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Abstract

Atmospheric warming results in increase in temperatures for the mean, the coldest, and
the hottest day of the year, season, or month. Global warming leads to a large increase
in the atmospheric water vapor content and to changes in the hydrological cycle, which
include an intensification of precipitation extremes. Using the GISS-E2.1 climate model,
we present the future changes in the coldest and hottest daily temperatures as well as in
extreme precipitation indices (under four main Shared Socioeconomic Pathways (SSPs)).
The increase in the wet-day precipitation ranges between 6% and 15% per 1 ◦C global
surface temperature warming. Scaling of the 95th percentile versus the total precipitation
showed that the sensitivity for the extreme precipitation to the warming is about 10 times
stronger than that for the mean total precipitation. For six precipitation extreme indices
(Total Precipitation, R95p, RX5day, R10mm, SDII, and CDD), the histograms of probability
density functions become flatter, with reduced peaks and increased spread for the global
mean compared to the historical period of 1850–2014. The mean values shift to the right
end (toward larger precipitation and intensity). The higher the GHG emission of the SSP
scenario, the more significant the increase in the index change. We found an intensification
of precipitation over the globe but large uncertainties remained regionally and at different
scales, especially for extremes. Over land, there is a strong increase in precipitation for the
wettest day in all seasons over the mid and high latitudes of the Northern Hemisphere.
There is an enlargement of the drying patterns in the subtropics including over large regions
around Mediterranean, southern Africa, and western Eurasia. For the continental averages,
the reduction in total precipitation was found for South America, Europe, Africa, and
Australia, and there is an increase in total precipitation over North America, Asia, and the
continental Russian Arctic. Over the continental Russian Arctic, there is an increase in all
precipitation extremes and a consistent decrease in CDD for all SSP scenarios, with the
maximum increase of more than 90% for R95p and R10 mm observed under SSP5–8.5.

Keywords: warming scenarios; global and regional changes; temperature extremes;
precipitation extremes; temperature and precipitation indices

1. Introduction
Climate change includes not only changes in the mean climate but also an increase

in the occurrence and intensity of extreme events such as hot extremes and heavy pre-
cipitation events. In some cases, mean precipitation decreases, whereas extreme pre-
cipitation increases due to a higher atmospheric moisture content due to an increased
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water-holding capacity of the atmosphere in a warming climate [1], which is explained
by the Clausius–Clapeyron relation. Global climate models (GCMs) are useful tools for
investigating the climate response to different forcings and for climate prediction and
projection. Anthropogenic emissions have been associated with large changes in the late
twentieth century hot extremes in climate models [2] and human activity has been shown
to impact drought events [3,4].

The Coupled Model Intercomparison Project (CMIP) has provided a fundamental
basis for the study of climate extreme indices and for understanding the future changes of
extremes [5,6]. Previous studies have reported that the global mean precipitation change
is constrained by the radiative cooling rate of the atmosphere [7,8]. The rate of global
precipitation is increasing by 1–3% per +1 ◦K due to the energetic constraints while the
change in water vapor amount is ~7% per +1 ◦K due to global warming [9]. Such energetic
constraints have been applied in studies on regional precipitation changes [10], although
large uncertainties remain regionally and at seasonal scales, especially for extremes. The
rate of increase of extreme precipitation may be even greater than the increase in mois-
ture because additional latent heating could invigorate convection and further increase
rain rates [8,11,12].

Climate models have projected a general intensification of extreme precipitation events
during the twenty-first century on continental to global spatial scales [8,13–15]. This general
large-scale amplification is consistent with observed trends in extreme precipitation [16–18].
The simulated enhancement of extreme precipitation can be attributed to the increased
water-holding capacity of warmer air [1].

Many studies have established that precipitation and temperature over land are inter-
connected due to land–atmosphere feedback [19,20]. Due to land–atmosphere interactions,
under increasing atmospheric blocking in a relatively stable atmospheric boundary layer
during an intensive heatwave period, the increasing water vapor within the atmosphere
may cause extreme warming and extreme precipitation on different scales. On regional
scales, the changes in extreme precipitation in a warming climate can differ substantially
from the global-scale increase [14,21,22]. Regional differences can be partly due to natural
variability [13]. The simulated patterns of forced responses to global warming also exhibit
regions with little change and even areas with decreased extreme precipitation [14,21].
Different future scenarios indicate that if no adaptation and mitigation measures are taken
in a timely manner, the impacts from extreme warming and precipitation might increase.
It has been reported that for Europe, the effect of the excess heating will be magnified by
factor of five by 2060 [23].

This study is a continuation of the earlier paper by Nazarenko et al. [24] that provided
a summary overview of the GISS climate simulations of the 21st century ScenarioMIP ex-
periments. The motivation for this study was to extend the reported results with simulated
changes in climate extremes. The main focus of this paper is to provide a summary of
projected future changes in the intensity and frequency of temperature and precipitation
extremes in response to different magnitudes of anthropogenic forcings in the twenty-first-
century ScenarioMIP scenarios. The effects of different warming scenarios for the 21st
century on the temperature and precipitation extremes at the global, regional, and conti-
nental scales are presented and compared. In Section 2, we present a brief description of
the GISS climate model. The global changes for the temperature and precipitation extremes
SSP experiments are discussed in Section 3, while the regional changes are presented in
Section 4. The discussions and conclusions are presented in Section 5.
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2. Model and Experiments
We use GISS-E2.1 version of the NASA Goddard Institute for Space Studies (GISS)

climate model with a 2◦ latitude by 2.5◦ longitude horizontal resolution and 40 vertical
layers, with the model top near the stratopause at 0.1 hPa. A more complete description
of GISS-E2.1, including numerous improvements to the physics since CMIP5, is provided
in [25,26]. Kelley et al. [25] describes the improvements of the model physics in the GISS
climate model in greater detail as well as an evaluation of the seasonal climatology of
the atmospheric and coupled models during the satellite period (1979–2014), while Miller
et al. [26] describes the drivers and responses over the historical period (1850–2014). We
used two different treatments for the atmospheric composition. The first treatment for
the atmospheric composition is a version with a Non-INTeractive (NINT) composition.
Three-dimensional monthly mean distributions of aerosols and ozone were prescribed from
atmosphere-only simulations with the second treatment of the atmospheric composition
that include the fully interactive aerosol and chemistry model. The aerosol indirect effect
on clouds was included as a simple parameterization for increasing the low cloud cover
in response to increasing aerosols [27]. This parameterization was based on an assumed
relation between aerosol number concentrations and cloud fraction and tuned to produce
a roughly −1.0 W/m2 of forcing in 2000 relative to 1850 (see [26] for a discussion). The
ocean model is a mass conserving model with a horizontal resolution of 1.25◦ longitude
by 1◦ latitude and has 40 vertical levels with finer resolution in the top 100 m. The
improvements to the physics since CMIP5 for the ocean model were documented in the
paper by Kelley et al. [25].

The four different future scenarios from the ScenarioMIP experiments in the
CMIP6 [28], which extend the historical simulations from 2015, that are mostly used in this
study represent the following simulations: the SSP1–2.6 scenario (sustainability) with lower
carbon emission levels, reduced inequality, and an emphasis on reducing anthropogenic
emissions, transiting to renewable energy supplies, educational and health investments.
SSP2–4.5 (middle of the road) assumes moderate carbon emissions and moderate GDP
(Gross Domestic Product) and population growth. SSP3–7.0 (regional rivalry) reflects the
path with high air pollutant emissions, expansion of cropland, fast population growth, and
little investment in education and health. SSP5–8.5 scenario (fossil-fueled development)
consists of a tripling of the greenhouse emissions over the course of the 21st century, rapid
population growth, and low adaptability. SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5
represent low, medium, high, and very high GHG emission scenarios, respectively, with
radiative forcings of 2.6, 4.5, 7.0 and 8.5 W m−2 in 2100 [29]. For the analysis of the future
changes in the global mean values, we also discuss the results for future projections for
other SSP scenarios.

In addition to discussing the changes in temperature and precipitation extremes for
the geographical maps, we evaluated the projections of extremes over each continent and
averaged the extremes of six continents (excluding Antarctica): Asia (excluding Russian
Arctic), Europe, Africa, Australia (Aust), North America (NAm), and Central and South
America (CSAm). In addition, the Russian Arctic region (RAR) was considered separately
to demonstrate the different changes in the extremes in this region. In this study, we
considered a subset of 8 indices for temperature and precipitation following the Expert
Team on Climate Change Detection and Indices (ETCCDI) [30,31]: the daily minimum
(TNn) and maximum (TXx) temperatures, the total wet-day precipitation, the 95th percentile
threshold of the wet-day precipitation (>1 mm) (R95p), the maximum 5-day precipitation
accumulation (RX5day), heavy precipitation days (>10 mm, R10 mm), the simple daily
intensity index (SDII), and consecutive dry days (CDD). More detailed information on these
indices can be found on the ETCCDI website (http://etccdi.pacificclimate.org/indices.

http://etccdi.pacificclimate.org/indices.shtml
http://etccdi.pacificclimate.org/indices.shtml
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shtml, accessed on 1 January 2025). These selected indices give an overview of the projected
changes in major temperature and precipitation extremes. Most indices are presented on
an annual basis, although a few are also shown as seasonal changes.

3. Global Changes
3.1. Temperature Extremes

The days with the minimum (TNn) and maximum (TXx) temperatures represent the
coldest and hottest day of the year, season, or month, respectively. Relative to the 1850–1900
reference period, there is a general increase in both minimum and maximum global surface
temperatures for the annual, DJF, and JJA means (Figures 1 and 2). The increase in TNn is
greater than for TXx for all the scenarios, which is shown in Supplementary Figure S1 in
the same plot. TNn is shown as solid lines and TXx is shown as dashed lines.

Figure 1. Global mean surface air temperature anomalies relative to the 1850–1900 base period for
the hottest day. (a) Annual; (b) DJF; and (c) JJA means.

It was noted earlier that the warming over land is greater than over ice-free ocean
areas [32]. Over the northern 30–90◦ N land areas, the increases in both temperatures are
greater (Supplementary Tables S1 and S2) than the global mean temperature warming for
the annual, winter, and summer averages. Supplementary Figures S2 and S3 show the
maximum and minimum temperatures for the northern 30–90◦ N land areas and the global
means in one plot where the stronger warming over northern land can be seen. The solid
lines show the northern 30–90◦ N land area temperatures, the dashed lines show the global
mean temperatures.

http://etccdi.pacificclimate.org/indices.shtml
http://etccdi.pacificclimate.org/indices.shtml
http://etccdi.pacificclimate.org/indices.shtml
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Figure 2. Global mean surface air temperature anomalies relative to the 1850–1900 base period for
the coldest day. (a) Annual; (b) DJF; and (c) JJA means.

The increases in global mean temperatures ranged between 1.5 ◦C and 4.4 ◦C, and
between 1.5 ◦C and 5.6 ◦C for TXx and TNn, respectively (Figures 1 and 2). Over the
northern 30–90◦ N land areas, the increase in the range of temperature in 2100 was found
to be between +0.7 ◦C and 5.4 ◦C and between +4.0 ◦C and +9.6 ◦C for TXx and TNn,
respectively (Supplementary Tables S1 and S2; Supplementary Figures S2 and S3).

The increase in the coldest temperature (TNn) over the Northern Hemisphere land
areas is stronger (up to 3 times for some scenarios and in some seasons) than the increase in
hottest temperatures (TXx) (Supplementary Tables S1 and S2). This stronger warming of the
coldest temperatures was also reported by Sillmann et al. [30] for CMIP5 RCP2.6, RCP4.5,
and RCP8.5 over the Northern Hemisphere land areas. While the coldest temperature
(TNn) warming is quite unform for all seasons, the increase in the hottest temperatures
(TXx) is much greater over winter than over summer. In the latest IPCC assessment [33],
the projected warming is greatest in the higher latitudes, particularly in the Northern
Hemisphere, and greater in the low-sun season than the high-sun season.

For the low GHG emission scenarios SSP1–1.9 and SSP1–2.6, there is a gradual decrease
in both TXx and TNn after 2050 for all seasons (Supplementary Tables S1 and S2). The
special scenario SSP5–3.4 OS also showed a decrease in temperatures, especially for the
coldest temperatures (TNn) (Supplementary Table S2). This shows the achievement of
the goal of reducing the greenhouse forcing in scenario SSP5–8.5 from the middle of the
21st century to the values of scenario SSP4–3.4. For the global mean temperatures, the
degree of warming is very close for scenarios SSP4–3.4 and SSP5–3.4 OS at 2100. Over the
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northern land areas, the reduction in warming is stronger for the coldest temperatures in
SSP5–3.4 than in SSP4–3.4 (Supplementary Table S2). The stronger warming of the hottest
temperatures in SSP5–3.4 OS compared to SSP4–3.4 is due to large inertia of strong forcings
in the daytime temperatures over the land areas (Supplementary Table S1).

The projected rates of change in the hottest (∆TXx) and coldest (∆TNn) daily tem-
peratures relative to warming in the surface air temperature (∆SAT) are presented in
Figure 3. These rates are expressed as linear regressions for the hottest temperature
(TXx = 0.95 SAT − 0.21) and for the coldest temperature (TNn = 1.24 SAT + 0.03), respec-
tively. There is strong correlation (r = 0.98) between both the hottest (∆TXx) and coldest
(∆TNn) daily temperature anomalies and the surface air temperature anomalies (∆SAT).
Generally, increases in temperature extremes outpace warming in global surface air tem-
perature. There is a stronger increase in TNn per 1 ◦C of global warming (Figure 3B)
compared to the TXx increase (Figure 3A). The maximum TNn warming of 5.6 ◦C and the
maximum TXx warming of 4.4 ◦C versus 4.6 ◦C global warming is projected in SSP5–8.5.
The minimum TNn warming of 1.1 ◦C is about double the 0.6 ◦C TXx warming. The rates
of TXx and TNn change in the low-emission scenario SSP1–2.6 are smaller than those in the
other scenarios.

 
Figure 3. The scaling of 1850–1900 temperature anomalies vs. surface air temperature (SAT) anomalies.
(A) TXx; (B) TNn.

3.2. Precipitation Indices

Changes in the global mean precipitation indices, such as total wet-day precipitation,
the 95th percentile threshold of the wet-day precipitation (>1 mm) (R95p), and the maxi-
mum 5-day precipitation accumulation (RX5day), relative to the pre-industrial 1850–1900
reference period are shown as percentages in Figure 4. The time evolution of all three
indices projected under the four SSP scenarios before 2040 are generally the same. After
2040, the indices begin to show some differences.

Global mean annual mean precipitation must be equal to global mean annual mean
evaporation at the surface. Deforestation reduces evaporation and therefore precipi-
tation [34]. Changes in extreme precipitation are not necessarily controlled by a bal-
ance between precipitation and evaporation [35]. The effect of different aerosol emis-
sions on the change in total precipitation for the different SSPs was also reported in
earlier studies [28,36,37].

The largest increase in total precipitation of 5.2% by year 2100 was found for SSP5–
8.5 while an increase of 3.2% was found for the low-GHG emission scenario SSP1–2.6
(Figure 4a). At the end of the 21st century, the increases in total precipitation are similar
for SSP1–2.6, SSP2–4.5, and SSP3–7.0 (Figure 4a), although the total warming in SSP3–7.0
is +7 W/m2 by the year 2100 [24]. This warming is much stronger and should have a
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larger effect on precipitation compared with the +2.6 W/m2 and +4.5 W/m2 values in
the warming scenarios. In addition to warming, SSP3–7.0 is a special scenario with large
aerosol emissions that apparently have a stronger effect on precipitation changes compared
with the usual precipitation increase due to warming. The rapid decreases in aerosol
emissions due to aggressive reductions in fossil fuel consumption cause larger increases in
total precipitation in SSP2–4.5 and SSP1–2.6 due to warming than in SSP3–7.0. The larger
aerosol emissions in SSP3–7.0 (due to weak pollution control policies) would cause smaller
increases in total precipitation than in the other SSP runs. Greater negative responses of
total precipitation to larger aerosol emissions compensate for the positive responses of total
precipitation to the GHG forcing in SSP3–7.0. The business-as-usual scenario SSP5–8.5 with
the largest warming (+8.5 W/m2), primarily due to GHG forcing, has the largest increase
in total precipitation (+5.2%). The total forcing in SSP5–8.5 is larger than in SSP3–7.0, so the
general GHG warming is more overwhelming in SSP5–8.5.

Figure 4. Global mean anomalies (%) relative to the 1850–1900 base period for (a) total precipitation;
(b) 95th percentile of precipitation; (c) maximum 5-day precipitation.

Regarding heavy rain conditions, both the maximum 5-day precipitation and the
95th percentile of the wet-day precipitation show increases consistent with those of total
precipitation (Figure 4b,c). An almost 50% increase in heavy precipitation (Figure 4b) and
20% increase in consecutive 5-day heavy precipitation (Figure 4c) are projected for SSP5–8.5,
which also reflect the larger capacity of the warmer air to accumulate and hold moisture in
this scenario.
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The global mean precipitation averages demonstrate that extreme rainfall increases at
a faster rate by the year 2100 compared to the total precipitation. Figure 5A shows a scaling
of the 95th percentile of the wet-day precipitation (∆R95p) versus the surface temperature
(∆SAT) (R95p = 9.47 SAT + 0.05). The large correlation of r = 0.89 confirms the direct
effect of global warming on the acceleration of the worsening heavy rain conditions. The
increase in the wet-day precipitation ranges between 6% and 15% per 1 ◦C of global surface
temperature warming. Figure 5B demonstrates a scaling of the 95th percentile (∆R95p)
versus the total precipitation (∆TotPrec) (R95p = 8.07 TotPrec + 1.34), with very strong
correlation (r = 0.9). This shows that the sensitivity of extreme precipitation to warming is
about 10 times stronger than that of the mean total precipitation.

 
Figure 5. The scaling of 1850–1900 95th percentile of precipitation (R95p) anomalies vs. (A) surface
air temperature (SAT) anomalies and (B) total precipitation.

Supplementary Figure S4 demonstrates the changes in total precipitation and 95th
percentile of the wet-day precipitation for the northern 30–90◦ N land areas and the global
means in one plot. The solid lines show the northern 30–90◦ N land area temperatures, and
the dashed lines show the global mean temperatures. Consistent with stronger warming
over land (Supplementary Figures S2 and S3; Supplementary Tables S1 and S2) than over the
entire globe, the increases in total wet-day precipitation are larger over the northern 30–90◦

N land areas than the global mean (Supplementary Figure S4a). For SSP5–8.5, the increase
by 2100 is about three times larger. The heavy precipitations over the northern land areas
are about three times larger than the total precipitation change (Supplementary Table S3).
For the warmest scenario SSP5–8.5, the 95th percentile of the wet-day precipitation is about
4 times higher over the northern 30–90◦ N land areas compared to the global mean increases
in 2100 (Supplementary Figure S4b).

For the low GHG emission scenarios SSP1–1.9 and SSP1–2.6, there are decreases
in total precipitation after 2050 (Supplementary Table S3), which indicate a cooling of
temperatures (Supplementary Tables S1 and S2). The same trend for precipitation and
temperatures after 2050 was also noted for the special scenario SSP5–3.4 OS. The partial
decreases in the heavy rain conditions and in the maximum of 5-day precipitation accumu-
lations were also noted in 2100 for both SSP1–1.9 and SSP1–2.6, as well as for SSP5–3.4 OS
(Supplementary Tables S3 and S4) due to reductions in warming and cooling relative to
the middle 21st century.

Supplementary Table S4 shows the annual and seasonal changes for the 30–90◦ N
land maximum 5-day precipitation (RX5day) relative to the 1850–1900 base period. An-
nually, RX5day increases in all the SSPs. The largest increase of 20% was observed under
SSP5–8.5. The maximum 5-day precipitation changes in 2100 are stronger in DJF than in
JJA over the northern land for most of the SSP scenarios (Supplementary Table S4). This
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reflects stronger warming in DJF for both the hottest (Supplementary Table S1) and coldest
(Supplementary Table S2) days.

The simple daily intensity index (SDII) is a climate index that measures the average
amount of rainfall on rainy days (days with at least 1 mm of precipitation) over a specified
period. It is calculated by dividing the total precipitation on wet days by the number
of wet days. A higher SDII indicates more intense rainfall on wet days. This index for
the northern 30–90◦ N land areas shows increases, with the largest increase of 11.7% in
SSP5–8.5 (Supplementary Table S3). The increases in SDII are in line with the increases
in total precipitation as well as with the wet-day precipitation indices R95p and heavy
precipitation days (>10 mm, R10mm). The number of the consecutive dry days (CDD) in
the Northern Hemisphere land areas consistently decreases, although the changes in CDD
are not uniform over continents. The regional changes are discussed in the next section.

Probability density functions (PDFs) are often used to illustrate how climate vari-
ables change in variability, skewness, or shape of the distribution in the future relative to
the present [38]. Figure 6 shows the estimated PDFs of the extreme precipitation index
(1850–1900) anomalies for the global mean for four SSPs and historical experiments. For all
six precipitation extreme indices, the histograms become flatter, with reduced peaks and
increased spread, compared to the historical period of 1850–2014. The mean values shift to
the right end (toward larger precipitation and intensity). The higher the GHG emissions of
the SSP scenario, the more significant the change in the index.

   

 

Figure 6. Probability density distributions of annual global mean extreme precipitation (1850–1900)
anomalies. (a) Total precipitation (%); (b) R95p (%); (c) RX5day (%); (d) R10mm (%); (e) SDII (%);
(f) CDD (%). The vertical axis is PDF in all the figures.

4. Regional Changes
4.1. Temperature Extremes

The geographical distributions of the annual minimum and maximum temperature
changes for the last twenty years of the twenty-first century (2081–2100) relative to the
last twenty years (1995–2014) of the corresponding historical simulation are shown in
Figures 7 and 8 for four selected scenarios: SSP1–2.6, SSP2–4.5, SSP4–7.0, and SSP5–8.5.
The numbers in the upper right corner are the global mean values. The same color bar is
applied to each column of the maps in Figures 7 and 8, e.g., Figure 7a (Figure 8a) uses the
color bar of Figure 7c (Figure 8c) and Figure 7b (Figure 8b) uses the color bar of Figure 7d
(Figure 8d). The smallest spatial variability was observed under SSP1–2.6 and the largest
variability was observed under the high-emission scenario SSP5–8.5. The spatial patterns of
the changes in TNn (Figure 7) and TXx (Figure 8) are different. In particular, TNn increases
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more strongly in higher latitudes in the Northern Hemisphere. It was reported that the
minimum temperatures in northern Europe have warmed the fastest over the last few
decades, consistent with the expected influence of greenhouse warming [39–41]. For the
low-emission scenario SSP1–2.6, TXx only moderately changes over land (Figure 8a), while
TNn increases by 2–3 times (Figure 7a), particularly in northern latitudes.

 
Figure 7. Annual minimum surface air temperature differences (TNn, ◦C) between 2081–2100 and
1995–2014 from the corresponding historical climate model. (a) SSP1–2.6; (b) SSP2–4.5; (c) SSP3–7.0;
(d) SSP5–8.5. (a) uses the color bar of (c); (b) uses the color bar of (d).

The greatest changes in TNn, between 10 ◦C and 15 ◦C, were found in SSP5–8.5 in
regions such as North America, Northern Europe, and Northern Asia, with the maximum
warming being about +24 ◦C over the high latitudes in the North Atlantic (Figure 7d). The
stronger increase in TNn over the high latitudes is related to the retreating snow and ice
covers under warming scenarios that is a further continuation of the warming trend in the
Arctic region that has been observed over recent decades [42]. Since the sea ice decrease is
much larger for the high-emission scenarios SSP3–7.0 and SSP5–8.5, the increase in TNn
over the Arctic and high northern latitudes is about a 2-fold larger (Figure 7c,d) compared
to the moderate GHG emission scenario SSP2–4.5 (Figure 7b). In the tropics, the TNn
increases are comparable with the increases in TXx.

The largest increase in TXx was found to be over the continents, such as over South
and North America, northern and central Eurasia, as well as over Africa and Australia.
Even in the low-emission scenario SSP1–2.6, there is a substantial increase in TXx over
the Mediterranean region and adjacent parts of Europe and Central Europe, Northern
Africa, and the Arabian Peninsula (Figure 8a). The projected patterns of TXx changes are
consistent among all the future scenarios, and also with the results of the CMIP5 analysis
by [43]. More intense increases in TXx over the continents is clearly seen for scenarios with
a stronger forcing: SSP2–4.5 (Figure 8b), SSP3–7.0 (Figure 8c), and SSP5–8.5 (Figure 8d).
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Figure 8. Annual maximum surface air temperature differences (TXx, ◦C) between 2081–2100 and
1995–2014 from the corresponding historical climate model. (a) SSP1–2.6; (b) SSP2–4.5; (c) SSP3–7.0;
(d) SSP5–8.5. (a) uses the color bar of (c); (b) uses the color bar of (d).

The seasonal increases in TNn and TXx are presented in Figure 9 for the highest
GHG emission scenario SSP5–8.5. The strong Arctic and high northern latitude increase in
TNn (Figure 9a) is generally more pronounced in DJF (with maximum warming of about
+24 ◦C) whereas warming in JJA is more homogeneous over all continents (with maximum
warming of about +11 ◦C) (Figure 9b). The general wintertime warming trend in Europe
and high northern latitudes is well established [44]. In contrast to TNn, the increases in TXx
are stronger in JJA (Figure 9d) than in DJF (Figure 9c), with the largest increase of about
+26 ◦C over high northern latitude land regions. The increase in TXx in DJF is about +11 ◦C
over the Arctic and high latitude land regions (Figure 9c).

Similar patterns of seasonal and regional changes in TNn and TXx are seen in all
the other SSP scenarios, although they are less pronounced in the low-emission scenarios
SSP1–1.9 and SSP1–2.6 compared to SSP5–8.5 (Supplementary Tables S1 and S2 for global
DJF and JJA means). However, even in the lowest forcing scenario SSP1–1.9, the increase in
TNn in DJF is more than +5 ◦C over high northern latitudes.

The spatial variations projected for TXx and TNn over seven continental land ar-
eas (NAm—North America; CSAm—Central and South America; Europe; Asia; Aust—
Australia; RAR—Russian Arctic Region) are shown in Figure 10a,b and Supplementary
Table S5. The temperature changes are presented for the last twenty years (2081–2100)
relative to the 1995–2014 reference period. The increase in TXx is quite uniform for all
continents except for the Russian Arctic region, which shows the greatest warming (+6.1 ◦C,
+6.0 ◦C, +6.8 ◦C, and +8.1 ◦C for SSP1–2.6, SSP2–4.5, SSP4–7.0, and SSP5–8.5, respectively)
for all scenarios compared to all the other continental areas (Figure 10a). Differences in re-
gional warming are clearly seen in the TNn changes, with stronger warming over the higher
latitudes, the Russian Arctic (+4.2 ◦C, +6.4 ◦C, +9.9 ◦C, and +11.4 ◦C for SSP1–2.6, SSP2–4.5,
SSP4–7.0, and SSP5–8.5, respectively), and North America (+3.4 ◦C, +5.0 ◦C, +7.4 ◦C, and
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+8.6 ◦C for SSP1–2.6, SSP2–4.5, SSP4–7.0, and SSP5–8.5, respectively) (Figure 10b). Europe
and Asia show the second strongest warming after the high latitude regions. There is a
smaller increase in TNn over the continents with large tropical coverage (Central and South
America, Africa, and Australia) compared to the higher latitudes (Supplementary Table S5).

 

Figure 9. SSP5–8.5 seasonal surface air temperature differences (◦C) between 2081–2100 and 1995–
2014 from the corresponding historical climate model. (a) TNn in DJF; (b) TNn in JJA; (c) TXx in DJF;
(d) TXx in JJA. (a) uses the color bar of (c); (b) uses the color bar of (d).

Figure 10. Annual mean surface air temperature anomalies (◦C) relative to the 1995–2014 base period
(a) for the hottest day; (b) for the coldest day.

4.2. Precipitation Extremes

The spatial patterns of extreme precipitation are shown in Figures 11–13. By the end
of the 21st century, there is an increase in total wet-day precipitation over large parts of the
Northern Hemisphere continents, Arctic Ocean, east Africa, south of Southern America, the
Southern Ocean, as well as Antarctica and the intertropical convergence zone in the Pacific
Ocean relative to the 1995–2014 reference period (Figure 11(a1–a4)). Over the continents,
the largest changes are projected to be over northeastern Eurasia and the northern part
of North America. The higher the emissions of the SSP scenario, the more significant the
increase, with the maximum increase found under SSP5–8.5 in the northeast of Eurasia,
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with an increase reaching more than 50% higher than that of the base period (Figure 11(a4)).
Areas with projected decreases in total precipitation include Australia, South Africa, the
Mediterranean region, Central America, and sub-tropical ocean regions.

    

    

    

Figure 11. Annual differences (%) between 2081–2100 and 1995–2014 from the corresponding his-
torical climate model. (a1–a4) Total precipitation; (b1–b4) R95p; (c1–c4) RX5day; (d1–d4) SDII.
1st column—SSP1–2.6; 2nd column—SSP2–4.5; 3rd column—SSP3–7.0; 4th column—SSP5–8.5.
(a1,b1,c1) use the color bar of (d1); (a2,b2,c2) use the color bar of (d2); (a3,b3,c3) use color bar of (d3);
(a4,b4,c4) use the color bar of (d4).

The regional changes in total precipitation generally coincide with the changes in
the 95th percentile of the wet-day precipitation (Figure 11(b1–b4)) and the consecutive
5-day heavy precipitation (Figure 11(c1–c4)). R95p increases in high northern and southern
latitudes and over the most regions of the northern continents, including more than 70% of
the northeast of Eurasia, in SSP5–8.5 (Figure 11(b4)). R95p decreases in Central America,
South Africa, and the Mediterranean, with a more than 50% reduction relative to the base
period (Figure 11(b1–b4)). The contribution of very wet days (Figure 11(a1–a4)) to the
annual total precipitation (Figure 11(b1–b4)) generally shows stronger increases in all SSPs,
similar to the results for the global mean quantities (Figure 5B). The regional decreases in
R95p are larger compared to the reductions in total precipitation.

Regionally, the greatest increase in RX5day was found for high northern and southern
latitudes and the inter-tropical convergence zone in the Pacific Ocean for both annual
(Figure 11(c1–c4)) and seasonal (Figure 12) changes relative to simulated late historical
(1995–2014) period. Over the high northern latitude regions, the increase in RX5day is
less pronounced in JJA, with an increase of 40–70% (Figure 12c,d) compared an increase
of more than 70% in DJF (Figure 12a,b). The opposite changes are seen over Southeast
Asia, where the summer increases in RX5day are larger than the winter increases. Over
the Mediterranean region, such as the south-west European regions and Northern Africa,
there are large RX5day decreases in summer (Figure 12c,d) and small increases in winter
(Figure 12a,b).
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Figure 12. Maximum 5-day precipitation differences (%) between 2081–2100 and 1995–2014 from the
corresponding historical climate model. (a) DJF in SSP2–4.5; (b) DJF in SSP5–8.5; (c) JJA in SSP2–4.5;
(d) JJA in SSP5–8.5. (a) uses the color bar of (c); (b) uses the color bar of (d).

Figure 13. Annual differences (day) between 2081–2100 and 1995–2014 from the corresponding
historical climate model. (a1–a4) R10mm; (b1–b4) CDD. 1st column—SSP1–2.6; 2nd column—SSP2–
4.5; 3rd column—SSP3–7.0; 4th column—SSP5–8.5. (a1) uses the color bar of (b1); (a2) uses the color
bar of (b2); (a3) uses the color bar of (b3); (a4) uses the color bar of (b4).

Regions in the Southern Hemisphere, such as Australia and south Africa, experience
large decreases in RX5day in winter (JJA) (Figure 12c,d). In Central America, the annual
RX5day decreases (Figure 11(c1–c4)) as well as the seasonal response (Figure 12). The
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decrease in RX5day in combination with the projected increase in CDD suggests severe
drying of these regions in future climate projections.

The regional changes in the simple daily intensity index (SDII) as a daily precipitation
amount greater than 1 mm a day are shown in Figure 11(d1–d4). The regional changes
in SDII coincide with the changes in total precipitation (Figure 11(a1–a4)) as well as R95p
(Figure 11(b1–b4)). The projected SDII index shows an increase in most parts of the world,
with the regions showing the most significant increase being northern and eastern Eurasia,
northern North America, and Northern Africa, which have an SDII reaching more than
20–30% under the high-emission scenarios (Figure 11(d3,d4)).

The regional decreases in both total precipitation and R95p are generally accompanied
by a significant increase in the maximum number of consecutive dry days (CDD), as
shown in Figure 13(b1–b4). In particular, significant increases in CDD occur in Central
America, northeastern South America, the Mediterranean region, Southern Africa, and
western Eurasia while CDD decreases in the northeastern Eurasian continent and northern
North America compared with the base period. The higher the emissions of the SSP
scenario, the more significant the CDD index changes. On the contrary, in South and
Southeast Asia, the increases in CDD (Figure 13(b1–b4)) are combined with increases in
both R10mm (Figure 13(a1–a4)) and annual mean RX5day (Figure 11(c1–c4)), especially
summer (JJA) RX5day (Figure 12c,d), resulting in an intensification of both wet and dry
seasons in these regions. The projection of heavy precipitation days (>10 mm) also increases,
most significantly over the northern continental regions. Similar to the total precipitation,
the higher the emissions of the SSP scenario, the larger the predicted increase in heavy
precipitation (Figure 13(a1–a4)).

The continental average extreme precipitation indices are summarized in Supplemen-
tary Table S5 and Figure 14 as the 2081–2100 changes relative to the 1995–2014 period. For
the continental averages, reductions in total precipitation were found for South America,
Europe, Africa, and Australia, and increases in total precipitation were found for North
America, Asia, and the continental Russian Arctic (Supplementary Table S5). For the
low-emission scenario SSP1–2.6, there is a small increase in total precipitation over South
America, Europe, and Africa that could be explained by the flattening of the warming trend
over the second half of the 21st century (Figures 1 and 2). Over the continental Russian
Arctic, there is an increase in all precipitation extremes and a consistent decrease in CDD
for all SSP scenarios, with a maximum increase of more than 90% for R95p and R10mm
under SSP5–8.5 (Supplementary Table S5; Figure 14b or Figure 14e).

A summary of the consecutive 5-day heavy precipitation changes relative to the
1995-2014 base period over seven continental land areas are shown in Figure 14c and Sup-
plementary Table S5. The results indicate significant intensification of extreme precipitation,
with warming over all continental regions. The largest increase of 27% was found for the
Russian Arctic region under SSP5-8.5, and even a small decrease of 0.6% was observed over
Africa under SSP3-7.0. This demonstrates the uneven changes in heavy precipitation over
different regions and continents under strong warming scenarios. The continental means
for the higher latitude regions (North America, Asia, Australia, and Russian Arctic) show
larger increases in heavy precipitation while Africa, Europe, and South America experience
less extreme precipitation under all the warming scenarios.

It is noteworthy that the R95p (Figure 14b), RX5day (Figure 14c), and SDII (Figure 14d)
extremes over Europe and Asia increase while the CDD index is also projected to increase,
although the change in CDD over Asia is different under different SSP scenarios (Figure 14f).
In general, the future CDD index for North and South America, Asia, and Africa has greater
uncertainty, with some area showing increases and decreases under different SSP scenarios
(Supplementary Table S5; Figure 14f). This indicates that different regions of the continents
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experience both wet and dry conditions under different warming scenarios. In Africa,
there is high variability in the lengths of long dry conditions that span many years and
increased warming. The non-uniform continental change in CDD is more pronounced
with stronger warming. These findings indicate that precipitation becomes more uneven
in space and time. Moreover, as the emissions in the SSP scenario increase, the uneven
distribution of precipitation becomes more pronounced. This non-uniform response to
global warming was also reported by [14] for temperature and precipitation extremes in
the CMIP5 ensemble.

  

Figure 14. Annual mean anomalies (%) relative to the 1995-2014 base period. (a) total precipitation;
(b) the 95th percentile of the wet-day precipitation (R95p); (c) maximum 5-day precipitation (RX5day);
(d) simple daily intensity index (SDII); (e) heavy precipitation days (>10 mm); (f) consecutive dry days.

Figures 15 and 16 present the estimated probability density distributions of the mean
annual continental extreme precipitation anomalies (relative to the 1995–2014 climate condi-
tions) for the historical and four SSP scenarios. As was noted before, the different continents
experience significant regional variations in extreme precipitation. For North America,
the PDFs for total precipitation (Figure 15(a1)) and for all the heavy precipitation indices
(R95p—Figure 15(a2); RX5day—Figure 15(a3); R10mm—Figure 16(a1); SDII—Figure 16(a2))
widen, implying a larger area with reduced peaks and increased spread than expected com-
pared to the historical experiment, indicating more precipitation and a stronger intensity.
Consistent with the heavy precipitation indices, the PDF for the consecutive dry index is
shifted to the left for all SSPs compared to the historical experiment over North America
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(Figure 16(a3)). The peak of CDD increases for the high-emission scenarios SSP3–7.0 and
SSP5–8.5, which confirms the larger variability in CDD under strong warming.

  

  

   

  

  

   

Figure 15. Probability density distributions of mean annual continental extreme precipitation (1995–
2014) anomalies: total precipitation (%), R95p (%), RX5day (%). The vertical axis is PDF in all
the figures.

For Central and South America, the uneven changes in the different precipitation
indices are very pronounced. While the PDFs for the total precipitation and R10mm are
shifted to the left and have more variabilities under the different SSPs (Figure 15(b1);
Figure 16(b1)), the PDFs for R95p and RX5day are shifted to the right (Figure 15(b2,b3)),
demonstrating increases and smaller variabilities. Uneven changes in the PDFs of SDII were
confirmed for stronger warming scenarios (Figure 16(b2)). The slight shifts in the PDFs for
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CDD in all SSP scenarios (Figure 16(b3)) show an intensification of dry conditions in Central
and South America along with stronger heavy precipitation (such as R95p and RX5day).

  

  

  

   

  

 

Figure 16. Probability density distributions of mean annual continental extreme precipitation
(1995–2014) anomalies: R10mm (%), SDII (%), CDD (%). The vertical axis is PDF in all the figures.

While the PDFs over Europe did not show changes in the total precipitation in the
different SSP scenarios (Figure 15(c1)), there is an intensification of all the extreme pre-
cipitation indices (R95p—Figure 15(c2); RX5day—Figure 15(c3); R10mm—Figure 16(c1);
SDII—Figure 16(c2)) as well as an increase in drought conditions (CDD—Figure 16(c3)).
This demonstrates that both floods and drought periods are possible under warming
in the different SSP scenarios. Non-uniform regional changes, such as droughts in the
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south and floods in the north, were reported for extreme precipitation over China in
earlier studies [45–49].

The analysis of the PDF indices for Asia confirmed that the non-uniform response
for different regions of continents under different SSPs, such as intensification of total
precipitation and heavy precipitation (Figure 15(d1–d3); Figure 16(d1,d2)) as well as reduc-
tions in droughts, although there are larger variabilities in CDD changes under the SSPs
(Figure 16(d3)). These uneven changes in CDD over Asia under the different warming
scenarios is shown in Figure 14f (maps shown in Figure 13(b1–b4)). The average over the
entire continent Asia is not very informative since there are sub-regions that experience
severe desert droughts, with monsoon rainy seasons, with floods in the south and droughts
in the north parts of eastern China. This leads to the canceling out or minimization of the
extreme precipitation changes after calculating the continental mean for Asia. It could be
worth considering the changes over sub-regions in Asia in a future project. These results
align with those of a prior study that found significant increases in precipitation extremes
under the SSP5–8.5 and SSP2–4.5 scenarios [50]. In particular, it was noted that there were
non-linear changes in the hydrological cycle, which affected precipitation patterns.

There are changes in all the precipitation extremes over the high northern latitudes
and the Russian Arctic region (Figure 15(g1–g3); Figure 16(g1,g2)) and there is a consistent
decrease in consecutive dry days (Figure 16(g3)). The increase of precipitation over high
latitudes in the Northern Hemisphere was reported in the study by [51], with the largest
precipitation increase observed in SSP5–8.5. All the extreme precipitation indices show con-
sistent large increases in precipitation over the Russian Arctic region in stronger warming
scenarios (Supplementary Table S5).

The PDFs widen implying a larger area (a larger standard deviations) than expected,
based on internal variability, experiencing more precipitation, stronger intensities, and
longer dry spells by the end of 21st century.

5. Discussion and Conclusions
We described the extreme temperature and precipitation responses to forcing for

the CMIP6 SSP future scenarios (2015–2100) using the GISS-E2.1 climate model. In this
study, we mostly investigated four scenarios: SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5,
although we also discussed the results for other SSP future scenarios.

Increases in both maximum and minimum temperature extremes outpace the warming
of the global surface air temperature by a factor of 4–5. Consistent with the CMIP5 RCP2.6,
RCP4.5, and RCP8.5 results reported by [30], there is stronger warming of the coldest daily
temperatures compared to the hottest daily temperatures. This larger increase in the coldest
temperatures than the warmest temperatures implies that the diurnal temperature range
may be narrower. Two high-mitigation scenarios, SSP1–1.9 and SSP1–2.6, which were
designed to maintain the surface warming below 2 ◦C [52] at the end of the 21st century
relative to the pre-industrial surface temperature, showed a gradual decrease in both TXx
and TNn after 2050 for all seasons compared to strong warming scenarios SSP4–7.0 and
SSP5–8.5. This suggests that the emission reduction plans can have a substantial effect on
mitigating the warming of temperature extremes.

Regardless of the choice of the forcing scenario, there are large-scale features of the
temperature extremes, such as stronger warming over land than over ice-free ocean areas,
polar amplification, and more rapid warming in cold extremes than in hot extremes. The hot
extremes show regional exceptions compared to the cold extremes. The scenario projections
show somewhat stronger warming over tropical and subtropical land and ocean areas in
hot extremes compared to the cold extremes.
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The results indicate an intensification of patterns of change in extreme temperatures
with increasing radiative forcing for the future scenarios of the 21st century. Both tem-
perature extremes show small spatial variability for the low-emission scenario, SSP1–2.6,
although the warming over the high northern latitudes is 2–3 times stronger for the coldest
daily temperatures compared to the mid-latitudes and tropics, reflecting the polar amplifica-
tion effect. The largest warming of the daily minimum temperatures is over North America,
Northern Europe, and Northern Asia. The warming of the daily maximum temperatures is
uniform for different continent areas.

The changes in the seasonal minima of TNn are more pronounced in northern re-
gions where the warming is stronger in winter compared to summer. Strong temperature
increases in high northern latitudes have been associated with different mechanisms, in-
cluding reductions in winter ice and snow cover, indirect responses to decreases in summer
ice cover, and increased summer ocean heating, as well as increased surface heat fluxes [53].
The continental tropical regions, such as Central and South America, Africa, and Australia,
show less winter warming. In contrast, changes in the seasonal maxima of TXx are more
uniformly distributed the land globally.

The projected results show that compared with the total precipitation, the mean global
extreme precipitation significantly increases in all future scenarios, with most obvious
and largest increases observed in SSP5–8.5, confirming the direct effect of strong warming
on accelerating increases in heavy precipitation. The sensitivity of the 95th percentile of
the wet-day precipitation is about 10 times stronger than the sensitivity of the mean total
precipitation versus surface temperature.

Compared with the historical period, precipitation extremes are projected to intensify
over the most regions of the world, with the most obvious increase in northeastern Eurasia
and the northern part of North America. The stronger the warming in the SSP scenario, the
more significant and more intense the increase in precipitation extremes. The increases in
total precipitation over the northern land areas are larger than the global mean increases,
which is consistent with the stronger warming over land than over the entire globe. Stronger
winter warming compared to summer warming over northern land is reflected by larger
increases in extreme precipitation and RX5day, particularly during winter months. These
pattern changes are broadly comparable to those of the CMIP5 models [14,30].

The results presented here show the reversal or slowing of increasing precipitation
extremes for the low-emission scenarios SSP1–1.9 and SSP1–2.6, as well as in the special
scenario SSP5–3.4 OS (Supplementary Table S3), in response to stabilizing and cooling
global temperatures in 2100. Although the precipitation recovery is slow and delayed, it
highlights that the precipitation projections under reduced and stabilized warming can
substantially deviate or reverse to some extent the precipitation changes observed under
strong warming scenarios, like SSP3–7.0 and SSP5–8.5. The delayed recovery of the mean
European summer precipitation in a CO2 removal simulation after CO2 ramp-up period
was highlighted in the study by [54]. Reversals in the precipitation projections would have
important implications for water resource management in many climate change “hotspots”,
as was pointed in the research paper by [55].

Regional decreases in precipitation extremes are accompanied by an increase in the
maximum number of consecutive dry days. Globally, CDD shows a decreasing trend. In
South and Southeast Asia, the increases in CDD are combined with increases in heavy
precipitation extremes, which indicates an intensification of both wet and dry seasons in
these regions. These results show that extreme precipitation will increase in the future, and
dry and wet periods will become more unevenly distributed in space and time. Moreover,
in stronger warming scenarios, the uneven distribution of different precipitation extremes
will become more noticeable.
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There is widespread flattening of the probability distribution functions (PDFs) of the
future precipitation extremes relative to the historical period extremes with shifts toward
greater precipitation and a stronger intensity. The stronger the warming in the SSP scenario,
the larger the increase in mean precipitation (and further the shift to the right for PDFs)
and more widespread (the flatter the PDF histograms). The flattening is most pronounced
over the Russian Arctic region, North America and Asia for the precipitation extremes.
Such PDF flattening and mean decreases lead to large increases in extreme precipitation,
stronger intensities, and longer drought events over the 21st century. The largest drought
increases were found for the northern part of South America, Europe, the Mediterranean
region, Southern Africa, Central America, Southeast Asia, and Australia.

Overall, the widespread flattening of the probability distribution functions, and thus
the increased variability for all extreme fields, appears to be a robust response to the
warming in the different SSP scenarios, showing the large-scale picture of more frequent
and more intense hot temperature and precipitation extremes if climate warming is not
limited. These conclusions from simulating temperature and precipitation extremes are
comparable to those from previous CMIP5 simulations although there are still large differ-
ences compared to the simulated energetic constraints for global and regional precipitation
extremes reported by [56] for several CMIP6 models. These differences could be due to
the different processes and feedback as well as the different parameterizations used in the
different models [57].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos16080920/s1, Table S1. 30–90◦ N land mean sur-
face air temperature changes (◦C) relative to the 1850–1900 base period for the hottest day of An-
nual/DJF/JJA; Table S2. 30–90◦ N land mean surface air temperature changes (◦C) relative to the
1850–1900 base period for the coldest day of Annual/DJF/JJA; Table S3. 30–90◦ N land annual
changes relative to the 1850–1900 base period; Table S4. 30–90◦ N land maximum 5-day precipitation
changes (%) relative to the 1850–1900 base period for Annual/DJF/JJA; Table S5. Regional changes
for 2081–2100 relative to the 1995–2014 base period. Temperatures are in ◦C; precipitation indices are
in %; Figure S1. Global mean surface air temperature anomalies relative to the 1850–1900 base period.
(a) annual; (b) DJF; (c) JJA. Solid lines are TNn. Dashed lines are TXx; Figure S2. TXx temperature
anomalies relative to the 1850–1900 base period. (a) annual; (b) DJF; (c) JJA. Solid lines are for the
northern 30–90◦ N land areas. Dashed lines are for the global means; Figure S3. TNn temperature
anomalies relative to the 1850–1900 base period. (a) annual; (b) DJF; (c) JJA. Solid lines are for the
northern 30–90◦ N land areas. Dashed lines are for the global means; Figure S4. Anomalies relative
to the 1850–1900 base period for (a) total precipitation (mm); (b) 95th percentile of precipitation (%).
Solid lines are for the northern 30–90◦ N land areas. Dashed lines are for the global means.
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