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Abstract: Limiting the global temperature increase to a level that would prevent “dangerous
anthropogenic interference with the climate system” is the focus of intergovernmental climate
negotiations, and the cost-benefit analysis to determine this level requires an understanding of
how the risk associated with climate extremes varies with different warming levels. We examine
daily extreme temperature and precipitation variances with continuous global warming using a
non-stationary extreme value statistical model based on the Coupled Model Intercomparison Project
Phase 5 (CMIP5). Our results show the probability of extreme warm and heavy precipitation events
over East Asia (EA) will increase, while that of cold extremes over EA will decrease as global warming
increases. A present-day 1-in-20-year heavy precipitation extreme in EA is projected to increase to 1.3,
1.6, 2.5, and 3.4 times more frequently of the current climatology, at the global mean warming levels
of 1.5 ◦C, 2 ◦C, 3 ◦C, and 4 ◦C above the preindustrial era, respectively. Moreover, the relative changes
in probability are larger for rarer events. These results contribute to an improved understanding of
the future risk associated with climate extremes, which helps scientists create mitigation measures for
global warming and facilitates policy-making.

Keywords: climate extremes; projection; global warming; risk of climate change; generalized extreme
value (GEV) distribution

1. Introduction

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC), the global mean temperature increased by 0.85 ◦C (0.65–1.06 ◦C) over the period 1880–2012 [1].
Climate extremes are occurring more frequently in recent decades, with heightening global warming,
and these extremes have widespread influences both on the natural ecosystem and the human
society [2,3]. There is an increasing number of investigations into global [4–6] and regional [7–10]
climate extremes using a suite of extreme climate indices developed by the Expert Team on Climate
Change Detection and Indices (ETCCDI) [11]. Annual daily maximum (TXx), daily minimum (TNn)
temperatures and maximum 5-day precipitation (Rx5day) are among the most representative indicators
of climate extremes. There is a general agreement at the global level regarding the nature of the
observed and simulated changes in the three indicators despite some differences between observations
and simulations. This agreement provides a foundation for future projections.

Determined in the recent Paris Agreement, a limit of 2.0 ◦C is set on the increase in the global
mean temperature, and efforts are being made to limit the warming to 1.5 ◦C relative to preindustrial
levels [12,13]. Found in most past studies, the projected climate changes at a specific time in the future
is determined based on pre-set forcing scenarios (e.g., the Representative Concentration Pathway
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(RCP)) [14]. To contrast, the focus of the Paris Agreement and current intergovernmental mitigation
commitments is on global mean warming limits. It should be noted that global climate change may
lead to a series of variations in regional climate extremes, which has diverse impacts, and currently
there is no objective warming target that can really identify when the climate system can no longer
bear the risk of dangerous interference [1,2].

More recent studies have focused on changes in the risk of climate extremes under the 2.0 ◦C and
1.5 ◦C levels, and the benefits of limiting the increase in global mean temperature to 1.5 ◦C rather than
2.0 ◦C have been analyzed [9,15–17]. However, considering the thermal inertia and complexity of the
climate system, along with its carbon cycle feedback and radiative efficiencies [18], global warming may
reach a higher level than 2.0 ◦C. A rapid reduction in global greenhouse gas emissions is needed to reach
the 2.0/1.5 ◦C goals [19]. Therefore, studies of the risk of climate extremes at higher global temperatures
are needed. According to the Intended Nationally Determined Contributions (INDCs), to which
192 countries have contributed [20], if the current decarbonization rates remain relatively constant for
the period beyond 2030, which is consistent with the “continuing action” pathway discussed in Rogelj
et al. (2016) [21], CAT (2017) [22], and Wang et al. (2018) [23], by 2100, the global mean temperature
will be approximately 3 ◦C above the preindustrial level. Further, if global mitigation efforts are not
taken immediately, the projected global mean temperature increase could exceed 4 ◦C during the 21st
century [24,25] and have severely negative impacts on natural ecosystems and human society [3].

Linking regional-and national-scale global warming to specified limits on the global mean
temperature increase (global warming limits) would benefit the development and adaption of policy
related to climate negotiations [26]. A key issue is how changes in regional climate extremes
vary with continuous global warming. The focus of our study is to examine changes in annual
temperature and precipitation extremes over East Asia (EA) associated with continuous global
warming using a non-stationary extreme value statistical model and comprehensive dataset from
31 Global Climate Models (GCMs) from the Fifth Coupled Climate Model Intercomparison Project
(CMIP5) [27]. We compare the risks associated with temperature and precipitation extremes at different
warming limits, which provides a useful tool for policy adaption and design.

2. Data and Methods

2.1. Data Description

The simulated daily temperature and precipitation data from 31 GCMs from the CMIP5 [27] were
adopted for calculating the extreme temperature and precipitation indices (Table 1). These simulations
include both historical simulations (years 1860–2005) and future climate projections (years 2006–2100)
under the RCP 8.5 scenario [14]. Basic information about 31 GCMs is listed in Table S1. We selected only
the first run of the multi-ensemble models to ensure consistency. All model data were interpolated to a
common 1.5◦ × 1.5◦ horizontal grid using a bilinear interpolation algorithm from ensemble analysis.
We evaluated the model performance before projection research; while the general features of the
observed TXx, TNn, and Rx5day were reasonably reproduced by the model, mild biases were shown
(Figures S1 and S2).

Table 1. Definitions of extreme temperature and precipitation indices.

Name Definition (Unit)

TXx Annual maximum daily maximum temperature (◦C)
TNn Annual minimum daily minimum temperature (◦C)

Rx5day Annual maximum consecutive 5-day precipitation (mm)

2.2. Methodology

We follow the approach of Kharin et al. (2013) [28] therein for analysis of temperature and
precipitation extreme amounts in terms of return values of their annual extremes. Return value (RV) is
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determined as the quantiles of a Generalized Extreme Value (GEV) distribution. Annual temperature
and precipitation extreme data, which is a combination of the Historical simulations (1860–2005) and
the RCP8.5 simulations (2006–2100), were fitted to a GEV distribution. The cumulative distribution
function (CDF) of the GEV is given by:

F(x;µ, σ, ξ) =


exp

[
− exp

(
−

x−µ
σ

)]
, ξ = 0

exp
[
−

(
1 + ξ

x−µ
σ

)− 1
ξ

]
, ξ , 0, 1 + ξ

x−µ
σ > 0

(1)

where ξ is the shape parameter, µ is the location parameter, and σ is the (positive) scale parameter.
These parameters are estimated based on the method of maximum likelihood [28,29]. The fundamental
assumption in extreme event risk management is that there is a time-invariant probability distribution
( associated with each variable whose parameters can be estimated based on historical observations.
However, this assumption long has been compromised due to substantial changes in the climate
due to anthropogenic influences [30]. Significant linear trends in GEV parameters are observed in
almost all regions under most GCMs. A significant increase in location parameters is observed when
fitting both the temperature and precipitation extreme data. However, the change of scale parameter
of temperature extremes is not as remarkable as that of the precipitation extremes (Figures S3–S5).
Therefore, we propose a non-stationary GEV model for fitting temperature and precipitation extreme
data within the context of global warming. Comprehensively, we assume the location parameter (µ)
and the log of the scale parameter (log σ) linearly depend on the global mean warming relative to
preindustrial era (∆T) as follows:

µ∆T = µ0 + µ1∆T (2)

log σ∆T = log σ0 + σ1∆T (3)

The global mean temperature change in this study is defined relative to the preindustrial
period (1860–1880). Since we mainly focused on the relationship between the annual extremes and
the corresponding global warming conditions, the interannual variability of the climate system is
smoothed by a 21-year moving average when computing annual extremes and global mean temperature
changes (∆T), and similar approaches have been adopted in previous studies [16,31,32]. The intercept
coefficients (µ0 and σ0) and the constant shape parameter (ξ) determine the probability distribution of
the annual extremes for the preindustrial period (∆T = 0). The five parameters (µ0, µ1, σ0, σ1, and ξ)
are estimated for each GCMs at every grid point.

The rarity of climate extremes is characterized by the return period. Based on the GEV distributions
fitted by the data from the 31 CMIP5 model simulations, the changes in the RV for a given return
period, and the corresponding changes in the probability of climate extremes relative to a certain
warming level ∆T could be estimated. We defined ∆T = 1 ◦C as the representative of the present-day
climate (Figure S6) and evaluated changes in the annual temperature and precipitation extremes in a
warmer future (∆T = 1.5, 2, 3, and 4 ◦C).

To quantitatively express the probability that an extreme event will occur, we considered the
following risk ratio (RR):

RR =
P1

P0
(4)

where P0 is the probability of reaching a specific present-day intensity (e.g., the probability that an
extreme high temperature event will exceed a 20-year RV is 5%), P1 is the corresponding probability of
reaching this temperature intensity in future scenarios, and an RR > 1 indicates an increased risk of
extreme events. We first computed the RRs based on the GEV distributions of the individual model,
and then a multi-model ensemble median was adopted.
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3. Results

3.1. Changes in the Probability Distribution of Climate Extremes

Figure 1 displays the GEV distribution for the model grid box that contains Beijing, China
for the annual maximum temperature (TXx) at different global warming levels. We see that for
Beijing, the 20-year return value increases by approximately 0.7, 1.4, 2.8, and 4.2 ◦C above present-day
temperatures at the four global warming levels (corresponding to ∆T = 1.5, 2, 3, and 4 ◦C), respectively.
A warm temperature extreme exceeding the 20-year RV at current climatology occurs approximately
2.5 times more frequently (about once every 8 years) for the 1.5 ◦C global warming. and occurs
approximately 14 times more frequently for the 4 ◦C global warming.
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Figure 1. The probability density function (PDF, top) and cumulative distribution function (CDF,
bottom) for annual warm temperature extremes (TXx) for the grid box containing Beijing, China at
different global warming levels, based on Multi-model median. The PDFs and CDFs at the present-day
climate (black curves) and 1.5 ◦C (green), 2 ◦C (blue), 3 ◦C (orange), and 4 ◦C (red) global warming
levels are displayed. The vertical solid lines show the 20-year RV. Horizontal dashed lines indicate the
expected CDFs (return periods) at different warming levels for a current 1-in-20-year warm extreme
(Return period = 1

1 − CDF ).

Projected changes in the 20-year RV for TXx and TNn above those corresponding to the present-day
climate at different global warming levels are displayed in Figure 2. Generally, the magnitude of the
increase in the RV for the temperature extremes is larger than that of the mean state. Considerable
warming in TNn occurs in northern high latitudes, which presumably could be related to the retreating
snow cover under the global warming [6]. Unlike TNn, a greater uniformity in the warming of TXx is
expected over EA. The most pronounced warming in TXx in southern China may be related to the
precipitation deficits and soil-moisture feedbacks in the region [33]. The changes in the 20-year RV for
Rx5day are displayed in Figure 3. The RV for precipitation extremes continues to increase with global
warming with a relatively uniform increase in magnitude. Rx5day in EA increases with the availability
of moisture at a rate roughly close to the Clapeyron–Clausius rate of about 6–7%/◦C, which is consistent
with the thermodynamic principles based on previous research [34]. The more prominent growth of
Rx5day at the edge of the Tibetan Plateau may be related to topographical effects [35]. The spatial
pattern of the RV for the extremes does not vary for different RVs (e.g., a 1-in-50-year event) (Figures S7
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and S8). We noticed that the increase in the location parameter of the GEV largely determines warming
in the case of temperature and an increase in intensity in the case of precipitation.Water 2019, 11, x FOR PEER REVIEW 5 of 12 
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the present-day level.
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Figure 3. Multi-model median changes in the 20-year RV for annual 5-day precipitation extremes at
four global warming levels (∆T = 1.5 ◦C, 2 ◦C, 3 ◦C, and 4 ◦C) relative to the present-day level.

3.2. Risk Ratios at Different Warming Levels

Figure 4 displays the spatial patterns of the RRs for the warm (TXx) and cold (TNn) extremes
that exceed current 20-year RVs to those corresponding to the 1.5 ◦C, 2 ◦C, 3 ◦C, and 4 ◦C global
warming levels. The RR of warm extremes at higher warming levels is higher than 1 everywhere,
indicating more frequent occurrences of warm extremes above the current level (with higher values
in Japan and Western China). The regional average RRs for the 20-year warm extremes over EA are
2.8, 5.2, 10.6, and 14.9 at the four warming levels, indicating multiple occurrences of warm extremes
in the future. To contrast, the frequency of occurrence of cold extremes will decline. The RR for the
a current 1-in-20-year cold extreme at the higher warming level is less than 1 everywhere, with the
most significant decreases in the areas of northeastern China, the southern periphery of the Tibetan
Plateau, the Korean peninsula, and Japan. The regional average RRs for the 20-year cold extremes
over EA are 0.49, 0.25, 0.08, and 0.03 at the four warming levels, which corresponds to a decrease in
the risk of a cold extreme by more than half. The RRs for the heavy precipitation extremes (Rx5day)
are shown in Figure 5. The RRs for extreme precipitation events are generally lower than that for
extreme high temperature events. The largest increase in the RRs is in the Tibetan Plateau and its
periphery. The median RRs for 20-year heavy precipitation extremes over EA are 1.3, 1.6, 2.5, and 3.4,
at the four warming levels. The spatial patterns of the RRs for 1-in-50-year events are quite similar to
those for 1-in-20-year events (Figures S9 and S10). However, the magnitude of the changes in the RRs
for temperature and precipitation extremes that exceed current 50-year RVs at the same warming level
are significantly larger.
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accumulations that exceed current 20-year RVs.
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extremes. Based on a non-stationary extreme value statistical model, our results are valid over a 

global warming continuum (rather than being limited to a predetermined scenario or a few discrete 

Figure 5. Multi-model median RRs for precipitation extremes at four global warming levels (∆T = 1.5 ◦C,
2 ◦C, 3 ◦C, and 4 ◦C). The extremes are observed to be Rx5day accumulations that exceed current
20-year RVs.

The regional average RRs over EA for the extreme temperature and precipitation for different
frequencies at different warming levels compared with the present-day climatology are displayed in
Figure 6. The RR values vary for different event frequencies and different types of extremes.
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Figure 6. Regional average RRs for warm extremes (TXx), cold extremes (TNn), and heavy precipitation
extremes (Rx5day) over EA for different event probabilities (1.5 ◦C, 2 ◦C, 3 ◦C, and 4 ◦C global warming)
relative to event probabilities in the present-day climate at four global warming levels (∆T = 1.5 ◦C,
2 ◦C, 3 ◦C, and 4 ◦C). The lines and shades indicate multi-model medians and interquartile ranges,
respectively. Concerning results of the subregions, refer to Figure S11.

Accompanying the GEV distribution shift to the right (Figure 1), the relative changes in the
occurrence probability are larger for the rarer events. This means larger RRs for warm and heavy
precipitation extremes with longer return periods (TXx and Rx5day), and smaller RRs for cold extremes
(TNn) with longer return periods. The multi-model spreads of RR values increase with an increase
in the global warming level, indicating increasing uncertainty. Further considering the sensitivity of
the magnitude of the increase in the relative frequency (RR values) of events of different frequency to
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the enhancement of global warming, a greater increase in the relative frequency for rarer events is
observed in Figure 6.

4. Discussion

Global temperature targets (e.g., 2.0/1.5 ◦C) are the focus of intergovernmental climate negotiations.
Understanding the connection between regional climate change and global temperature targets is
important for policy makers and the public, as it increases the understanding of climate change
issues among non-professionals. Our results show a significant increase in the probability and
intensity of regional extreme temperature and precipitation events with continuous global warming.
Stipulating that global warming is limited to lower levels, the EA region is projected to benefit from
robust reductions in exposure to dangerous temperature and precipitation extremes. Based on a
non-stationary extreme value statistical model, our results are valid over a global warming continuum
(rather than being limited to a predetermined scenario or a few discrete temperature targets, as in
previous studies), which provides richer information for climate policy making.

Earlier studies mainly focus on the trends and/or spatial patterns of extreme climate changes at
several certain thresholds, but it remains unclear that how climate extremes vary with continuous
global warming. It is reported that some extreme climate indices are linearly correlated with global
temperature changes [26,36], which is consistent with our use of a non-stationary GEV distribution.
It is noticed that linear relationships are meaningful only when the associated projection uncertainties
remain within reasonable bounds. Some abrupt changes in the climate system may occur due to
’tipping points’ [37] and lead to nonlinear changes in regional temperature and precipitation. Therefore,
the limitations of linear assumption need to be highlighted in applications.

The risk results form a complex confluence of factors, including exposure and vulnerability [38–40].
Nevertheless, a simple framework that compares only the probabilities of temperature and precipitation
extremes associated with different warming levels (called “risk ratios” in our study and other similar
studies) may be useful [41]. This is because its simplicity allows for explicit assumptions and provides
a starting point for advanced approaches [42]. The changes in the magnitude of RRs estimated by our
study should be accurate if we assume that the consequences of the climate extremes do not change
with global warming.

5. Conclusions

We investigated the changes in temperature and precipitation extremes with respect to continuous
global warming over East Asia and estimated the probabilities of those extreme events with different
frequencies. We used a non-stationary GEV distribution approach and data from an ensemble of Global
Climate Models (GCMs) from the Fifth Coupled Climate Model Intercomparison Project (CMIP5).
The main findings are summarized as follows:

(1) There will be a significant increase in warm (TXx) and heavy precipitation (Rx5day) extremes—but
a significant decrease in cold (TNn) extremes—in a warmer climate with the GEV distribution
shift to the right.

(2) Significantly larger changes in the probabilities of the extreme events will be seen with higher
global warming levels. The probability that a warm extreme exceeding the 20-year RV of current
climate conditions over EA is projected to increase to 2.8, 5.2, 10.6, and 14.9 times the present-day
value at the 1.5 ◦C, 2 ◦C, 3 ◦C, and 4 ◦C warming levels, respectively. The probability that
extreme heavy precipitation with the same frequency over EA is projected to increase to 1.3,
1.6, 2.5, and 3.4 times the present-day value at the above four warming levels, respectively.
The probability that a cold extreme with same frequency over EA is projected to decrease to 0.49,
0.25, 0.08, and 0.03 times the present-day value at the above four warming levels, respectively.
Moreover, the relative changes in the probability are larger for rarer events.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/12/2535/s1,
Table S1: basic information of 31 Global Climate Models (GCMs) from the Coupled Model Intercomparison Project
Phase 5 (CMIP5), Figure S1: the time series of regional average TXx, TNn and Rx5day over East Asia and the four
subregions, a comparison of observed data and CMIP5 simulated data. Blue solid lines indicate the observed time
series and blue dashed lines denote linear trends. Black lines and shades indicate the simulated time series of
multi-model median and interquartile range, respectively, and linear trends of the multi-model median are shown
in black dashed lines correspondingly. Only the common parts of the OBS and MME series are adopted to estimate
linear trends, Figure S2: the spatial patterns of present climatology of annual mean precipitation, Rx5day, and
CDD over East Asia (EA), based on observed (OBS) data and multi-model ensemble median (MME) from CMIP5,
Figure S3: the regional average of the location parameter (µ) and the log of the scale parameter (logσ) over EA,
fitted to simulated TXx (a), TNn (b), and Rx5day (c) of 31 individual CMIP5 models (in different color lines), with
corresponding global mean warming. Figure S4 corresponds to Figure S3, but for region means of four subregions.
Figure S5: The number of GCMs with statistically significant results (based on Student’s t test, α = 0.05) in fitting
results of Generalized Extreme Value distribution (GEV) parameter, Figure S6: the multi-model median 20- and
50-year return valves (RVs) of annual warm and cold temperature extremes as well as annual 5-day precipitation
extremes, at present-day climate. Figure S7 corresponds to Figure 2, but for changes in 50-year RVs of annual
warm and cold temperature extremes. Figure S8 corresponds to Figure 3, but for changes in 50-year RVs of annual
5-day precipitation extremes. Figure S9 corresponds to Figure 4, but for extremes defined as accumulations that
exceed current 50-year RVs. Figure S10 corresponds to Figure 5, but for extremes defined as accumulations that
exceed current 50-year RVs. Figure S11 corresponds to Figure 6, but for regional averages of four subregions.
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