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Abstract: It is indisputable that global warming has triggered more frequent extreme weather and
in turn led to severe flood disasters. To understand the trend of extreme rainfall under 1.5 °C and
2 °C warming, we investigated the historical variation and future trends in extreme rainfall for the
Huai River basin, which has frequently been hit by floods, using recorded meteorological data and a
projection of five General Circulation Models in the Coupled Model Intercomparison Project 6. We
used the years 1995-2014 as the baseline period to study the temporal and spatial changes in extreme
rainfall under 1.5 °C and 2.0 °C warming scenarios. The results indicated that (1) temperatures in the
Huai River basin have risen significantly from 1995 to 2014, but there are insignificant variation trends
in annual precipitation (AP), intensive precipitation (R95P), maximum daily precipitation (Rx1d)
and heavy rain days (Rr50) during the same time span. (2) From 2015 to 2100, both temperature
and extreme rainfall indices show increase trends, with a higher rate of increase under a higher
emission scenario. (3) Under the warming scenario of 1.5 °C, AP, R95P, Rx1d and Rr50 in the basin
will likely increase by 4.6%, 5.7%, 6.2% and 13.4%, respectively, compared with that in the baseline
period. Under the warming scenario of 2.0 °C, AP, R95P, Rx1d and Rr50 will probably increase by
7.3%,7.4%, 10.9% and 19.0%, respectively. (4) Spatially, the changes in extreme rainfall indices under
the warming scenarios of 1.5 °C and 2.0 °C generally tend to increase from north to south. Higher
intensity extreme rainfall will likely extend to the whole of the Huai River basin. It is therefore
essential to study adaptive measures to cope with flooding in the Huai River basin induced by the

increase in future rainfall extremes.
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1. Introduction

To some extent, extreme weather has an effect on socioeconomics [1]. As the planet
has warmed, the frequency and intensity of extreme climatic events have been largely on
the rise since the middle of the 20th century [2—4]. Extreme rainfall has been one of the
main hazard sources, usually resulting in severe basin floods; moreover, it has a major
impact on socioeconomic development [5]. During 17-23 July 2021, an extremely heavy
rainstorm occurred in the Henan province with the storm center in the city of Zhengzhou.
Over 200 mm fell in one 24-h period at Zhengzhou station, leading to huge economic
loss and many deaths [6]. According to the annual report issued in 2022 by the Ministry
of Emergency Management (MEM) of China, high-intensity rainfall over China in 2021
was 6% above the multiple-year average from 1961 to 2021. The direct economic losses
induced by extreme rainfall amounted to about 245.89-billion-yuan, accounting for more
than 70% of the total direct economic losses induced by natural hazards [7]. Climatic
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extremes will likely increase in the future according to the GCMs (General Circulation
Models) projections [2,3]. It is therefore of significance to study the historical variation in
extreme rainfall and its future trend to support flood control and guarantee sustainable
socioeconomic development.

As a major driver of basin floods, extreme rainfall generally tends to increase in
frequency and intensity in the context of global warming. Zhang et al. (2012) analyzed the
variation in extreme rainfall in the Xinjiang Uyghur autonomous region during 1961-2010
by using 14 rainfall indices and found that variability in extreme rainfall tended to increase
for more than 50 rainfall gauges [8]. Song et al. (2018) constructed an extreme rainfall
series for meteorological stations in Beijing using the annual maximum value method and
the threshold method. The constructed series exhibited an increasing trend both in the
frequency and intensity of extreme rainfall [9]. Major rivers and most provinces in China
have been hit by rainfall storms in recent decades. Wang et al. (2017) reported that the
rainfall intensity of most rainfall gauges in the Huai River basin tended to increase during
1960-2014, particularly after 2000 [10]. However, the maximum 5-day precipitation, wet
days and consecutive wet days decreased significantly from 1960 to 2010 for most part of the
Huang-Huai-Hai Rivers [11]. Statistical results indicated that both the annual precipitation
and extreme rainfall over China exhibited an increasing trend during the past 60 years [12].
However, the occurrence of extreme rainfall events showed a significant difference in terms
of spatial distribution, not only in China but also in the other countries of the world [13-16].
The average rainfall for a large area cannot completely represent the characteristics of
small-scale regional rainfall storms, thus the features of regional rainstorms have attracted
much attention. During mid-July to August in 2021, high intensity rainfall occurred in
Jincheng County in Shanxi province, Sui county in Hubei province, and Lantian county in
Shaanxi province, leading to a severe flash flood and landslides [7]. Extreme rainfall is one
of the causes of natural hazards and huge economic and human losses, hence the critical
importance to understand its past and future changes.

Global Circulation Models are currently the most powerful tools to project future
climate change [17-19]. Fu et al. (2008) investigated Decadal climatic variability, trends,
and future scenarios for the north China plain by using multi-GCM outputs from the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) and found
the north China plain will probably undergo warm and dry climate in the future with a
higher intensity extreme rainfall occurring regionally [20]. The projections of GCMs for the
Hai River basin indicated that the frequency of extreme precipitation events has an increase
trend under A1B and A2 scenarios [21]. By using CMIP5 (Coupled Model Intercomparison
Project 5) models, Chen et al. (2013) projected a change in extreme rainfall events in China
by the end of the 21st century. It was found that the number of days and the intensity of
medium rain, large rain and heavy rain will likely increase [22]. Gao et al. (2012) evaluated
the reliability of a GCMs in climate change simulation over East Asia. Validation of each
simulation and the ensemble average showed good performances of GCMs in reproducing
mean temperature and precipitation of the present period of 1981-2000 [23]. However,
uncertainty still exists in rainfall projections. It also found the largest uncertainties in
precipitation projection are in eastern China during the summer season. Quartile Analysis
is a commonly used approach in dealing with uncertainty in GCMs projections [24,25].

Global warming by 1.5 and 2 °C is a global concern. The increase in temperature has
already resulted in profound alterations to human and natural systems, bringing increases
in extreme weather, droughts and floods [2,26]. Global warming by 1.5 °C might have
irrecoverable effects on the natural system, while 1.5 °C global warming will probably cause
an unprecedented risk to vulnerable population and areas [27,28]. To mitigate and reduce
its potential effects, the Paris Agreement under the United Nations Framework Convention
on Climate Change (UNFCCC) was adopted by 196 Parties at COP 21 in Paris [29]. The
goal of the Paris Agreement is to pursue efforts to limit global warming to well below 2 °C,
preferably to 1.5 °C, compared to pre-industrial levels. The effects of 1.5 and 2 °C global
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warming have been attracted broad attentions from not only government officials but also
scientific communities [30-32].

The Huai River basin is one of the seven major rivers in China, situated in the tran-
sitional climate zone from arid climate in North China to humid climate in South China,
where it is highly influenced by the Eastern Asia Monsoon. The river basin is densely
populated, with a population density of over 600 persons per square kilometers, which
is approximately 5 times the China average. Meanwhile, The Huai River supports over
17% of crop productivity of China. In recent decades, floods induced by extreme rainfall
have been increasing in the Huai River basin, severely threatening food security in China
and the safety of the local people. Although there are numerous studies available in the
literature on climate change impact to the Huai River basin [33-35], previous studies mainly
focus on water resources, with the used climate scenarios being issued in IPCC-TAR (Third
Assessment Report), IPCC-AR4 (Fourth Assessment Report), and IPCC-ARS5 (Fifth Assess-
ment Report). There are only a few studies on the change in rainfall extremes under the
newly issued SSPs scenarios, which can directly link with local communities. It is therefore
critical and essential to understand variation trends of rainfall extremes in the Huai River
basin under the newly issued scenarios for the planning of effective flood control of the
Huai River. With multiple CMIP6-GCM projections, the main objectives of the study are to
investigate changes in extreme rainfall for the basin under 1.5 and 2 °C global warming.
The expected results could provide scientific support for the planning of flood control
and adaptation to climate change in the Huai River. The paper is presented as follows:
Section 2 introduces the study catchment and the methods used; Section 3 presents the
results in detail; Section 4 discusses the findings of the study, followed by a summary and
conclusions in Section 5.

2. Data Sources and Methodology
2.1. Study Catchment

The Huai River basin is located in eastern China, between the Yangtze River basin and
the Yellow River basin, with a drainage area of approximately 270,000 km?. The Huai River
flows from west to east and runs across Henan, Anhui, Jiangsu and Shandong provinces,
with a temperate monsoon climate in the northern part and subtropical monsoon climate
in the southern part. The annual mean temperature ranges from 11 °C to 16 °C, decreasing
spatially from south to north. The monthly average temperature peaks in July at about
25 °C and reaches a low of below 0 °C in January. The multiple-year average annual
precipitation is about 920 mm and decreases from north to south. The precipitation in
summer accounts for more than half of the annual precipitation.

2.2. Data Sources

Daily precipitation and temperature readings from 1995 to 2014 gauged at 177 mete-
orological stations were collected to analyze the historical variation in climatic variables.
The major river system and locations of rain gauges in the basin are shown in Figure 1.

There are tens of GCMs available in CIMP5 and CMIP6. Previous studies indicate that
five GCMs (CanESM5, CNRM-ESM2-1, IPSL-CM6A-LR, MIROC6 and MRI-ESM2-0) are
reasonably suitable for China, especially for the eastern part [28,32]. Thus, projections of
the five GCMs from CMIP6 were employed to investigate future trends of temperature and
rainfall. The time spans of historical simulation and future projection under the multiple
future emission scenarios of the five GCMs are 1995-2014 and 2015-2100, respectively.
The general information of the five GCMs is shown in Table 1. In this study, the GCMs
projections under the four Shared Socioeconomic Pathways (SSPs) scenarios were used
to investigate future changes in climatic variables. SSPs is a newly launched scenario
for climate change research that combines pathways of future radiative forcing and their
associated climate changes with alternative pathways of socioeconomic development. The
four adopted scenarios of SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 represent the low
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forcing scenario, medium radiative forcing scenario, medium and high radiative forcing
scenario and high forcing scenario, respectively.
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Figure 1. Major river system and locations of meteorological stations in the Huai River basin.

Table 1. General information of 5 GCMs in CMIP6.

Model Name Research Institutions Ol‘lgln:’:l ! Downsca.llng
Resolution Resolution
CanESM5 Canadian Center for Climate Modeling and Analysis, Canada 2.8° x 2.8° 0.5° x 0.5°
CNRM-ESM2-1 Centre National de Recherches Météorologiques, France 1.4° x 1.4° 0.5° x 0.5°
IPSL-CM6A-LR Institute Pierre Simon Laplace, France 2.5° x 1.2676° 0.5° x 0.5°
MIROC6 Japan Agency for Marine-Earth Science and Technology, Japan 1.4063° x 1.4° 0.5° x 0.5°
MRI-ESM2-0 Meteorological Research Institute, Japan 1.125° x 1.12° 0.5° x 0.5°

2.3. Methods
2.3.1. Mann—Kendall Test

The Mann-Kendall nonparametric trend test (M-K method) is a commonly used
method to detect the variation trend of a time series [36,37]. The method is based on an
assumption of stability of a time series and does not require the samples to follow a certain
statistical distribution. It is therefore suitable for hydro-meteorological series and has been
widely used in climate sciences. Suppose {x1, X2, X3, ... , Xn} is an independent random
time series, then the M—K statistic UF can be defined and calculated as follows:

n=1 n
P = Y sgn(xj—x;) 1)
i=1 j=i+1
E(p) = "= 1) @
var(P) = n(n— 1;§2n +5) 3)
UF — P—E(P) @)
var(P)

where, 1 is the length of the time series, Sgn is a symbolic function, x; and x; are the
measured values at the year i and j, respectively.

The statistic UF approximately follows a standard normal distribution. A positive
value indicates an increasing trend, and a negative value indicates a decreasing trend.
Given a significance level «, if |UF| > |Ux |, then a significant variation trend is detectable.
UF is & 1.96 at the significance level of 0.05.
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2.3.2. Theil Sen Slope Calculation

The Theil Sen Slope is a nonparametric estimation method based on median estimation
of a series trend. This method calculates the Kendall slope value 3 to determine the variation
trend of a time series [37]. The positive  indicates an increasing trend, while the negative
(3 indicates a decreasing trend. A higher absolute value of f means a greater increasing or
decreasing trend of a series.

X; — Xj . .
=7 j<i 5)

B = Median
where, Median represents median function, x; and x; represent series sample values at i and
j, respectively. The i and j are the order number of the series with 1 <i < j < n.

2.3.3. Extreme Rainfall Index

Drawing on the extreme climate indices recommended by the World Meteorological
Organization, four extreme rainfall indices were selected to measure the climatic extremes
of the Huai River basin, covering annual precipitation (AP), intensive precipitation (R95P),
maximum daily precipitation (Rx1d) and heavy rain days (Rr50). These four indices reflect
extreme rainfall situations at different time scales and have been widely applied to China,
Asia, and throughout the world [38—41]. The definition of the four extreme rainfall indices
is given in Table 2. AP indicates the climatic situation at an annual scale, while the other
three indices closely link to regional floods.

Table 2. Definition of extreme rainfall indices.

Name Definition Unit

AP Sum of annual daily precipitation mm
R95P Total precipitation with daily precipitation > 95% quantile value mm
Rx1d Maximum daily precipitation in a year mm
Rr50 Days with daily precipitation > 50 mm in a year day

3. Results
3.1. Historical Variation and Future Trend of Temperature

Using the recorded temperature in the Huai River basin and the projected temperatures
under different future climate scenarios, the basin average annual temperatures from 1995
to 2100 are shown in Figure 2. Trend rates and M—K statistics of the recorded temperature
series from 1995 to 2014 and the ensemble mean temperature series from 2015 to 2100 were
estimated by the Theil Sen Slope estimation and Mann—Kendall test (Table 3).
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Figure 2. Historical variation and projection trend of temperature under SSPs scenarios
(a to d represent SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 respectively) for the Huai River basin (the
blue solid line and the orange solid line are the recorded annual value and the ensemble mean of five
GCMs projections, the grey area is the variation range of five GCMs projections, same to Figures 3-6).
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Figure 3. Historical variation and projection trend of AP under SSPs scenarios (a to d represent
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 respectively) for the Huai River basin (same to Figure 2).
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Figure 4. Historical variation and projection trend of R95P under SSPs scenarios (a to d represent
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 respectively) for the Huai River basin (same to Figure 2).

300 300

(a): SSP1-2.6 (b): SSP2-4.5

0 S S S S S R 0
1995 2015 2035 2055 2075 2095 1995 2015 2035 2055 2075 2095
00 0

(c): SSP3-7.0 359 | (@SSPS5

1995 2015 2035 2055 2075 2095 1995 2015 2035 2055 2075 2095

Figure 5. Historical variation and projection trend of Rx1d under SSPs scenarios (a to d represent
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 respectively) for the Huai River basin (same to Figure 2).
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Figure 6. Historical variation and projection trend of Rr50 under SSPs scenarios (a to d represent
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 respectively) for the Huai River basin (same to Figure 2).

Table 3. The tested results of temperature variation trend under different scenario for the Huai River basin.

Scenarios Time Span Tendency Rate (°C/10a) M-K Statistics
Observed 1995-2014 0.20 2.04
Historical simulation 1995-2014 0.26 3.70
SSP1-2.6 2015-2100 0.14 6.20
SSP2-4.5 2015-2100 0.30 11.04
SSP3-7.0 2015-2100 0.50 12.07
SSP5-8.5 2015-2100 0.67 12.63

Figure 2 and Table 3 show that (1) the recorded temperature falls in the range of
CMIP6 multi-model simulations and matches well with the ensemble mean of multiple
GCM simulations. Statistical results indicate that the average simulated and recorded
temperatures are 14.77 °C and 14.70 °C, respectively, with a relative error of 2.7%. It shows
that the CMIP6 multi-model has a good performance on the temperature simulation of
the Huai River basin. (2) During the period of 1995-2014, the observed and simulated
temperature presented a rising trend of 0.20 °C/10a and 0.26 °C/10a, respectively. The M-K
values of the simulated and observed annual temperature series are 3.7 and 2.04, which are
higher than the threshold value of 1.96 at the confidence level of 0.05, indicating a significant
rising trend in annual temperature. (3) From 2015 to 2100, the annual temperature exhibited
significant rising trends for all four scenarios, with linear increasing rates of 0.14 °C/10a,
0.30 °C/10a, 0.50 °C/10a and 0.67 °C/10a under the SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5 scenarios, respectively. It can also be found that the annual temperature under the
SSP1-2.6 scenario will reach a peak of around 2060 and then stabilize around 15-17 °C. The
temperature trends under the SSP3-7.0 and SSP5-8.5 scenarios are much higher than those
in the baseline period of 1995-2014.

3.2. Historical Variation and Future Trends of Rainfall Extremes

The four extreme rainfall indices were calculated using the recorded daily rainfall and
the downscaled daily rainfall based on the five GCM projections. Historical and future
variations in extreme rainfall indices in the Huai River basin are shown in Figures 3-6. The
trend diagnosis results are given in Table 4.
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Table 4. Tendency rate and M-K statistics of extreme rainfall index under SSPs scenarios in the Huai

River basin.
§ AP R95P Rx1d Rr50
Scenarios Time Span
mm-a—1/— mm-a—1/— mm-a—1/— d-(10a)~1/—

Observed 1995-2014 -1.02/-045 -1.07/-058 —-0.33/-0.52 —0.05/-0.45
Historical 19952014 1.33/026  —1.04/-058 —0.78/-025 —0.14/—1.10
simulation

SSP1-2.6 2015-2100 0.97/2.92 0.44/2.61 0.04/0.74 0.03/2.25

SSP2-4.5 2015-2100 1.00/4.59 0.66/3.60 0.06/2.73 0.04/2.50

SSP3-7.0 2015-2100 1.45/2.91 0.54/2.88 0.12/1.37 0.04/2.58

SSP5-8.5 2015-2100 2.10/5.64 1.10/5.41 0.23/4.69 0.07/4.23

Note: the first and the second figures denote tendency rate and M-K statistics for each extreme rainfall index.

Figures 3-6 show that (1) during 19952014, the four extreme rainfall indices derived
from CMIP6 multi-GCM simulation data fit the recorded data well, while the observed
values of Rx1d and Rr50 are slightly larger than the simulated values for some years.
(2) The four extreme rainfall indices present an insignificant decreasing trend over 1995-
2014. The trends of the four extreme rainfall indices derived from CMIP6 simulations are
generally consistent with that derived from the observed data, with the exception of AP.
The observed AP presents an insignificant decreasing trend of —1.02 mm/a, while the
ensemble mean of AP derived from simulations exhibits an insignificant increasing trend of
1.33 mm/a. (3) Since the absolute values of the Mann—Kendall values of the four extreme
rainfall indices during 1995-2014 are less than the threshold value of 1.96, the extreme
rainfall indices show an insignificant variation trend in historical period of 1995-2014.
(4) During 2015-2100, all four extreme rainfall indices present increasing trends with a
large variability in the far future. The Mann-Kendall test results indicate that AP, R95P, and
Rr50 exhibit significant increasing trends under all four scenarios. Rx1d presents significant
increasing trends under SSP2-4.5 and SSP5-8.5, while it has insignificant increasing trends
under SSP1-2.6 and SSP3-7.0. (5) The growth rates of all four extreme rainfall indices are
highest under SSP5-8.5, followed by SSP3-7.0 and SSP2-4.5, and the lowest in SSP1-2.6.
Under the scenario of SSP1-2.6, the growth rates of AP, R95P, Rx1d and Rr50 are 0.97 mm/a,
0.44 mm/a, 0.04 mm/a, and 0.03 d/10a, respectively, while they are 2.10 mm/a, 1.10 mm/a,
0.23 mm/a, and 0.037/10a under SSP5-8.5.

In general, the multiple CMIP6 GCM simulations match well with the recorded
extreme rainfall in the Huai River basin. In the historical period of 1995-2014, the extreme
rainfall indices have insignificant decreasing trends. In the period of 2015-2100, the extreme
rainfall indices show a significant increasing trend with the exception of Rx1d under SSP1-
2.6 and SSP3-7.0. The growth rate is higher in higher emission scenarios, e.g., SSP5-8.5
than that in the lower emission scenarios, e.g., SSP1-2.6. As rainfall extremes are main
drivers of floods in the Huai River basin, increases in the projected rainfall extremes mean
flood issues in the Huai River will likely be aggravated in the context of global warming,
particularly under the higher emission scenarios. It is essential to find an adaptive solution
for guarantying the flood security of the Huai River basin.

3.3. Changes in Extreme Rainfall Indices under 1.5 °C and 2 °C Global Warming
3.3.1. Determination of Time Spans for 1.5 °C and 2.0 °C Global Warming

According to the sixth assessment report of the IPCC, the global temperature during
2011-2020 has risen by 1.09 °C [3] compared with the global average temperature before
the Industrial Revolution (1850-1900). If global temperatures continue to rise by 0.41 °C
and 0.91 °C on this basis, the global temperature rise will reach 1.5 °C and 2.0 °C.

In this study, we used the temperature projections of GCMs under different emission
scenarios to detect the year global warming reached 1.5 °C and 2.0 °C by searching for a
0.41 °C and 0.91 °C increase in the 20-year moving average temperature relative to that
in 2001-2020. Taking the detected year as the central point, the previous and subsequent
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10 years of the central point are combined and taken as the time span of 1.5 °C and 2.0 °C
global warming. The detected time spans of 1.5 °C and 2.0 °C global warming are given in
Table 5.

Table 5. Time spans of 1.5 °C and 2.0 °C global warming under SSPs emission scenarios.

GCMs Emission Scenarios 1.5 °C Global Warming 2 °C Global Warming

SSP1-2.6 2024-2043 2037-2056
SSP2-4.5 2024-2043 2035-2054
CanESM5 SSP3-7.0 2024-2043 2034-2053
SSP5-8.5 2023-2042 2033-2052

SSP1-2.6 2038-2057 /
CNRM-ESM2- SSP2-4.5 2028-2047 2046-2065
1 SSP3-7.0 2027-2046 2043-2062
SSP5-8.5 2023-2042 2036-2055
SSP1-2.6 2020-2039 2039-2058
IPSL-CMG6A- SSP2-4.5 2019-2038 2034-2053
LR SSP3-7.0 2020-2039 2035-2054
SSP5-8.5 2019-2038 2035-2054

SSP1-2.6 2054-2073 /
SSP2-4.5 2037-2056 2064-2083
MIROC6 SSP3-7.0 2034-2053 20502069
SSP5-8.5 2031-2050 2044-2063

SSP1-2.6 2020-2039 /
SSP2-4.5 2021-2040 2040-2059
MRI-ESM2-0 SSP3-7.0 2022-2041 2036-2055
SSP5-8.5 2017-2036 2029-2048

Table 5 shows that the detected target global warming spans are associated with GCMs
and emission scenarios. The likely time spans of 1.5 °C and 2.0 °C global warming are in
the 2030s and 2050s. Under the higher emission scenario, e.g., SSP5-8.5, the time span of
target global warming will occur several years earlier than that under the lower emission
scenarios. It is also found that global temperature rises were projected by CNRM-ESM2-1,
MIROC6 and MRI-ESM2-0 to be under 2 °C if the SSP1-2.6 emission scenario occurred,
which means the goal of limiting global warming in the Paris Agreement will probably be
reached under the lower emission scenario of SSP1-2.6.

3.3.2. Changes in Extreme Rainfall Indices

Based on the recorded daily rainfall in 1995-2014 and the downscaled daily rainfall in
time spans of 1.5 °C and 2.0 °C global warming, four extreme rainfall indices (AP, R95P,
Rx1d, and Rr50) in the Huai River basin were calculated. Quartile analyses of the four
extreme rainfall indices are shown in Figure 7 based on multiple GCM projections under
different scenarios. Taking 1995-2014 as the baseline period, changes in extreme rainfall
indices of the Huai River basin over the time spans of 1.5 °C and 2.0 °C global warming
were investigated and appear in Figure 8.
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Figure 7. Quartile analysis on extreme rainfall indices in baseline period and time spans of 1.5 °C
and 2 °C global warming (a to d represent scenarios of SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5
respectively) (a—d).
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Figure 8. Relative changes in extreme rainfall indices under 1.5 °C and 2.0 °C global warming relative

to baseline.

Figures 7 and 8 indicate that (1) in general, the four extreme rainfall indices in the
time spans of 1.5 °C and 2.0 °C global warming are larger than that in the baseline period,
although uncertainty still exists in the projected values. (2) Under the 1.5 °C global warming,
AP, R95P, and Rx1d increase from 891.4 mm, 406.0 mm, and 60.2 mm in the baseline period
to 932.0 mm, 428.9 mm, and 63.9 mm, with relative increases of 4.6%, 5.7% and 6.2%;
meanwhile, Rr50 increases from 0.91 days in the baseline period to 1.03 days, with an
increase of 13.4%. (3) Under the 2.0 °C global warming, AP, R95P, and Rx1d increase
to 956.0 mm, 436.0 mm, and 66.7 mm, with relative increases of 7.3%, 7.4%, and 10.9%,
respectively; Rr50 increases to 1.08 days, with an increase of 19.0%. (4) Relative to baseline,
the increase rates of all four extreme rainfall indices under 2.0 °C global warming are higher
than those under 1.5 °C global warming, which implies that flood risk will likely increase
due to global warming.

3.4. Spatial Patterns of Changes in Extreme Rainfall Indices

Figure 9 shows the spatial distributions of changes in extreme rainfall indices relative
to the baseline of 1995-2014, based on the ensemble mean of four extreme rainfall indices
calculated by five GCM projections under the scenarios of 1.5 °C and 2.0 °C global warming,.
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Figure 9. Spatial distribution of changes in AP (a,b), R95P (c,d), Rx1d (e,f), and Rr50 (g,h) for the
Huai River basin under 1.5 °C and 2.0 °C global warming scenarios (left: changes under 1.5 °C global
warming with the number of a, ¢, e, and g from top to bottom; right: changes under 2.0 °C global
warming with the number of b, d, f, and h from top to bottom).

The AP over the Huai River basin decreases roughly from south to north. The AP in
the south of Anhui is more than 1400 mm, while that in the north of Shandong is about
600 mm. Figure 9a shows that (1) compared with the baseline of 1995-2014, changes in
AP under the 2.0 °C warming scenario are higher than those under the 1.5 °C warming
scenario over the Huai River basin. The spatial patterns of changes in AP under the 1.5 °C
and 2.0 °C warming scenarios are similar. (2) Under the 1.5 °C warming scenario, the
eastern part of the Huai River basin shows the lowest change in AP of about 20 mm, and
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changes in AP in Shandong province and northern part of Anhui province are higher than
those in other areas. (3) Under the 2.0 °C warming scenario, changes in AP tend to decrease
from west to east, with the highest change of over 80 mm occurring in the west of Henan
province and the lowest change in AP of 10-20 mm in the east of the Huai River basin.

Throughout the basin, the R95P decreases from southeast to northeast, with the largest
value of about 500 mm in the east of Jiangsu and the south of Anhui province, and the
lowest value of about 300 mm in the north of Henan and the west of Shandong. It can
be seen from Figure 9b that (1) under the 1.5 °C warming scenario, the changes in R95P
decrease from north to south and from west to east, with the largest changes of more than
30 mm occurring in the northern part of the Huai River basin and the lowest changes of less
than 10 mm in the eastern part of the basin. (2) In general, the spatial pattern of changes in
RI95P under the 2.0 °C warming scenario are similar to those under the 1.5 °C warming
scenario, with the highest change of more than 40 mm occurring in the northeast part of
the basin, and the slightest changes of less than 10 mm occurring in the eastern region of
the Huai River basin. (3) Changes in R95P under the 2.0 °C warming scenario are 5-10 mm
higher than those under the 1.5 °C warming scenario for most regions of the Huai River
basin, with an exception of some regions in Shandong province.

The Rx1d over the Huai River basin decreases from east to west, with the largest
Rx1d of about 80 mm in the east of Jiangsu province. Figure 9c indicates that (1) under the
1.5 °C warming scenario, changes in Rx1d over the Huai River basin decrease from north
to south, with the largest change of over 5 mm in Shandong and part of Anhui province,
and a negative change of about —3 mm in the southeastern and southwestern parts of the
Huai River basin. This suggests that flood risk in some regions of Jiangsu, Henan and the
south of Anhui might decrease due to global warming and that in Shandong province will
probably be aggravated. (2) Under the 2.0 °C warming scenario, the Rx1d in the north
of Jiangsu has the largest increase of more than 15 mm, followed by the west of Anhui
province and the southeast of the Henan province, with an increase of about 5-10 mm,
while the west of Shandong province and Jiangsu province show the lowest change in Rx1d.
(3) Changes in Rx1d under the 2.0 °C warming scenario are higher than those under the
1.5 °C warming scenario for most areas, with the highest increase of >5 mm occurring in
the south and east of the river basin, except for some parts of western Shandong province.

Spatially, the Rr50 over the Huai River basin decreases from southeast to northwest,
with the highest of about 2 d occurring in the east of Jiangsu and the lowest of about
0.6 d occurring in Anhui, Henan and the west of Shandong province. It can be seen from
Figure 9d that (1) under the 1.5 °C warming scenario, changes in Rr50 tend to decrease from
north to south with the largest increase of about 0.2 d occurring in the central and north
of the basin. In the south of Anhui and Jiangsu provinces, changes in Rr50 are negative,
which shows Rr50 under the 1.5 °C warming scenario being less than that in the baseline.
(2) Under the 2.0 °C warming scenario, the east of Shandong province shows the largest
increase in Rr50 of more than 0.4 d, while that in the middle and northern parts of the Huai
River basin show an increase of 0.1-0.3 d. For the south of Jiangsu province, Rr50 under
the 2.0 °C warming scenario is likely less than that in the baseline period.

During the past period, storm days in the south and southeast of the Huai River basin
are higher than that in the other areas of the basin, indicating a higher flood pressure in
this area. However, under global warming, the increase in storm days in the northern part
of the Huai River basin is higher than the other areas, which indicates that north Jiangsu
and south Shandong in the Huai River basin will probably face a higher pressure of flood
threat than before. The flood threat will likely cover the whole Huai River basin under 1.5
and 2.0 °C global warming. Flood control will not only focus on the local scale, but also
extend to the whole Huai River basin.
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4. Discussion
4.1. Extreme Rainfall Indices

The Huai River basin is situated in a transitional climatic zone, from the arid climate of
North China to the humid climate of South China, in which the climate is highly influenced
by Asian Monsoon. More than 70% of precipitation is concentrated in the flood season
from June to September, with the most of high intensity rainstorms usually occurring in
this period. As a result, the river basin is frequently hit by extraordinary floods induced by
extreme rainstorms [42], thus leading to huge economic losses. Changes in extreme rainfall
have therefore attracted attention from the central government and local communities.

According to the definition of extreme rainfall (https:/ /public.wmo.int/en/resources/
standards-technical-regulations, accessed on 23 January 2022), there are many extreme rain-
fall indices used in the literature [43-46]. However, annual precipitation, total precipitation
with daily precipitation > 95% quantile value, maximum daily precipitation in a year, and
rain days with daily precipitation > 50 mm are the most effective indices linked with river
basin floods directly. These indices have been widely applied to investigate changes in
rainfall extremes in China, as well as in the other countries of the world [8-11,24,47]. We
therefore employed the four extreme rainfall indices to detect the variation trend of climatic
extremes in the Huai River basin.

4.2. GCMs Projections and Uncertainty

In order to investigate future climate change and its potential effects, GCMs are
believed to be the most powerful tool to project the future climate [17,18]. However, not
all GCMs can be used for a specific area because different GCMs have different regional
suitability [19,48]. It is of critical importance to select suitable GCMs to study river basins.
Wang et al. (2016) and Su et al. (2020) evaluated the suitability of CMIP5-GCMs and
CMIP6-GCMs, and ranked the performance of multiple GCMs that have been applied to
China [28,32]. The evaluation results suggested that the GCMs used in this study are more
suitable to east of China than other GCMs. Even though the selected GCMs have good
suitability to the Huai River basin, Uncertainty is still a big issue in climate change studies
as different GCMs project different results, particularly for rainfall [49-51].

IPCC issued three scenarios of SRES (Special Report on Emissions Scenarios), RCPs
(Representative Concentration Pathways), and SSPs (Shared Socioeconomic Pathways)
which have been used for climate projection [52,53]. Most of previous studies of climate
change and its impact mainly focus on future variation trends of temperature, precipitation
and water resources [54-56]. Both this study and previous studies indicate temperature
over the Huai River will continue to rise significantly, while precipitation was projected
to increase for most of GCMs. Moreover, there exists a difference in the magnitude of
projections of temperature and precipitation, even if the same GCMs were adopted. The
use of multiple GCMs projections rather a single one is encouraged for the purpose of
eliminating uncertainty in climate change studies [40,57]. Quartile analysis and ensemble
mean could provide much more useful information for decision making based on multiple
projection members [58,59] and was therefore adopted in this study.

4.3. Historical and Future Trend in Extreme Rainfall Indices

IPCC-reported extreme events will likely increase with global warming [2,3,39]. In-
creases in extreme rainfall have also been observed in most areas of China [8,11,12]. The
observation of rainfall and its extremes in the Huai River was also detected to increase in
most previous studies [10,42,60]. However, variation in extreme rainfall indices was de-
tected to decrease insignificantly in this study, although temperature maintained a constant
rising trend in a same time span. Compared with previous studies, tendency detection of
extreme rainfall indices in this study is based on a data series from 1995 to 2014, which is
much shorter than that in previous studies. The short data series used is the reason for the
difference in trend detection results. Moreover, we compared the mean value of extreme
rainfall indices from 1995 to 2014 with those in previous studies, in which a longer data
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series starting from 1960 was used [60,61], and found the mean values in this study are
higher than that in previous studies, which could illustrate a detectable increase in extreme
rainfall indices if a longer data series is adopted, and imply consistency in this study and
previous studies.

Most previous studies on future extreme rainfall projections were based on scenarios
of SRES and RCPs [21,33,34,62], and the projected extreme rainfall will likely increase in
the coming decades, which is consistent with this study, although there exists a difference
in magnitude of rainfall change. Global warming by 1.5 °C and 2.0 °C are two targets of
global communities to limit global temperature rise. Although there are numerous studies
on 1.5 °C and 2.0 °C global warming and its impacts [28,30-32], there are few studies
that focus on the change in extreme rainfall over the Huai River basin under 1.5 °C and
2.0 °C warming. Our study shows that extreme rainfall would likely experience a certain
increase, even if the increase in global surface temperature was limited to below 1.5 °C
and 2.0 °C. Moreover, extreme rainfall will likely extend to a larger scale area, even to
the whole Huai River basin. To cope with such a situation, particularly flooding induced
by changes in extreme rainfall, both structural measures (e.g., reservoirs and detention
zone construction) and non-structural measures (e.g., building early warning and flood
forecasting systems) have been suggested for use in the planning of flood control and Huai
River basin management.

5. Conclusions

This study analyzed the historical variation of four extreme rainfall indices during the
baseline period of 1995-2014 and investigated the changes in these indices under 1.5 °C
and 2.0 °C, relative to that in baseline. We concluded that:

(1) During the baseline period, temperature over the Huai River basin presented a sig-
nificant rising trend, while the four extreme rainfall indices exhibited insignificant
decreasing trends. From 2015 to 2100, temperature will likely continue to rise signifi-
cantly, and the extreme rainfall indices were projected to increase significantly under
all four future climates scenarios, with the exception of Rx1d under scenarios SSP1-2.6
and SSP3-7.0.

(2) The time spans of 1.5 °C and 2.0 °C global warming will likely occur in the 2030s and
2050s. In comparison with the baseline period, AP, R95P, Rx1d and Rr50 over the Huai
River basin will likely increase by 4.6%, 5.7%, 6.2% and 13.4% under the warming
scenario of 1.5 °C, while they will probably increase by 7.3%, 7.4%, 10.9% and 19.0%,
respectively, under 2.0 °C global warming,.

(38) The spatial patterns of changes in extreme rainfall i under the 1.5 °C and 2.0 °C
warming scenarios are generally similar. For all four extreme rainfall indices, changes
tend to decrease from north to south and from west to east, which means flood risk
induced by global warming will probably extend to the whole Huai River basin.

Global warming is evident during the last few decades. Although the great efforts
made globally might mitigate climate change to some extent, global surface temperature,
as well as climate extremes, will likely continue to increase in the coming decades. It is
therefore essential to adapt to climate change, particularly for areas sensitive and vulnerable
to climate change, such as the Huai River basin.
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