibration technique named
univariate search technique was used to calibrate the parameters of the four HMs, which
has been widely used in previous studies [35,36]. Model simulations were evaluated
by the Nash-Sutcliffe efficiency (NSE), the percent bias (PBIAS, %) and the coefficient
of determination (R?). The NSE is a normalized statistic that determines the relative
magnitude of the residual variance between the observed data and simulated data, which
ranges between —oco and 1 [37]. Its optimal value is 1. The PBIAS measures the average
tendency of the simulated data to be larger or smaller than the corresponding observed
data [38]. The optimal value of PBIAS is 0.0, with low values indicating accurate model
simulation. R? describes the trend similarity between the simulated data and measured
data [39]. It ranges from 0 to 1, with higher values indicating better model performance.
A good simulation result will have NSE and R? close to 1, and PBIAS close to 0. The
flow chart for the hydrological modelling process was shown in Figure S1. A complete
description of these four HMs and the calibration procedure can be found in our previous
paper [36].

Several recent studies have explored the land use and land cover changes (LULCC)
resulting from climate changes and other human activities’ effects on the watershed hydrol-
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ogy [40-42], and found that their effects on hydrological processes need to be considered
at the appropriate watershed scale [43,44]. Bloschl et al. (2007) indicated that LULCC
impacts can only be verified at small-scale watersheds with areas up to some tens of square
kilometers, and the impacts are difficult to verify at large-scales because of long time lags
between cause and effect. Bi et al. (2014) suggested that large watersheds exhibit a relatively
high buffering capacity that diminishes the effects of LULCC. UYRB, the study area in this
study, is a large scale basin with drainage area approximately 8.6 x 105 km?. Therefore,
this study did not consider the LULCC here following other previous studies [25,30,36].
We assumed constant land use/land cover throughout the 21st century, as we modeled the
upper and more remote regions of the YRB only.

2.3.2. Flood Frequency Analysis

Understanding the magnitude and frequency of extreme hydrological events over
river basins is important for the estimation of potential floods, management of water
resources and proper hydraulic design, and risk assessment and management of hydrom-
eteorological disasters. Flood frequency analysis was the common approach to estimate
the probability distribution of extreme events, which was usually fit to the block maxima
(minima) series [13,20]. In most situations, it is customary and convenient to use the annual
maxima (minima). WMO (2009) suggested that a distribution with three parameters was
preferred because they make the distribution match available data more consistently. Gen-
eralized Logistic distribution (GLO) was a 3-parameters distribution, which was one of the
most frequently used distributions in flood frequency analysis and widely used for flood
frequency analysis around the world [45-47]. In this study, the GLO was fit to the annual
maxima discharge series at Cuntan station within the UYRB to establish the magnitudes
of extreme flood events with the return intervals of 5, 10, 20, 50, and 100 years for each
time periods.

3. Results
3.1. Hydrological Simulations

Table 2 shows the calibration and validation efficiencies of the four different HMs (HBYV,
SWAT, SWIM, VIC) for the simulation of daily discharge at Cuntan station. For the statistics
such as NSE and PBIAS, Moriasi et al. (2007) suggested that the performance of the model
simulation can be classified into four categories: Unsatisfactory (NSE < 0.50; PBIAS > £25%),
satisfactory (0.50 < NSE < 0.65; £30% < PBIAS < +55%), good (0.65 < NSE < 0.75; £15% <
PBIAS < +30%), and very good (NSE > 0.75; PBIAS < 4-15%). This criterion has been widely
used in previous studies to evaluate the model performance [39,48]. The performance
of the model can be judged as satisfactory if R? value is > 0.6, as suggested by Benaman
et al. (2005). According to these criteria used in previous studies, the model efficiency
statistics for the four HMs in this study indicate the good (up to very good) performance
of calibration and validation with NSE value > 0.71, +18.82% < PBIAS < +25.10%, and
R? > 0.80. The specific NSE, PBIAS, and R? values varied among the four HMs. During the
calibration period, the NSE and R? values were 0.81 and 0.86 for HBV, 0.81 and 0.81 for
SWAT, 0.86 and 0.85 for SWIM, and 0.74 and 0.94 for VIC, respectively. The PBIAS value
was lower for HBV (0.40) and SWAT (6.61), but much higher for SWIM (25.10) and VIC
(—18.82). We should note that the optimal PBIAS value is 0, and negative (positive) values
indicate overestimation (underestimation) bias in the discharge simulation. During the
validation period, the NSE and R? values for all four HMs were lower than these during
the calibration period, but were still all higher than 0.71 and 0.80, respectively. The NSE
value was 0.76 for HBV, 0.79 for SWAT, and 0.77 for SWIM, and the lowest value was also
found for VIC (0.71). The R? value was 0.85 for HBV, 0.80 for SWAT, and 0.83 for SWIM,
and the highest value was also found for VIC (0.92). The PBIAS value for all four HMs
were lower than these during the calibration period, with 1.07 for HBV, 2.00 for SWAT,
19.72 for SWIM, and —9.88 for VIC. In general, we can see that these four HMs can capture
the daily discharge at Cuntan station.
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Table 2. The criteria for simulation capacity of hydrological models during calibration and validation

periods.

Period Criterion HBV SWAT SWIM VIC
Calibration NSE 0.81 0.81 0.86 0.74
(1971-1980) R? 0.86 0.81 0.85 0.94

PBIAS (%) 0.40 6.61 25.10 —18.82
Validation NSE 0.76 0.79 0.77 0.71
(1981-1990) R? 0.85 0.80 0.83 0.92

PBIAS (%) 1.07 2.00 19.72 —9.88

3.2. Changes in Precipitation and Temperature
3.2.1. Precipitation

Figure 2 shows the spatial changes in the multi-model ensemble mean (MME) of
mean precipitation, as a percentage change of simulated value during the pre-industrial
period (1771-1800), historical period (1871-1900), and future period (2070-2099) relative
to the reference period (1971-2000), and the average percentage changes for the whole
study area in all four GCMs and MME are shown in Figure 3. During the pre-industrial
period (1771-1800), the precipitation had increased in all GCMs and their MME for the
study area as a whole, but the rate of increase varies among the different models. The rates
of increase were lower for IPSL-CM5A-LR (1.7%), higher for GFDL-ESM2M (4.4%) and
MIROCS (6.6%), and much higher for HadGEM2-ES (13.7%), thus the rate was about 6.6%
for the MME. During the historical period (1871-1900), the precipitation changes showed
similar directions as that during the pre-industrial period, but with smaller magnitudes,
which was consistent across all the models as well as the MME. For example, the rate of
increase for the MME was about 5.4% during historical period compared to about 6.6%
during pre-industrial period. In terms of spatial pattern, it was clear that the precipitation
increased in the whole of UYRB in the MME, with a larger increase in the north, but with a
smaller increase in the south for the both the pre-industrial period and historical period.

Compared with the reference period, by the end of the 21st century, mean precipitation
was projected to increase for the study area as a whole in all GCMs and their MME under
all three RCP scenarios, except for GFDL-ESM2M under RCP2.6 scenario (Figure 3). The
increase magnitude in precipitation projections, however, varied substantially among the
GCMs. In general, the rates of increase were much larger for HadGEM2-ES and MIROCS,
but smaller for GFDL-ESM2M and IPSL-CM5A-LR. For example, the precipitation was
projected to significantly increase by 12.7% (9.7%), 15.5% (16.7%), and 19.8% (21.4%) for
HadGEM2-ES (MIROCS5) under RCP 2.6, RCP 4.5, and RCP8.5, respectively. However, the
increase rates were only 2.5%, 7.7%, and 8.2% for IPSL-CM5A-LR under RCP 2.6, RCP 4.5,
and RCP8.5, respectively, and 4.6% and 2.9% for GFDL-ESM2M under RCP 4.5 and RCP8.5,
respectively. The mean precipitation slightly decreased by —0.5% for GFDL-ESM2M under
the RCP 2.6 scenario. The spatial changes in the MME projections for precipitation are
shown in Figure 2c—e. Results showed that the precipitation was projected to increase over
most areas of the UYRB under three RCP scenarios, but with great spatial variability. This
increase is spatially uneven, with more increases in the south and less increases in the
north. This change pattern, however, was different from the pre-industrial and historical
period, that it showed much greater changes in north than south. In general, annual mean
precipitation was simulated to increase during the pre-industrial period (1771-1800) and
historical period (1871-1900), and projected to increase during the future period (2070-2099)
under all three RCP scenarios relative to the 1971-2000 reference period. Moreover the
increase was much higher in the future under the RCP 4.5 and 8.5 scenarios than during
the pre-industrial period and historical period.

3.2.2. Temperature

Figure 4 shows the spatial patterns of changes in mean temperature for the pre-
industrial period, historical period, and future period relative to the reference period
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by MME. The average mean of the whole study area in all four GCMs and MME are
shown in Figure 2. The four individual GCM showed different change directions in mean
temperature with an increase for HadGEM2-ES and MIROCS, and a decrease for GFDL-
ESM2M and IPSL-CM5A-LR. The mean temperature was simulated to increase by 0.5 °C
(pre-industrial period) and 0.2 °C (historical period) for HadGEM2-ES, and by 0.03 °C
(pre-industrial period) and 0.06 °C (historical period) for MIROC5, while it was simulated
to decrease by —0.37 °C (pre-industrial period) and —0.42 °C (historical period) for GFDL-
ESM2M, and by —1.17 °C (pre-industrial period) and —1.08 °C (historical period) for
IPSL-CM5A-LR. Overall, during the pre-industrial period and historical period, the mean
temperature for the study area as a whole was simulated to slightly decrease by —0.26 °C
and —0.31 °C for MME, respectively. Even though the mean temperature for the entire
UYRB decreased for MME, the increase was also found in some part of the northern UYRB
(Figure 4a,b).

a: 1771-1800 b: 1871-1900

c: 2070-2099 RCP2.6 d: 2070-2099 RCP4.5

Change rate (%)

Bl 20--15 [ o-12
B -15--10 [ 12-15
[ ]-1.0-00 Il 15-20
[ Jo0-3.0 B 20-25
[ ]3.0-6.0 Bl 25-30
[ 16.0-90 Bl 30-40

e: 2070-2099 RCP8.5

Figure 2. Percentage changes (%) in annual mean precipitation from CMIP5 multi-model ensemble
(MME) over the upper Yangtze River Basin (UYRB) for the time of (a) 1771-1800, (b) 1871-1900, (c)
2070-2099 under RCP2.5, (d) 2070-2099 under RCP4.5, and (e) 2070-2099 under RCP8.5 scenarios
relative to the reference period 1971-2000.
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Figure 3. Changes in precipitation (%) and temperature (°C) from each of the four global climate models (GCM) and their
MME for the UYRB as a whole during all time periods relative to the reference period.

Mean temperature for UYRB as a whole was projected to significantly increase at
the end of 21st century by all four individual GCM and their MME, relative to the 1971-
2000 reference period, under the three RCP scenarios (Figure 3). As it was expected, the
magnitude of the increase found was increasing with increasing greenhouse gas forcing
from RCP 2.6 to RCP 8.5. It increased by 1.8 °C for MME under RCP 2.6 with the inter-
model ranges of 1.2 °C to 2.2 °C, by 3.0 °C for MME under RCP 4.5 with the inter-model
ranges of 2.1 °C to 3.4 °C, and by 5.1 °C for MME under RCP 8.5 with the inter-model
ranges of 3.7 °C to 6.2 °C. In terms of spatial patterns, the mean temperature change by
the MME showed the familiar pattern under all three RCP scenarios (Figure 4c—e), that
it showed a homogenous warming pattern across the entire study area. In general, the
mean temperature was projected to increase in the future under all three RCP scenarios,
and the increase rates were much higher than those during both the pre-industrial period
and historical period.

3.3. Changes in Mean Discharge

The daily precipitation and temperature from all four individual GCMs were used to
drive the each of four calibrated HMs to simulate the daily discharge during all periods
at Cuntan station. The percentage changes in mean discharge during the pre-industrial
period (1771-1800), historical period (1871-1900), and future period (2070-2099) relative
to the reference period (1971-2000) are presented in Figure 5. During the pre-industrial
period and historical period, the discharge at Cuntan station was simulated to increase
from the HMs driven by all GCMs. The rates of increase in discharge, however, varied in
the four individual GCMs. In general, the rate of increase in discharge was less for the HMs
forced by the IPSL-CM5A-LR and GFDL-ESM2M, higher for MIROC5 and HadGEM2-ES.
For the pre-industrial period (historical period), the increase rates on average was 5.99%
(5.62%) with a range of 5.21% to 8.18% (4.25% to 7.85%) by IPSL-CM5A-LR, 7.95% (4.56%)
with a range of 6.18% to 9.08% (3.94% to 5.26%) by GFDL-ESM2M, 8.50% (6.65%) with a
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range of 6.03% to 11.48% (4.67% t09.61%) by MIROCS5, and 19.15% (16.68%) with a range of
14.88% to 22.51% (12.85% to 20.45%) by HadGEM2-ES. Moreover, the rates of increase in
discharge were much higher during the pre-industrial period than during the historical
period, which closely followed the changes in precipitation.

Figure 5c—e present the future percentage changes in modeled discharge at the end
of 21st century from the HMs driven by all GCMs under all three RCP scenarios and
several patterns were observed. First, there was no huge difference in the change direction
in discharge among the four HMs forced by the same GCM, but the change direction
in discharge differed among the GCMs. Compared to the simulated discharge during
the reference period, the discharge was projected to increase from the HMs forced by
HadGEM2-ES and MIROCS5, while it was projected to decrease from those forced by GFDL-
ESM2M and IPSL-CM5A-LR under the RCP 2.6 and RCP 8.5 scenarios. According to RCP
4.5, the discharge was projected to increase from the HMs forced by all GCMs. Second,
similar to during the pre-industrial and historical periods, the projection increase rates
in discharge were less for the HMs forced by the IPSL-CM5A-LR and GFDL-ESM2M,
and higher for MIROC5 and HadGEM2-ES. For example, on average, the discharge was
projected to increase by 13.3% (11.6%), 16.7% (21.0%), and 17.5% (28.5%) for HadGEM2-
ES (MIROCS) under RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively. The increase
rate on average was 4.62% and 3.85% for GFDL-ESM2M and IPSL-CM5A-LR under the
RCP4.5 scenario, respectively. In general, the rates of increase in discharge were less under
the RCP 2.6 scenario, higher under the RCP 4.5 scenario, and much higher under the
RCP8.5 scenarios. Third, we can see the projection decrease rates were much less than the
projections increase rates. On average, the discharge was projected to decrease by —2.8%
(—1.4%) and —1.1% (—1.1%) for GFDL-ESM2M (IPSL-CM5A-LR) under the RCP2.6 and
RCP8.5 scenarios, respectively.
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Figure 4. Changes in mean temperature (°C) for the time of (a) 1771-1800, (b) 1871-1900, (c) 2070-
2099 under RCP2.5, (d) 2070-2099 under RCP4.5, and (e) 2070-2099 under RCP8.5 scenarios relative
to the reference period 1971-2000.
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Figure 5. Percentage changes in mean discharge (%) from each of the four hydrological models (HMs) forced by each four
GCMs during all time periods relative to the reference period.

According to the changes in precipitation and temperature, and discharge over the
UYRB, we noticed that a modest decrease in precipitation would probably lead to a greater
decrease in discharge. For example, a precipitation decrease of —0.5% with an increased
temperature of 1.2 °C as projected by GFDL-ESM2M at the end of the 21st century under
the RCP2.6 scenario was projected to decrease the discharge by —2.8% on average with
the inter-HMs ranges of —4.0% to —1.6%. This result has also been found in the upper
Colorado River Basin by Ficklin et al. (2013). We also found the increase in precipitation
does not always lead to the increase in discharge. As we can see a great increase in
precipitation always results in an increase in discharge. For example, the significant
increases in precipitation during all periods had a dominating effect on the increase in
discharge for MIROC5 and HadGEM2-ES simulation and projection. The slight increase in
precipitation as simulated by GFDL-ESM2M and IPSL-CM5A-LR during the pre-industrial
period and historical period would also lead to the slight increases in discharge, even
though mean temperature was simulated to decrease by these two GCMs. While, even with
the modest increase in precipitation projection, according to IPSL-CM5A-LR under the RCP
2.6 and RCP 8.5 scenarios and GFDL-ESM2M under the RCP 8.5 scenario, the decreases in
discharge were also projected. This could be caused by enhanced evaporation loss due to
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their high temperature projection rise. This implied that the modest precipitation increase
with great warming may reduce discharge in the future. Moreover, we also noticed that
the increase magnitudes in discharge were relative to changes in both precipitation and
temperature, but were more sensitive to changes in precipitation than to temperature. For
example, during all periods, the higher increase in discharge simulation and projection
for MIROC5 and HadGEM2-ES was very likely relative to the higher increase in their
precipitation simulation and projection, while the lesser increase in precipitation for GFDL-
ESM2M and IPSL-CM5A-LR maybe probably result in their lesser increase in discharge
(Figure 6). This result was also found over the Kuye River catchment of the Loess Plateau
by Wang et al. (2013). In general, we can see that the slight increase in precipitation with a
decrease in temperature, and a great increase in precipitation with a weak or great warming
would very likely lead to the increase in discharge, while the modest precipitation increase
with great warming maybe reduce discharge. In addition, the increase rate in discharge
was closely related to the increase magnitude in precipitation.
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Figure 6. Relationship between mean discharge change and precipitation change under all time periods.

3.4. Changes in Discharge Extremes

In addition to the changes in mean discharge, the changes in extreme flood events
with different return intervals were also explored in this study. The daily discharge
simulated by the each of the four HMs driven by the same GCM was average first for all
time periods, then the annual maxima discharge series was selected from these average
daily discharge series for each GCM. The flood frequency analysis was fitted to the annual
maxima discharge series to calculate the extreme flood events with different return intervals.
Table 3 presents the percentage changes of the extreme flood events with the return intervals
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of 5, 10, 20, 50, and 100 years during the pre-industrial period (1771-1800), historical period
(1871-1900), and future period (2070-2099) relative to the reference period (1971-2000).
It can be seen that although the increases in mean discharge were consistent for all four
GCMs during the pre-industrial period and historical period, the changes are different
among the four GCMs for the extreme flood events. The magnitude of the extreme events
were simulated to increase for MIROC5 and IPSL-CM5A-LR, and decrease slightly for
HadGEM2-ES and significantly for GFDL-ESM2M.

By the end of the 21st century, the extreme events are projected to increase for most
GCMs under the three RCP scenarios, and more increases are expected for more extreme
events, suggesting the flood events during the period of 2070-2099 under different RCP
scenarios will be more extreme than flood events during the 1971-2000 reference period.
Among the four GCMs, the projection increases in extreme flood events were much higher
for HadGEM2-ES and MIROC5 than GFDL-ESM2M and IPSL-CM5A-LR, which was similar
to mean discharge. Compared with mean discharge, the increase in extreme flood events
seemed to be with much greater magnitude. In general, the extreme flood events were
projected to become more severe by the end of the 21st century by most GCMs, with even
higher increasing rates for more extreme events, although the significant decrease in mean
discharge were found by two of the GCMs. This implies that change in mean discharge
was a poor predictor of changes in extreme flood events. Therefore, in order to explore the
impact of climate changes on hyrdrological cycles, it is necessary to explore the change in
both mean and extreme events, as we did in this study.

Table 3. Percentage changes (%) in extreme flood events with different return intervals for each of the four GCMs during all

time periods relative to reference period.

Return Period 2070-2099 2070-2099 2070-2099
GCMs (Years) 1771-1800 1871-1900 RCP2.6 RCP4.5 RCP8.5

5 25 15 8.7 142 13.6
10 ~13.0 —83 41 2.0 15.9
GFDL-ESM2M 20 ~20.0 ~15.1 0.9 —63 17.7
50 —26.7 217 21 —141 19.7
100 ~304 —255 —38 —185 21.0
5 112 1.9 24 13.9 118
10 119 26 ~16 228 13.1
IPSL-CM5A-LR 20 125 33 11 303 13.9
50 12.9 42 —05 385 145
100 13.2 49 —02 438 148
5 12,6 1.7 17.1 23.9 45.4
10 148 —0.8 21.0 257 542
HadGEM2-ES 20 17.4 26 25.1 277 62.3
50 21.2 —44 305 30.4 72.1
100 24.0 _55 34.4 325 79.0
5 77 146 17.6 324 54.3
10 7.0 23.0 25.1 337 55.0
MIROC5 20 6.3 305 32,0 342 54.6
50 5.6 39.3 40.4 341 53.3
100 5.0 453 46.2 338 52.0

4. Discussion

The YRB, the largest river in China and the third longest river in the world, has
experienced numerous destructive floods throughout history. Among the most recent
major flood events are those of 1870, 1931, 1954, 1998, and 2010, leading to high death
tolls and socioeconomic losses [49]. The 1998 China floods that lasted from the middle of
June to the beginning of September 1998 in China was one of the most costly flood events
worldwide, with 4150 dead, 15 million homeless, and $24 billion in economic loss [50].
In this flood, the area worst affected was the YRB, which suffered devastating social and
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economic losses. The floods over the YRB can be split into three general stages: The first
stage was beginning when the sustained heavy precipitation hit the middle and lower
YRB since mid-June and lasted for a period of about two weeks. After shifting to north
China, the rain belt eventually returned to the middle and lower YRB in mid-July again,
causing the second stage of the floods. Since August, the heavy rain belt shifted to the
UYRB and caused the final period of heavy precipitation, leading to a sudden sharp rise in
discharge over UYRB [51,52]. The peak discharge in August of 1998 at the Cuntan station
within UYRB was up to 58,500 m3 s~! according to the observed discharge from the China
Hydrological Year book—Yangtze.

In this study, we found that the magnitudes of extreme flood events at Cuntan station
were projected to increase during the period of 2070-2099 relative to the 1971-2000 reference
period under the three RCP scenarios, which implies a change in the frequency distribution
of the discharge at Cuntan station toward more extreme flood events by the end of the
21st century under a warmer climate. Therefore, here we were curious about how rare the
1998 flood was during the 1971-2000 reference period and in the future under the warmer
climate. This is very important for designing and planning for flood control measures and
flood risk management over UYRB. The return year of the peak discharge (58,500 m? s~1)
of the 1998 floods at Cuntan station was estimated for the 1971-2000 reference period and
2070-2099 future period under all three RCP scenarios, and the results are shown in Table
4. It can be seen that the return year of the 1998 flood event during the 1971-2000 reference
period was projected to become less by the end of 21st century under warmer climate,
which indicated that the 1998 flood event rarely occurred in the past will occur at a higher
rate in the future. For example, the return year of the 1998 flood event was about 155 year
and 510 year during 1971-2000 for HadGEM2-ES and MIROCS, respectively, which were
extremely shortened to less than 13 year and 21 year during 2070-2099 under all RCP
scenarios. The shortening of the return year of the 1998 flood event was also projected by
GFDL-ESM2M and IPSL-CM5A-LR.

Table 4. The return years of the 1998 peak flood discharge at Cuntan station within the UYRB for the
1971-2000 reference period and 2070-2099 under three RCP scenarios. The unit is year.

2070-2099 2070-2099 2070-2099
GCMs 1971-2000 RCP2.6 RCP4.5 RCP8.5
GFDL-ESM2M 10.5 5 39 45
IPSL-CM5A-LR 8.4 9.1 48 5.1
HadGEM2-ES 155.4 12.3 9.8 41
MIROCS 509.7 173 135 45

In general, with climate change, the severe flood events in the UYRB are becoming
more frequent and common in the future, implying much higher flood risks for the future.
Moreover, the Gross Domestic Product over the YRB, especially over the UYRB was also
projected to increase by end of 21st century [53]. Relying on the golden waterway of
the YRB, the Yangtze River Economic Zone has developed into one of the regions with
the strongest comprehensive strength in China, which would help promoting the further
development of China’s economy. This could lead to increase the risk of the severe floods
over UYRB. Thus, flood risk assessment and management should be taken to reduce the
potential impact of the flooding to promote social and economic sustainable development
over this region.

5. Conclusions

In this study, we examined in detail how precipitation and temperature changed
in the UYRB and their impacts on discharge at Cuntan station during the pre-industrial
period (1771-1800), historical period (1871-1900), and future period (2070-2099) under
RCP2.6, RCP4.5, and RCP8.5 scenarios relative to the reference period (1971-2000), using
four HMs and four GCMs from CMIP5. The results showed that mean temperature was
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simulated to change slightly during the pre-industrial and historical periods, and projected
to increase significantly in the future under the RCP2.6, RCP4.5, and RCP8.5 scenarios.
Mean annual precipitation for most GCMs was simulated and projected to increase for all
time periods. Moreover, the increase in precipitation and temperature was much higher in
the future than during the pre-industrial and historical periods, and the magnitude of the
increase was increasing with increasing greenhouse gas forcing from RCP2.6 to RCP8.5.
Our findings implied that there was a wetter and warmer trend in the UYRB by the end of
the 21st century.

In order to explore the impacts of climate change on discharge at Cuntan station within
UYRB, each of four calibrated and validated HMs (HBV, SWAT, SWIM, and VIC) forced by
the each of four GCMs were used to simulate and project the daily discharge during all time
periods. During the pre-industrial and historical periods, the slight precipitation increases
with weak warming or cooling translated to the slight increase in mean discharge for all
modelling results. However, the changes in the projected mean discharge varied with the
four GCMs in the future, with increases from HadGEM2-ES and MIROC5 and decreases
from GFDL-ESM2M and IPSL-CM5A-LR. The significant increases in mean discharge
from HadGEM2-ES and MIROCS5 were associated with their great increase in projected
precipitation. The decreases in mean discharge from GFDL-ESM2M and IPSL-CM5A-
LR were likely corresponding to the decrease in their projected precipitation or slight
increase in projected precipitation with great warming. In general, the GCM simulated and
projected changes in precipitation and temperature drive changes in discharge over UYRB.

The changes in extreme discharge with different return intervals of 5, 10, 20, 50, and
100 years were also examined in this study. The magnitude of the extreme flood events
were simulated and projected to increase for most models during all periods. Compared to
changes in mean discharge, the magnitude of increase in extreme events were much higher,
with even more increase for more extreme events. This implied the extreme flood events in
UYRB were becoming more intense in the future. The decreases in the return years of the
1998 flood peak discharge by the end of 21st century indicated that the severe flood events
in UYRB are becoming more frequent and common in the future with climate change. The
more intense and frequent extreme flood events are likely to impose greater risks to human
society, economy, and ecosystems.
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Abbreviations

The acronyms and abbreviations used throughout this article include the following;:

Upper Yangtze Basin: UYRB Yangtze River Basin: YRB
Hydrological model: HM Global climate model: GCM

China Meteorological Administration: CMA  Generalized Logistic distribution: GLO
Nash-Sutcliffe efficiency: NSE Percent bias: PBIAS

Coefficient of determination: R Multi-model ensemble mean: MME

Land use and land cover changes: LULCC
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