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Abstract Based on the historical and future outputs of 17 coupled model intercomparison
project phase 5 (CMIP5) models, simulation of the precipitation extremes in China was
evaluated under baseline climate condition compared to a gridded daily observation dataset
CNO5.1. The variations in precipitation extremes for eight global warming targets were
also projected. The 17 individual models and the multi-model ensemble accurately
reproduced the spatial distribution of precipitation extremes, although they were limited in
their ability to capture the temporal characteristics. A notable dry bias existed in Southeast
China, while a wet bias was present in North and Northwest China. The precipitation
extremes in China were projected to be more frequent and more intense as global tem-
perature rise reached the 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 °C warming targets. The
projected percentage changes in the annual number of days with precipitation >50 mm
(R50) and total precipitation during days in which the daily precipitation exceeds the 99th
percentile (R99p) are projected to increase by 25.81 and 69.14 % relative to the baseline
climate for a 1.5 °C warming target, and by 95.52 and 162.00 % for a 4.0 °C warming
target, respectively. As the global mean temperature rise increased from 1.5 to 5 °C, the
subregions considerably affected by the East Asian summer monsoon (e.g., Southwest
China, South China, and the Yangtze-Huai River Valley) were projected to experience a
more dramatic increase in extreme precipitation events, in both number of days and
intensity, while North and Northwest China were projected to suffer from relatively slight
increases. The model uncertainties in the projected precipitation extremes in China by 17
CMIP5 models increase as global temperature rise increases.
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1 Introduction

Global-scale warming has been determined to dominate climate change across the globe
over the past century (IPCC 2013). Globally averaged combined land and ocean surface
temperature data have indicated a warming trend of 0.85 (0.65-1.06) °C/decade from 1880
to 2012. In the Northern Hemisphere, it is likely that the period 1983-2012 was the
warmest 30-year period in the last 1400 years (IPCC 2013).

In recent decades, a large number of climate extremes (e.g., heat waves, drought,
extreme precipitation events) have been observed across the globe in conjunction with
global warming (WMO 2010). Changes in temperature yield variations in atmospheric
moisture, precipitation, and atmospheric circulation (O’Gorman and Schneider 2009).
Moisture-holding capacity has been shown to increase at a rate of 7 %/°C as temperature
rises, which further alters the precipitation extremes (e.g., amount, frequency, and inten-
sity) as well as the hydrological cycle (Trenberth et al. 2003; Haerter and Berg 2009). The
proportion of median intensity extreme precipitation events has been found to increase
with the growth of global mean near-surface temperature at a rate ranging from 5.9 to
7.7 %/K (Westra et al. 2013).

In spite of the reduction in annual total precipitation, extreme precipitation events
increased disproportionately over many mid-latitude regions compared to the mean change
between 1951 and 2003 (IPCC 2007). Based on a high-quality dataset derived from 8326
land-based observation stations, Westra et al. (2013) found that there were statistically
significant increases in annual maximum daily precipitation in almost two-thirds of stations
across the globe from 1900 to 2009.

Compared to mean precipitation, the variations in precipitation extremes attract much
more attention, especially extreme heavy precipitation events, as they and the subsequent
floods they produce often adversely impact human life and society (Aguilar et al. 2009). In
the last decade, numerous heavy precipitation events and floods have been observed around
the world (WMO 2010; Coumou and Rahmstorf 2012). Precipitation extremes were also
frequently observed across China and have had disastrous impacts in recent decades. In
1998, the entire Yangtze River area suffered from the largest flood event since 1954 due to
unusually high precipitation (670 mm) caused by a strong El Nifio event between June and
August (Yin and Li 2001). Approximately 233 million people were affected, and
approximately 4,970,000 houses were razed (Zong and Chen 2000). From July 21 to 22,
2012, Beijing, the capital of China, suffered from the largest flood event since 1954.
Approximately 86 % of the city received over 100 mm of precipitation. The heaviest rain
was observed in Fangshan District where precipitation reached approximately 460 mm
(Wang et al. 2013). This severe flood affected more than 1.6 million people and led to 79
natural hazard (e.g., lightning, landslides, drowning)-related deaths. In addition, 63 main
roads flooded, and almost 20,000 automobiles were immersed and bridges were broken
(Wang et al. 2013; Zhang et al. 2013b). This flooding resulted in enormous, direct eco-
nomic losses for China, losses that were estimated at around £12,815 million for the 1998
Yangtze River flood and over US $1.86 billion caused by the 2012 Beijing flood (Zong and
Chen 2000; Zhang et al. 2013b).
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In general, the changes in precipitation extremes coincide with a wetter climate (IPCC
2013). It is likely that both the frequency and amount of heavy rainfall will increase over
most regions of the globe in the twenty-first century (Field et al. 2012). Given China’s
vast territory and complex topography, climate extremes across the country vary with
spatiotemporal scale (Gao et al. 2008). Regional precipitation variability is one of the
major climatic characteristics associated with China (Qian and Lin 2005). Because it is
strongly affected by the East Asian Monsoon System, China is vulnerable to frequent
climatic hazards, especially floods caused by heavy rainfall. Thus, in this study, we will
investigate the variations in precipitation extremes over different subregions across China,
especially in the East Asian summer monsoon regions. Using 7 CMIP3 models, Jiang et al.
(2012) projected that precipitation extremes would be more frequent and intense across
China by the end of twenty-first century, with significant increases found primarily in the
middle and lower reaches of the Yangtze River, the Southeast coastal region, the west part
of Northwest China, and the Tibetan Plateau. In their study using 24 CMIP5 models, Zhou
et al. (2014) found that precipitation extremes evidenced disproportionately larger per-
centage increases compared to mean precipitation.

With the growing attention on climate change’s impacts on ecosystems, system vul-
nerabilities, and overall threats, restricting the global mean temperature rise to a safer level
has been a hot topic for policymakers from different nations. A 2 °C warming relative to
pre-industrial times was supported and accepted by many countries in a Conference of the
Parties (UNFCCC 2009; UNFCCC 2013) and has been commonly regarded as the most
essential target in climate policy negotiations (Tschackert 2015). However, there is still
considerable debate about whether temperature rise should be restricted below 1.5 °C or
2 °C. The demand for a 1.5 °C maximum warming target has primarily been supported by
the less developed and more vulnerable countries, as they would face more considerable
threats if temperature rise exceeds 2 °C (Kanitkar 2015). At the 21st Conference of the
Parties (COP21) held in Paris in December 2015, the goal to limit the warming target
below 1.5 °C was explicitly identified and included in the final accepted draft of the Paris
agreement (Kanitkar 2015). According to climate model projection results, the global mean
temperature rise is expected to reach the 4, 4.5, and 5 °C warming targets by the end of
twenty-first century (Zhang et al. 2013a; Guo et al. 2016). Thus, it is imperative that
researchers investigate the variation in precipitation extremes across China using these
higher warming targets. Guo et al. (2016) have shown that heat waves over China will be
more frequent, longer lasting, and more intense as the global warming target increases
from 1.5 to 5 °C. Future changes in precipitation events are more complicated than
changes in temperature (Luo et al. 2005). Using a high-resolution regional climate model
RegCM3, Lang and Sui (2013) found that the number of days where daily precipitation
was >10 mm/day and the maximum 5-day total precipitation for China would increase by
0.4 days and 5.1 mm for a 2 °C warming target with respect to the baseline period
(1986-2005). In the present study, 17 CMIP5 models are tested to explore the changes in
precipitation extremes across China to guarantee the confidence and reliability of the
projection results to a certain degree.

The purpose of this study is to explore the characteristics of changes in extreme heavy
precipitation events for eight global warming targets (1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0 °C), which will inform policymakers’ understanding of the potential impacts of climate
change, allow for the formation of appropriate adaptation strategies, and support an
agreement related to the international negotiations on climate change. Data and methods
are provided in Sect. 2. An evaluation of the precipitation extremes based on 17 CMIP5
climate models is in Sect. 3. In Sect. 4, the projected change in precipitation extremes
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across China and six subregions is displayed for eight warming targets using these models,
and an uncertainty analysis is performed. A discussion and conclusions are provided in
Sect. 5.

2 Data and methods
2.1 Model and observation dataset

The CMIP5 global climate models (GCMs) are very beneficial tools for analyzing climate
change. To better project precipitation extremes, 17 state-of-the-art CMIP5 GCMs are
adopted in this study. Each model is the most widely used and representative model within
its group. These models’ details are provided in Table 1.

The ability of these CMIP5 models to simulate precipitation extremes is assessed using
a daily gridded observation dataset CN05.1 (0.5° x 0.5°), which was established by the
China Meteorological Administration. This dataset was interpolated from 2416 observation
stations and covers the period 1961-2013 (Wu and Gao 2013). It has been widely used in
many studies of precipitation extremes across China (Gao et al. 2013; Ji and Kang 2015).

2.2 Analyzed time period and calculation method
2.2.1 Selection of the analyzed time period
The primary rainy season in Eastern China corresponds with the progress of the East Asian

summer monsoon (EASM), which is the most distinctive climatic feature in this region
(Zhai et al. 2005). The EASM generally develops from May to September and accounts for

Table 1 Details of the 17 CMIPS global climate models used in this research

Model Institute/country Resolution Historical period Future period
ACCESS1-0 CSIRO-BOM/Australia 192 x 145 1850-2005 2006-2100
BCC-CSM1-1 BCC/China 128 x 64 1850-2012 2006-2100
BNU-ESM GCESS/China 128 x 64 1850-2005 2006-2100
CanESM2 CCCMA/Canada 128 x 64 1850-2005 2006-2100
CCSM4 NCAR/America 288 x 192 1850-2005 2006-2100
CMCC-CM CMCC/Italy 480 x 240 1850-2005 2006-2100
CNRM-CMS5 CNRM-CERFACS/France 256 x 128 1850-2005 2006-2100
CSIRO-MK3.6.0 CSIRO-QCCCE/Australia 192 x 96 1850-2005 2006-2100
FGOALS-s2 LASG-CESS/China 128 x 60 1850-2005 2006-2100
GFDL-ESM2G NOAA GFDL/America 144 x 90 1861-2005 2006-2100
HadGEM2-ES MOHC/England 192 x 145 1860-2005 2006-2100
IPSL-CM5A-LR IPSL/France 96 x 96 1850-2005 2006-2100
MIROC-ESM-CHEM  MIROC/Japan 128 x 64 1850-2005 2006-2100
MIROCS5 MIROC/Japan 256 x 128 1850-2005 2006-2100
MPI-ESM-MR MPI-M/German 192 x 96 1850-2005 2006-2100
MRI-CGCM3 MRI/Japan 320 x 160 1850-2005 2006-2100
NorESM1-M NCC/Norway 144 x 96 1850-2005 2006-2100

@ Springer



Nat Hazards (2016) 84:2299-2319 2303

60-85 % of the total annual rainfall over most regions of China (Gao et al. 2008). Thus,
precipitation extremes are analyzed during the monsoon season (May—September) in this
study. The time period from 1971 to 2000 (total 30 years) has been adopted as the baseline
period, and the time period from 1861 to 1880 (total 20 years) has been selected to
represent the pre-industrial timeframe (Meehl et al. 2012). The reasons for choosing this
pre-industrial period are explicitly elucidated in Guo et al. (2016).

2.2.2 Calculation method

Based on previous research by Jiang and Fu (2012), the year at which the difference
between the global surface air temperature (SAT) series from 2006 to 2099 and the
globally averaged SAT of the pre-industrial time period reaches a specific warming target
is regarded as the median year for that target. The change in the extreme precipitation
index is calculated by subtracting the 9-year average of this index by that of the baseline
climate. The 9 years used for this average include the median year for which global mean
surface temperature crosses a given warming target, as well as the 4 years preceding and
following the median year. The multi-model ensemble (MME) was calculated using equal
weights.

2.3 Definition of extreme precipitation indices

A universally valid definition of extreme precipitation is difficult to provide because of the
diversity of climates across the globe (IPCC 2013). In general, most studies of global
precipitation extremes adopt the indices established by the Expert Team on Climate
Change Detection and Indices (ETCCDI). Heavy precipitation days (R10) and very heavy
precipitation days (R20) are two common indices used to demonstrate the frequency of
precipitation extremes (IPCC 2007, 2013). In China, precipitation is divided into the
following five categories: trace rain (0.1-1.0 mm/day), light rain (1.0-10 mm/day),
medium rain (10-25 mm/day), large rain (25-50 mm/day), and heavy rain (>50 mm/day);
these categories have been widely used in previous research across the country (Sun et al.
2007; Huang et al. 2013). In particular, heavy and severe rainstorms in China are tradi-
tionally defined as events with daily precipitation values greater than 25, 50, and 100 mm
(Domroes and Peng 1988; Zhai et al. 2005). In this study, we explore the more severe
precipitation extremes. Thus, the absolute thresholds of 25 mm/day and 50 mm/day are
chosen to define precipitation extremes in this work. R25 and R50 are defined as the
cumulative number of days during which daily precipitation exceeds the 25 mm and
50 mm, respectively (Table 2).

Furthermore, using the precipitation indices recommended by the ETCCDI, R95p and
R99p, which have been widely used in many studies, have been selected to represent the
intensity of these precipitation extremes (Table 2) (Klein Tank et al. 2006; You et al.
2011). By adopting a percentile threshold for this parameter, the effects caused by dif-
ferences in the mean climate state of precipitation between individual models can largely
be ignored.

Thus, four extreme precipitation indices have been adopted in this study to investigate
changes in the frequency and intensity of heavy rainfall in China. Detailed definitions of
these indices are described in Table 2.
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Table 2 Definitions of extreme precipitation indices used in this study

Extreme precipitation  Definition (unit)

indices

R25 The cumulative number of precipitation days during which daily precipitation
exceeds 25 mm per year (days)

R50 The cumulative number of precipitation days during which daily precipitation
exceeds 50 mm per year (days)

R95p The total amount of precipitation during days in which daily precipitation exceeds
the 95th percentile of the reference period 1971-2000 per year (mm)

R99p The total amount of precipitation during days in which daily precipitation exceeds

the 99th percentile of the reference period 1971-2000 per year (mm)

2.4 Division of six subregions in China

Climate extremes are largely affected by distinct topography (Zhai et al. 2005; Qian and
Lin 2005). Due to the effects of the East Asian monsoon system and varied topography in
China, the annual amounts of precipitation vary nationally from less than 25 mm in the
northwest to more than 2000 mm in the southeast (Zhai et al. 2005). To investigate the
characteristics of regional changes in precipitation extremes for eight warming targets, the
country has been divided into six subregions based on geographical conditions and climatic
features (Fig. 1). Detailed information regarding these six subregions is provided in
Table 3.

3 Evaluation of precipitation extremes in China simulated by 17 CMIP5
models

3.1 Evaluation of model-simulated temporal variability of precipitation
extremes

Compared to temperature extremes, precipitation extremes are more complex climate
events. It is much more difficult for climate models to simulate the features of precipitation

50°N - o / __.A

40°N + o Iv

30°N A

20°N A

75°E 90°E 105°E  120°E  135°E

Fig. 1 Map of China’s six geographical subregions
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Table 3 Details of six subregions in China

Subregion name Subregion number Latitude Longitude
South China (SC) I 20-27°N 105-120°E
Yangtze-Huai River Valley (YH) I 27-37°N 105-120°E
Northeast China (NEC) 11 37-55°N 105-135°E
Northwest China (NWC) v 37-47°N 75-105°E
Qinghai-Tibet region (QT) \Y% 27-37°N 75-105°E
Southwest China (SWC) VI 20-27°N 98-105°E

extremes (Jiang et al. 2012). As shown in Table 4, the observed linear trends for R25, R50,
R95p, and R99p in China from 1961 to 2005 are 0.06 days/10a, 0.05 days/10a, 2.50 mm/
10a, and 0.08 mm/10a, respectively, which indicates that heavy precipitation extremes
have slightly increased across China as a whole. However, the linear trends in these four
indices as simulated by the model ensemble are 0.02 days/10a, 0.01 days/10a, 1.28 mm/
10a, and —0.20 mm/10a, respectively. Although the MME generally captures the positive
trends in extreme heavy precipitation events, the values of the simulated trends are sig-
nificantly lower than those of the observed trends. In particular, the linear trends as sim-
ulated by individual models vary greatly. In total, 8, 7, 10, and 6 out of 17 models
simulated positive trends for the R25, R50, R95p, and R99p indices, respectively, which
are consistent with the observed positive trend.

In general, the CMIP5 models are limited in their ability to simulate the temporal
variability of extreme heavy precipitation events during 1961-2005, although half of these
models are able to simulate the observed positive trend.

3.2 Evaluation of model-simulated spatial features of precipitation extremes

The ability to simulate the spatial features of precipitation extremes varies from model to
model. As shown in Fig. 2, 11 models overestimate the R25 while 12 models underesti-
mate the R50. Eleven and 10 models simulate higher R95p and R99p, respectively,
compared with the observation data. The relative bias for R25, R50, R95p, and R99p
between the MME and the observation data is 16.9, —10.3, 8.4, and 4.3 %, respectively.
The model ensemble underestimates the total number of extreme precipitation days during
which daily precipitation exceeds 50 mm while other indices are overestimated. This

Table 4 Observed and simulated linear trends in four extreme precipitation indices for the 17 CMIP5
models and the MME from 1961 to 2005

Linear trend R25 (days/10a) RS0 (days/10a) R95p (mm/10a) R99p (mm/10a)
Ensemble (ranges of individual  0.02 (—0.27 0.01 (—0.08 1.28 (—4.38 —0.20 (—2.47

model simulations) to 0.21) to 0.11) to 8.05) to 3.36)
Observed value 0.06 0.05 2.50 0.08

The values in brackets indicate the ranges of simulated linear trends by the 17 individual models
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suggests that the CMIP5 models and the MME are still unable to adequately capture the
more severe heavy precipitation events.

The spatial correlation coefficients (SCCs) between individual models and the observed data
for the four extreme precipitation indices range from 0.06 t0 0.87,0.03 t0 0.75, 0.47 to 0.85, and
0.48 to 0.84, respectively. The SCCs for the model ensemble are 0.64, 0.58, 0.81, and 0.81,
respectively. The SCCs for extreme precipitation days between most of the models and the
observed data can exceed 0.4, with the SCC for the MME reaching 0.48. Itis noteworthy that 15
of the 17 SCCs exceeded 0.6 for both the R95p and R99p indices. In terms of the simulation
capacity of each model, of the 17 GCMs, HadGEM2-ES is best able to simulate the spatial
features of these four indices with a relative bias (SCC) of approximately 4.15 % (0.87),
—0.84 % (0.75),8.37 % (0.84), and 1.67 % (0.84) for R25, R50, R95p, and R99p, respectively.

In terms of the spatial distribution of precipitation extremes, the East Asia monsoon
rainfall was at a maximum in Southeast China and significantly decreased toward North
and Northwest China (Fig. 3), which is consistent with the results presented by Gao et al.
(2008). Compared to the observation dataset, the spatial distribution of precipitation
extremes simulated by the MME indicates a reduction in the spatial contrast over Southern
and Eastern China. The largest observed precipitation center is located in Guangdong and
Fujian provinces, the middle and lower reaches of the Yangtze River, the Southeastern
Tibetan Plateau, and the Sichuan basin, which is consistent with previous results (Zhai
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Fig. 2 Relative bias ((model-observation)/observation x 100) (unit: %) (red bars) and spatial correlation
coefficients (blue lines) between model simulations and observations during the baseline period
(1971-2000) for a R25, b R50, ¢ R95p, and d R99p
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et al. 2005; Gao et al. 2008; Li and Luo 2011). However, the ranges and magnitude of
strong precipitation events in the middle and lower reaches of the Yangtze River are poorly
represented by the MME because the spatial variations in this region are smoothed out
when the results of the 17 individual models are averaged. Additionally, the total number
of days during which the daily precipitation exceeds 50 mm annually is almost zero in
Northwest China, which indicates that heavy precipitation events are very rare in this vast
region (Zhai et al. 2005). As observed in Table 5, the nationally averaged extreme pre-
cipitation indices during the baseline period are adequately captured by the 17 individual
CMIPS5 models and the model ensemble.

The four extreme precipitation indices display similar spatial distribution patterns
related to bias (Fig. 4). There is a significant wet bias in the rainfall-deficient regions (e.g.,
Western and Northern China), while there is a large dry bias in the frequent rainfall regions
(e.g., the middle and lower reaches of the Yangtze River and Southeast China), which is
consistent with the results provided by Jiang et al. (2015). It is noteworthy that a strong
positive precipitation bias occurs along the southeastern edge of Tibetan Plateau, a finding
that is consistent with a number of previous results (Gao et al. 2008; Jiang et al.
2012, 2015). The model ensemble overestimates the R25, R50, R95p, and R99p indices
along the region from the southeastern edge of the Tibetan Plateau to Sichuan Province by
approximately 19.6 days/year, 6.1 days/year, 390.5 mm/year, and 103.1 mm/year, while it
underestimates the four indices in Guangdong Province and the middle-lower reaches of
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N S N — ]
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Fig. 3 Spatial distribution of extreme precipitation indices for a RSO_MME (unit: days), b R50_observation
(unit: days), ¢ R99p_MME (unit: mm), and d R99p_observation (unit: mm) during the baseline period
(1971-2000)
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Table 5 Observed and simulated nationally averaged extreme precipitation indices for the 17 CMIP5
models and the MME from 1971 to 2000

National averaged values R25 (days) R50 (days) R95p (mm) R99p (mm)

Ensemble (ranges of individual 3.2 (1.2-5.9) 0.4 (0.1-0.9) 154.5 (110.2-189.1) 44.1 (31.7-57.6)
model simulations)

Observed data 2.7 0.5 142.4 423

The values in brackets indicate the ranges of simulated indices for the 17 individual models

the Yangtze River by approximately 11.6 days/year, 4.8 days/year, 256.2 mm/year, and
95.4 mm/year, respectively. In general, compared to the observation data, most of the
individual models and the MME tend to simulate higher frequency and amount of extreme
precipitation in the arid regions, while they simulate less extreme precipitation in the
regions strongly influenced by the EASM.

The above analysis indicates that the 17 individual models and the MME can accurately
reproduce the spatial features of observed precipitation extremes in China, although they

are limited in their ability to capture temporal features.
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Fig. 4 Spatial distribution of bias (model ensemble simulation minus observation) for a R25 (unit: days),
b R50 (unit: days), ¢ R95p (unit: mm), and d R99p (unit: mm) during the baseline period (1971-2000)
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4 Projection of precipitation extremes in China for eight global warming
targets

4.1 Temporal evolution of precipitation extremes in China from 2006 to 2099

As shown in Fig. 5, the four nationally averaged extreme precipitation indices reveal
increasing trends for the period 2006-2099. These linear trends for the RCP8.5 scenario are
approximately 2-3 times as large as those for the RCP4.5 scenario (Fig. 5). The rate of
increase for the R25 (R95p) index is approximately 3 (1.5) times as large as that for the
R50 (R99p) index for the RCP8.5 scenario, which indicates that more daily precipitation
will exceed the lower criterion (e.g., 25 mm, 95th percentile). By 2099, the nationally
averaged R25, R50, R95p, and R99p values are projected to increase to approximately 3.9
(5.0) days, 0.7 (1.1) days, 215.0 (281.8) mm, and 95.2 (145.3) mm under the RCP4.5
(RCP8.5) scenario, respectively. Overall, these results indicate that extreme precipitation
events will be more frequent and more intense than at present under two RCP scenarios,
especially the RCP8.5 scenario, by the end of the twenty-first century.

4.2 Projected timings to reach eight warming targets using the 17 CMIPS
models

The median years in which the eight warming targets would be reached as determined by
the 17 CMIP5 models and the MME under the RCP4.5 and RCP8.5 scenarios are provided
in Fig. 6. Under the RCP8.5 scenario, as global temperature rise exceeds the warming
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Fig. 5 Temporal evolution of a R25 (unit: days), b R50 (unit: days), ¢ R95p (unit: mm), and d R99p (unit:
mm) simulated and projected by the MME during the 1961-2099 period and from the observation data for
1961-2005. The black line indicates the observation results, while the gray line indicates the historical
simulation results; the blue line indicates the projection results under the RCP4.5 scenario, while the red line
indicates the projection results under the RCP8.5 scenario. The shading indicates the range of simulation
results by 17 CMIP5 models. The brackets in the legend of each figure indicate the linear trends of the
precipitation index under the RCP4.5 and RCP8.5 scenarios during the 20062099 period

@ Springer



2310 Nat Hazards (2016) 84:2299-2319

target of 3.5 °C, the number of models able to project this rise in temperature decreases,
with 13, 12, and 7 models able to project a temperature increase of 4, 4.5, and 5 °C,
respectively. The specific warming target is crossed earlier for the RCP8.5 scenario than
the RCP4.5 scenario. For example, the median years projected by the MME under the
RCP4.5 (RCP8.5) scenario are 2027 (2024), 2047 (2038), and 2075 (2050) when global
temperature rise attains 1.5, 2.0, and 2.5 °C warming targets, respectively.

Because none of these models can simulate a temperature increase above 3 °C relative
to the pre-industrial period under the RCP4.5 scenario, the variation in precipitation
extremes will be explored for eight warming targets under the RCP8.5 scenario to
investigate these variations under higher warming targets (e.g., 3.5, 4, 4.5, and 5 °C).

4.3 Spatial distribution of precipitation extremes in China for the 2 °C global
warming target

The spatial distribution of variations in precipitation extremes by the MME for the 2 °C
warming target is given in Fig. 7. This distribution reveals similar spatial increase patterns
for all indices. When the global temperature rise reaches 2 °C, the projected increase
in nationally averaged R25, R50, R95p, and R99p indices values are approximately 0.45
(0.13-1.01) days/year, 0.17 (0.08-0.37) days/year, 42.00 (20.91-81.11) mm/year, and
38.34 (20.71-66.12) mm/year, respectively. In Eastern China, the largest increases in
frequency and amount of precipitation occur in South China and the Yangtze-Huai River
Valley, with increase values for the R25, R50, R95p, and R99p indices at approximately
1.5 days/year, 0.5 days/year, 70 mm/year, and 140 mm/year, respectively, relative to the
baseline climate data. In Western China, the four indices measured in Southwest China and
the Southeastern Tibetan Plateau show the clearest increase in precipitation, exceeding
2 days/year, 1 day/year, 200 mm/year, and 100 mm/year, with a significant strong rain
band extending from the Southern to Eastern Tibetan Plateau. In some regions of Western
China, particularly where rainfall occurs extremely rarely, the number of days during
which daily precipitation exceeds 25 mm or even 50 mm (i.e., R25, R50) are projected to
decrease.

4.4 Spatial distribution of precipitation extremes in China for eight global
warming targets

The spatial distributions of the variations in the R50 and R99p indices are provided in
Figs. 8 and 9. The precipitation extremes are projected to be more intense and more
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Fig. 6 Median years projected by the 17 CMIP5 models and the MME for eight global warming targets
(1.5,2.0,25,3.0,3.5,4.0,4.5, and 5.0 °C) under the a RCP4.5 and b RCP8.5 scenario. Black dots indicate
the MME results
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Fig. 7 Spatial distribution of variation in a R25 (unit: days), b R50 (unit: days), ¢ R95p (unit: mm), and
d R99p (unit: mm) projected by the MME for a 2 °C warming target under the RCP8.5 scenario (relative to
the baseline period 1971-2000)

frequent as the global mean temperature rise reaches the 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0 °C warming targets. In particular, those regions that are considerably affected by the
EASM and have more heavy precipitation events in the baseline climate period (e.g.,
Southwest China, South China, and the middle and lower reaches of the Yangtze River)
will suffer from even more severe precipitation extremes, in both number and intensity.
Both the increase in the frequency and amount of extreme precipitation contributes to the
increase in heavy rainfall in EASM-affected areas. Compared to these areas, the vast
region of North and Northwest China will experience lower increases in precipitation,
especially the number of days in which daily precipitation exceeds 50 mm.

In terms of the increase in value and rate of these four extreme precipitation indices
shown in Tables 6 and 7, R99p will increase by 69, 87, 110, 135, 158, 162, 185, and 209 %
for the 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 °C warming targets compared to the R99p of
44.1 mm/year in the baseline climate period, respectively, which indicates a gradually
increasing trend. The number of days during which daily precipitation exceeds 50 mm
(i.e., R50) are projected to exhibit increase at a greater rate than R25. For example, for the
1.5 °C warming target, the increase rates for R50 and R25 are approximately 25.81 and
8.14 %, respectively, with respect to the baseline climate. Similarly, R99p is projected to
increase at a greater rate than R95p. These results indicate that heavier precipitation will be
more frequent and intense as higher warming targets are crossed.
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Fig. 8 Spatial distribution of variation in R50 projected by the MME for global warming targets of
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Fig. 9 Spatial distribution of variation in R99p projected by the MME for global warming targets of
al.5°C,b20°C,c25°C,d3.0°C,e3.5°C,£4.0 °C,g4.5 °C, and h 5.0 °C under the RCP8.5 scenario
(relative to the baseline period 1971-2000) (unit: mm)

Table 6 Increase in value (IV) of four nationally averaged extreme precipitation indices projected by the
MME for eight warming targets under the RCP8.5 scenario (relative to the baseline period 1971-2000)

v 1.5 °C 2°C 2.5°C 3°C 3.5°C 4 °C 45 °C 5°C

R25 (days/year) 0.26 0.45 0.66 0.94 1.11 1.14 1.30 1.46
R50 (days/year) 0.11 0.17 0.23 0.31 0.37 0.40 0.47 0.52
R95p (mm/year) 30.41 42.00 56.64 73.49 86.19 88.34 99.63 113.95
R99p (mm/year) 30.51 38.34 48.47 59.46 69.58 71.59 81.41 92.29

4.5 Characteristics of variations in precipitation extremes for eight global
warming targets in six subregions

As the global mean temperature rise increases from 1.5 to 5 °C, the increase of R25, R50,
R95p, and R99p in all six of China’s subregions tends to increase (Fig. 10). Southwest
China exhibits the greatest increase in frequency and intensity of precipitation extremes,
while Northwest China experiences the smallest increase. For example, R99p increases by
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Table 7 Rate of increase (IR) (unit: %) for four nationally averaged extreme precipitation indices projected
by the MME for eight warming targets under the RCP8.5 scenario (relative to the baseline period
1971-2000)

IR (%) 1.5 °C 2°C 2.5°C 3°C 35°C 4°C 4.5 °C 5°C

R25 8.14 14.08 20.65 29.42 34.74 37.10 67.67 75.99
R50 25.81 39.89 53.97 72.74 86.82 95.52 109.41 121.05
R95p 19.69 27.19 36.67 47.57 55.80 57.23 85.31 97.57
R99p 69.14 86.89 109.85 134.75 157.69 162.00 184.52 209.18

Calculation used to determine the rate of increase in extreme precipitation indices
Increase rate for selected target

_ (Mean value of selected target — mean value of baseline climate data) % 100
- mean value of baseline climate data (1971 — 2000)

54.32 (10.88) mm/year for the 1.5 °C warming target and 150.85 (21.66) mm/year for the
4 °C warming target in Southwest China (Northwest China), with respect to the baseline
climate value of 60.80 (16.40) mm/year. Additionally, South China and the Yangtze-Huai
River Valley will also experience relatively large increases, with the increase in R99p of
each of these regions nearly double that of values in the Northeast China, where extreme
precipitation is projected to increase second least.

Overall, as the global temperature rise increases from 1.5 to 5 °C, the subregions that are
greatly affected by the EASM (e.g., Southwest China, South China, and the Yangtze-Huai
River Valley) will suffer from more extreme precipitation events with greater intensities. In
contrast, the subregions where low extreme precipitation was recorded in the baseline cli-
mate (e.g., Northwest China) will experience smaller increases in extreme precipitation.

4.6 Uncertainty analysis of the projected precipitation extremes in China
for eight global warming targets

The uncertainty values related to the projected precipitation extremes are provided by box
plots in Fig. 11. The uncertainty in the number of projected extreme precipitation days and
amount of precipitation by the 17 CMIP5 models will increase as global temperature rise
reaches the higher warming targets. For example, the projected change in R25 (R95p) in
China varies from —0.11 days/year (14.83 mm/year) to up to 0.64 days/year (54.57 mm/
year) for the 1.5 °C warming target while it varies from 0.33 days/year (45.44 mm/year)
up to 1.73 days/year (128.73 mm/year) for the 3.5 °C warming target.

The intermodel standard deviation (STD,;,) is a widely used indicator for quantifying
uncertainty (Li and Zhou 2010). As observed from Fig. 12, the STD,, of changes in R95p for
the 1.5 and 3.5 °C warming targets is much larger along the southeastern edge of the Tibetan
Plateau, Southwest China, South China, and the Yangtze-Huai River Valley compared to the
other regions. For example, the maximum STD,,, of R95p in South China (Qinghai-Tibet
region) increases from 96.5 (91.9) mm for the 1.5 °C warming target to 126.8 (252.3) mm for
the 3.5 °C warming target, which indicates that the uncertainty along the southeastern edge
of the Tibetan Plateau will increase more rapidly as the global warming target increases.
Compared to those regions with a relatively smaller increase in extreme precipitation (e.g.,
Northwest China), the larger uncertainty in the projected extreme precipitation values will
occur in those regions that experience greater increases in heavy precipitation events, which is
consistent with the results provided by Xu et al. (2015).
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Fig. 10 Increase in value (IV) for a R25 (unit: days), b RS0 (unit: days), ¢ R95p (unit: mm), and d R99p
(unit: mm) projected by the MME in six subregions for eight warming targets under the RCP8.5 scenario
(relative to the baseline period 1971-2000)
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Fig. 11 Changes in extreme precipitation days R25 and amounts R95p projected by the 17 CMIP5 models
and the MME for eight global warming targets under the RCP8.5 scenario relative to the baseline period
(1971-2000). For each box plot, the top and bottom bars outside the box indicate the maximum and
minimum extreme precipitation indices projected by the 17 CMIP5 models, respectively. The upper and
bottom edges of the box indicate the range of one standard deviation; the middle bar in the box represents
the median value, and the star in the box represents the MME result

5 Conclusion and discussion

In this study, the simulation capabilities of 17 CMIP5 global climate models and their
ensemble were investigated relative to an observed gridded daily dataset CNO5.1. Four
extreme precipitation indices were adopted to evaluate and project the spatiotemporal
features of extreme heavy precipitation events. The results show that these models and the
MME can readily capture observed spatial features of precipitation extremes in China
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Fig. 12 Spatial distribution of the intermodel standard deviation of changes in R95p projected by the 17
CMIP5 models for the a 1.5 °C and b 3.5 °C warming targets under the RCP8.5 scenario (unit: mm)

while they are limited in their ability to reproduce temporal features, which is consistent
with the results presented by Xu and Xu (2012). This indicates that the ability of these
CMIP5 models to simulate the temporal features of extreme precipitation has not obviously
improved. Second, as the global mean temperature rise increases from the 1.5 to 5.0 °C
warming target, extreme precipitation events in China will become more frequent and
more intense. The nationally averaged R25, R50, R95p, and R99p values will increase by
0.26 days/year (8.14 %), 0.11 days/year (25.81 %), 30.41 mm/year (19.69 %), and
30.51 mm/year (69.14 %) for the 1.5 °C warming target and by 1.14 days/year (37.10 %),
0.40 days/year (95.52 %), 88.34 mm/year (57.23 %), and 71.59 mm/year (162.00 %) for
the 4.0 °C warming target, respectively, compared with the baseline period (1971-2000)
values. Those subregions that are considerably affected by the EASM and experience
heavy precipitation events frequently in the baseline climate (e.g., Southwest China, South
China and the Yangtze-Huai River Valley) will suffer from an increased number of
extreme precipitation days with greater rainfall, while those subregions where extreme
precipitation is currently rare (e.g., Northwest China) will experience a relatively minor
increase in precipitation extremes; this is consistent with previous research (Zhang et al.
2006; Jiang et al. 2012; Xu et al. 2015).

Admittedly, the models’ ability to simulate extreme precipitation indices is lower than
their ability to simulate extreme temperature indices (Jiang et al. 2012). The model sim-
ulation results show that there is a large dry bias in Southeast China while there is a wet
bias in Northwest and North China. The system bias within GCMs and their ability to
simulate the features of extreme precipitation is closely related to the ability of the models
to simulate atmospheric circulation, such as the Northwest Pacific subtropical high (NPSH)
and southwesterly winds (Rajendran et al. 2004; Jiang et al. 2015). Moreover, the simu-
lation bias between GCMs and observation is also attributed to the coarse resolution of
global climate models. Regional climate models (RCMs) have finer resolutions and thus
are better able to capture the characteristics of climate extremes on a regional scale. Gao
et al. (2008) found that the regional climate model RegCM3, which is driven by a GCM,
better reproduces the features of precipitation extremes in China because it can capture
more detailed geographical features and large-scale precipitation patterns than the
underlying GCMs. Additionally, the RCM can effectively remove the false strong pre-
cipitation center simulated by the GCM along the southeastern edge of the Tibetan Plateau.
Similarly, RCMs with finer resolutions have been increasingly adopted to project the
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variations in future extreme precipitation in China (Zhang et al. 2006; Gao et al. 2008; Li
and Luo 2011; Gao et al. 2013). Xu et al. (2015) show that the range of uncertainty in
projected extreme climate variation in the eight subregions is much greater than that across
China as a whole. Thus, the RCMs are urgently needed to better project changes in extreme
precipitation at smaller regional scales in China.

In terms of projection results, in this study, the period 1861-1880 was selected to
represent the pre-industrial period. Because no instrumental data on global temperatures
exist prior to 1850, setting a different pre-industrial time period is scientifically supported
(Knutti et al. 2016). To determine the influence of the chosen pre-industrial period on the
projected timeframe, we selected three different pre-industrial time periods [1871-1880
(total 10 years), 1861-1890 (total 30 years), and 1861-1900 (total 40 years)] and calcu-
lated the median years for eight warming targets. The results show that the projected
median year for any specific warming target under the RCP8.5 scenario varies little (range
from 1 to 3 years) based on the three selected pre-industrial timeframes. For instance, as
the global mean temperature rise increases to 2 °C relative to the pre-industrial timeframe
1861-1880, 1861-1890, 1871-1890, and 1861-1900, the projected median years for the
warming target are 2038, 2037, 2037, and 2037, respectively.

The variations in precipitation extremes in China are known to differ based on the
models and precipitation indices used. However, in general, the increase in precipitation
extremes in China by the end of the twenty-first century is unquestionable (Luo et al. 2005;
Feng et al. 2011; Xu et al. 2015). Admittedly, the intermodel uncertainties of the projected
precipitation extremes are still large, especially in those regions where the EASM prevails
more, as presented in Sect. 4.6. To a large extent, these uncertainties are related to com-
plicated mechanisms responsible for the variation in extreme precipitation across China,
including atmospheric circulation anomalies (Gong and Ho 2002; Wang and Li 2005; Ding
et al. 2008; You et al. 2011), global warming (Li et al. 2011; Zhao et al. 2010), urban-
ization (Zhang et al. 2009; Miao et al. 2011), aerosols (Zhao et al. 2006), sea surface
temperature (Gong and Ho 2002; Zhou et al. 2008), land-use change (Gao et al.
2003, 2007), geographical features such as the Tibetan Plateau (Wang et al. 2008) at the
regional scale, and so on. The atmospheric circulation is undoubtedly one of the most
crucial causes of climate extremes. Changes in large-scale circulation, especially the
EASM system, are strongly associated with variations in extreme precipitation across
China, especially in those regions where the EASM predominates (Zhai et al. 2005; You
etal. 2011). After the 1970s (1983-2003), the weaker EASM triggered a change in extreme
precipitation in Eastern and Northern China as a result of its inability to penetrate into
those region (Xu et al. 2006). Based on the NCEP/NCAR reanalysis data, the strengthening
anticyclonic circulation across the Eurasian continent from 1961 to 2003 has facilitated
changes in climate extremes in China (You et al. 2011). In the context of global warming,
the EASM circulation patterns will strengthen and the unstable local atmospheric strati-
fication will increase, contributing to an increase in precipitation extremes in China by the
end of the twenty-first century (Chen 2013). Another large-scale circulation system, the
Northwest Pacific subtropical high (NPSH), which is much stronger during the
boreal summer, will significantly impact climate change in China during this period. To
examine the possible effects of the NPSH on variations in summer heavy rainfall events in
China, the temporal correlation coefficients between the extreme precipitation indices and
the NPSH indices were calculated for the summer season (June—August) from 1961 to
2005. This revealed that the precipitation extremes in the Yangtze-Huai River Valley
correlated most closely with the intensity and position of the NPSH. Taking R95p as an
example, the temporal correlation coefficients between the area, intensity, ridge line, and
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west-extending ridge point indices of the NPSH and R95p are 0.40, 0.38, —0.29, and
—0.26, respectively, all of which exceed the 90 % significant level. This indicates that the
intensification, southward and westward movements of the NPSH facilitate the strength-
ening of precipitation extremes in this subregion. According to the circulation analysis, it is
further understood that when the NPSH is stronger and its ridge point is located at 120°E,
the southwestern flow along the west segment of the NPSH can transport more moisture to
the Yangtze-Huai River Valley, which further promotes the occurrence of heavy rainfall
events in this region. That said, other factors (e.g., sea surface temperature, land use)
should be explored to elucidate the ocean—atmosphere and land-atmosphere feedback
mechanisms affecting the occurrence of precipitation extremes in these subregions.

The above analysis of the possible effects of the NPSH atmospheric circulation system
on the interannual variation of precipitation extremes is only based on the observation
dataset; however, additional research is necessary to investigate the relationship between
the precipitation extremes and possible causes in China utilizing model outputs. In addi-
tion, research into whether the above correlation would still be significant in the future
climate, as was observed in the historical climate, is needed and will help to elucidate the
mechanisms of precipitation extremes and further improve the models’ ability to simulate
and project this extreme in China.
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