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Simulation of Possible Future Climate Changes
in the 21st Century in the INM-CMS5 Climate Model
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Abstract—Climate changes in 2015—2100 have been simulated with the use of the INM-CMS35 climate model
following four scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5 (single model runs) and SSP3-7.0 (an ensemble
of five model runs). Changes in the global mean temperature and spatial distribution of temperature and pre-
cipitation are analyzed. The global warming predicted by the INM-CMJ35 model in the scenarios considered
is smaller than that in other CMIP6 models. It is shown that the temperature in the hottest summer month
can rise more quickly than the seasonal mean temperature in Russia. An analysis of a change in Arctic sea ice
shows no complete Arctic summer ice melting in the 21st century under any model scenario. Changes in the
meridional streamfunction in atmosphere and ocean are studied.
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INTRODUCTION

Forecasting future climate changes is one of the most
important applications of climate simulation. This prob-
lem can be solved in various ways on different time
scales. In this work, we consider probable climate
changes in the 21st century associated with changes in
the concentrations or emissions of greenhouse and other
gases and aerosols associated with human activities.

There are several dozen climate models in the
global scientific community, and they differ in the
methods used to solve atmosphere and ocean dynam-
ics equations and to parameterize physical processes,
spatial resolution, and the presence or absence of cer-
tain blocks (for example, atmospheric chemistry,
aerosol, and carbon cycle blocks). Climate models are
compared every 7—8 years within the CMIP (Coupled
Model Intercomparison Project) by means of coordi-
nated experiments with the models. The data of such
experiments enter a single database and are processed
by different research teams. The processing results are
published in scientific papers and in the Reports of the
Intergovernmental Panel on Climate Change (IPCC).

Experiments within the 5th phase of CMIP project
took place in 2009—2011, and the corresponding
5th IPCC report was published in 2013. The next,
6th phase of the experiments was carried out in 2017—
2019. The 6th IPCC report, which should include,
among other things, the results of these experiments,
is expected to be released in 2022.

The CMIP6 structure was as follows: model groups
should first perform the required numerical experi-

ments: a preindustrial experiment for at least 500 years,
in which all impacts on the climate system were fixed
to 1850; experiments with instant and gradual quadru-
pling of CO, concentration, which allow estimating
the equilibrium sensitivity of a model; an experiment
with the atmospheric block of a model and a specified
state of the ocean surface; and a historical experiment
where the climate change for 1850—2014 was simu-
lated and impacts on the climate system were set in
accordance with available observations during that
time period. After the required experiments, models
could participate in different subprojects. One such
subproject is the simulation of probable future climate
changes in the 21st century according to different sce-
narios (ScenarioMIP). Numerical experiments, the
results of which are discussed in this work, have been
performed within this subproject.

The climate is understood as the totality of statistical
characteristics of the instantaneous states of the atmo-
sphere, ocean, and other climate system components
averaged over a long time period. Therefore, we restrict
ourselves to an analysis of some of the most important
climate parameters, such as average temperature and
precipitation. A more detailed analysis of individual
aspects of climate change, such as changes in extreme
weather and climate situations, will be the subject of
another work. This study is not aimed at a full compar-
ison with the results of other climate models, where cal-
culations follow the same scenarios, since the results of
other models have not yet been published in peer-
reviewed journals by the time of this writing.
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MODEL AND NUMERICAL EXPERIMENTS

The INM-CM)5 climate model [1, 2] isused for the
numerical experiments. It differs from the previous
version, INMCM4, which was also used for experi-
ments on reproducing climate change in the 21st cen-
tury [3], in the following: an aerosol block has been
added to the model, which allows inputting anthropo-
genic emissions of aerosols and their precursors; the
concentrations and optical properties of aerosols are
calculated, but not specified, like in the previous ver-
sion; the parametrizations of cloud formation and
condensation are changed in the atmospheric block;
the upper boundary in the atmospheric block is raised
from 30 to 60 km; the horizontal resolution in the
ocean block is doubled along each coordinate; and the
software related to adaptation to massively parallel
computers is improved, which allows the effective use
a larger number of compute cores. The model resolu-
tion in the atmospheric and aerosol blocks is 2° x 1.5°
in longitude and latitude and 73 levels and, in the
ocean, 0.5° X 0.25° and 40 levels. The calculations were
performed at supercomputers of the Joint Supercom-
puter Center, Russian Academy of Sciences, and Mos-
cow State University, with the use of 360 to 720 cores.
The model calculated 6—10 years per 24 h in the above
configuration.

Four scenarios were used to model the future cli-
mate: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-5.8.
The scenarios are described in [4]. The figure after the
abbreviation SSP (Shared Socioeconomic Pathway) is
the number of the mankind development path (see the
values in [4]). The number after the dash means the
radiation forcing (W m~2?) in 2100 compared to the
preindustrial level. Thus, the SSP1-2.6 scenario is the
most moderate and assumes rapid actions which
sharply limit and then almost completely stop anthro-
pogenic emissions. Within this scenario, greenhouse
gas concentrations are maximal in the middle of the
21st century and then slightly decrease by the end of
the century. The SSP5-8.5 scenario is the warmest and
implies the fastest climate change. Each scenario
includes the time series of carbon dioxide, methane,
nitrous oxide, and ozone concentrations; emissions of
anthropogenic aerosols and their precursors; the con-
centration of volcanic sulfate acrosol; and the solar con-
stant. The scenarios are recommended for use in the
project on comparing CMIP6 (Coupled Model Inter-
comparison Project, Phase 6, [5]) climate models.

One model experiment was carried out for each of
the above scenarios. It began at the beginning of 2015
and ended at the end of 2100. The initial state was
taken from the so-called historical experiment with
the same model, where climate changes were simu-
lated for 1850—2014, and all impacts on the climate
system were set according to observations. The results
of the ensemble of historical experiments with the
model under consideration are given in [6, 7]. For the
SSP3-7.0 scenario, five model runs was performed
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differing in the initial data taken from different histor-
ical experiments. The ensemble of numerical experi-
ments is required to increase the statistical confidence
of conclusions about climate changes.

RESULTS

Let us describe some simulation results of climate
change in the 21st century. Figure 1 shows the change
in the globally averaged surface air temperature with
respect to the data of the corresponding historical
experiment for 1850—1899. In the warmest SSP5-8.5
scenario, the temperature rises by more than 4° by the
end of the 21st century. In the SSP3-7.0 scenario, dif-
ferent members of the ensemble show warming by
3.4°-3.6°. In the SSP2-4.5 scenario, the temperature
increases by about 2.4°. According to the SSP1-2.6
scenario, the maximal warming by ~1.7° occurs in the
middle of the 2Ist century, and the temperature
exceeds the preindustrial temperature by 1.4° by the
end of the century. The results for other CMIP6 mod-
els have not yet been published in peer-reviewed jour-
nals. However, according to the preliminary analysis
(see, e.g., https://cmip6bworkshop19.sciencesconf.org/
data/Sessionl_PosterSlides.pdf, p.29), the INM-CM5
model shows the lowest temperature increase among
the CMIP6 models considered for all the scenarios
due to the minimal equilibrium sensitivity to the CO,
concentration doubling, which is ~2.1° for the current
model version, like for the previous version, despite
new condensation and cloud formation blocks.

The changes in the surface air temperature are simi-
lar for all scenarios; therefore, we analyze the difference
between temperatures in 2071—2100 and 1981—-2010
under the SSP5-8.5 and SSP1-2.6 scenarios (Fig. 2).
The warming is maximal in the Arctic; it reaches 10°
and 3°, respectively. Other features mainly correspond
to CMIPS5 data [8], including the INMCM4 model,
which participates in the comparison. The warming
on the continents of the Northern Hemisphere is
about 2 times higher than the mean, and the warming
in the Southern Hemisphere is noticeably less than in
the Northern Hemisphere. The land surface is getting
warmer than the ocean surface in all the scenarios
except SSP1-2.6, because the greenhouse effect is
expected to weaken in the second half of the 21st cen-
tury in this scenario, and the higher heat capacity of the
ocean prevents it from cooling as quickly as the land.

The changes in the temperature in individual sea-
sons can noticeably differ from the annual average,
and the changes in extreme temperatures can differ
from the changes in the averages. The changes in
extreme weather and climate events in scenario experi-
ments will be considered in detail in another work. The
quality of reproducing the extreme value indices by the
INM-CM5 model when reproducing the modern cli-
mate is discussed in [9]. Here, we only show how the
summer average temperature in 2071—2100 changes as
compared to 1980—2010 in Eurasia in the ensemble of
Vol. 56
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Fig. 1. Changes in the global average surface temperature (K) with respect to the pre-industrial level in experiments according to
the SSP1-2.6 (triangles), SSP2-4.5 (squares), SSP3-7.0 (crosses), and SSP5-8.5 (circles) scenarios.

five experiments under the SSP3-7.0 scenario, as well
as the temperature of the warmest month over these
30 years. The increase in the summer average tem-
perature is the strongest in southern Europe due more
intense soil drying and weaker evaporation. Thirty-
year changes in the temperature in the warmest month
correspond to an increase in the summer average tem-
perature on the largest area of the globe. However,
extremely high temperatures rise faster than the aver-
ages in most of Russia (Fig. 3). The probable reason
discussed, e.g., in [10] is that the soil usually remains
moist, but it can dry sometimes, which, in combina-
tion with suitable dynamic conditions, gives a particu-
larly high temperature.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

The changes in precipitation in December—Febru-
ary and June—August for the SSP3-7.0 scenario aver-
aged over five members of the ensemble are shown in
Fig. 4. All members of the ensemble show an increase
in precipitation in the winter in a significant part of
middle and high latitudes. In summer, the border
between the increase and decrease in precipitation in
Eurasia passes mainly around or to the north of 60°. In
southern and central Europe, all members of the
ensemble show a decrease in precipitation. Precipita-
tion also increases in the region of the summer Asian
monsoon, over the equatorial Pacific, due to a decrease
in the upwelling and an increase in ocean surface tem-
perature (OST). The distribution of changes in precipi-
Vol. 56

No.3 2020
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Fig. 2. Differences between the annual average surface air temperatures (K) in 2071—2100 and 1981—-2010 for the (a) SSP5-8.5
and (b) SSP1-2.6 scenarios.
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Fig. 3. Differences between the surface temperatures (K) in June—August of 2071—-2100 and 1981—-2010 for the (a) summer on

the average and (b) the warmest months over 30 years.

tation mainly corresponds to that given in [6, Fig. 12.22]
for all CMIP5 models.

The change in the Arctic sea ice area in September,
when the ocean ice cover is minimal over the year, is of
interest. Figure 5 shows the sea ice area in September
2015—2019 to be 4—6 million km? in all experiments,
which corresponds to the estimate from observations
in [11]. The Arctic sea ice does not completely melt in
any of the experiments and under any scenario. How-
ever, according to [8, Figs. 12.28 and 12.31], many
models participating in CMIP6, where the Arctic ice
area is similar to that observed at the beginning of the
21st century, show the complete absence of ice by the
end of the 21st century, especially under the RCP8.5

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

scenario, which is similar to SSP5-8.5. The reason for
these differences is the lower equilibrium sensitivity of
the INM-CM5 model. Note that the scatter of data
between experiments under different scenarios in the
first half of the 21st century is approximately the same
as between different members of the ensemble under
the SSP3-7.0 scenario and becomes larger only after
2070. The sea ice area values are sorted in accordance
with the radiative forcing of the scenarios only after
2090. This indicates the large contribution of natural
climate variability into the Arctic ice area. In the
SSP1-2.6 experiment, the Arctic ice area at the end of
the 21st century approximately corresponds to its area
at the beginning of the experiment.
Vol. 56

No.3 2020
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Fig. 4. Changes in precipitation (mm/day) in (a) December—February and (b) June—August 2071—2100 and 1981—2010 averaged
over five SSP3-7.0 scenario experiments. Negative isolines are shown by the dashed curve; the regions where all five experiments
show changes of the same sign are gray.

Climate changes can be also traced in the ocean cir-  defined as the maximum of the meridional streamfunc-
culation. Figure 6 shows the change in the 5-year aver-  tion at 32° N. All experiments show a decrease in the
aged intensity of the Atlantic meridional circulation, intensity of meridional circulation in the 21st century

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS Vol.56 No.3 2020
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Fig. 5. Arctic ice area (millions kmz) in September: (a) data from experiments under the SSP1-2.6 (triangles), SSP2-4.5 (squares),
and SSP5-8.5 (circles) scenarios and the first member of the SSP3-7.0 ensemble (crosses); (b) data of five SSP3-7.0 experiments.
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Fig. 6. Five-year averaged intensity of the Atlantic meridional circulation (Sv) defined as the maximum of the meridional stream-
function at 32° N: (a) data from experiments under the SSP1-2.6 (triangles), SSP2-4.5 (squares), and SSP5-8.5 (circles) scenar-
ios and the first member of the SSP3-7.0 ensemble (crosses); (b) data from five SSP3-7.0 experiments.
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and natural fluctuations against this decrease. The
decrease is about 4.5—5 Sv for the SSP5-8.5 scenario,
which is close to values obtained in the CMIP5 models
[8, Fig. 12.35] under the RCPS8.5 scenario. Under
milder scenarios, the weakening of the meridional cir-
culation is less pronounced. The reason for this weak-
ening of the meridional circulation in the Atlantic, as
far as we know, is not yet fully understood. In the first
half of the 21st century, the scatter of the experimental
data for different scenarios, which start with the same
initial conditions, is less than the scatter of data of the
SSP3-7.0 scenario experimental ensemble, different
members of which start from different initial data. This
may be evidence of the potential predictability of the
meridional circulation intensity for several tens of
years from the initial data. At the same time, the scat-
ter of the SSP3-7.0 scenario ensemble significantly
decreases by the end of the 21st century, which may
mean a decrease in the natural variability in the
warmer climate.

Let us mention several other changes in the ocean
dynamics which occur by the end of the 21st century,
as opposed to the end of the 20th century, in all sce-
nario experiments except for SSP1-2.6.

First, we should note a decrease in the upwelling
intensity at the equator in the Pacific, which might be
due to a decrease in the trade wind velocity. This
increases the OST more strongly than in latitudes
farther from the equator and precipitation near the
equator.

The Atlantic water inflow into the Arctic Ocean
along the west coast of Europe also increases, as does
the Arctic water flow into the North Atlantic along the
east coast of Greenland. This can be due to both wind
exposure (an increase in the North Atlantic Oscilla-
tion Index) and a change in the density gradients. In
the Atlantic, the surface salinity significantly (by 0.5—
1 PSU) increases from the equator to 40° N and simi-
larly decreases in midlatitudes (40°—65° N). It again
creases near the ice border in the north of the Barents
Sea. These changes in salinity in the model are similar
to those in CMIP5 models [8, Fig. 12.34].

The Gulf Stream intensity decreases in the Gulf of
Mexico and near the coast of Florida. The Gulf
Stream separation point shifts northward. The Kuro-
shio and the Antarctic circumpolar current intensify.

All these changes in the ocean dynamics during the
development of the greenhouse effect, as far as the
authors can tell, have no clear explanation in the mod-
ern scientific literature and need further research.

The dynamics of the atmosphere also slightly
changes due to enhancement of the greenhouse effect.
Here, we consider only changes in the meridional cir-
culation during the winter of the Northern Hemi-
sphere (December—February), when these changes
are the most pronounced (Fig. 7). The meridional
streamfunction shown in Fig. 7 is defined so there is a
clockwise movement around the maximum, and coun-
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terclockwise around the minimum. In the upper frag-
ment, which shows the intermediate state, the Hadley
and Ferrel cells of the Northern and Southern hemi-
spheres are clearly visible. The intensity of the Hadley
circulation decreases in both hemispheres in the end
of the 21st century, apparently due to an increase in
the air moisture content at higher temperatures,
which is faster than the increase in precipitation.
Therefore, the vertical air stream, which accompa-
nies precipitations, decreases. At the same time, as
follows from Fig. 7, the Hadley cell extends upward.
In addition, the Hadley circulation cell expands pole-
ward, especially in the Northern Hemisphere. If the
zero isoline of the streamfunction is considered its
boundary, then the northern boundary shifts poleward
by about 1° latitude. The probable cause of this is a
change (northward shift) of the momentum fluxes
generated by midlatitude Rossby waves, which support
the Ferrel circulation. However, to prove this, addi-
tional studies are required. The Ferrel cell also shifts
northward and slightly strengthens.

The dynamics of the stratosphere also changes.
Like in other CMIP5 models ([8, Fig. 12.19]), west
winds increase in midlatitudes due to warming of the
troposphere and cooling of the stratosphere and a
higher tropopause in the tropics than in midlatitudes.
This intensifies the vertical wave propagation in mid-
latitudes and the Brewer—Dobson circulation.

CONCLUSIONS

Numerical experiments have been carried out to
reproduce climate changes in the 21st century accord-
ing to four scenarios of the CMIP6 program [4, 5],
including an ensemble of five experiments under the
SSP3-7.0 scenario. The changes in the global mean
surface temperature are analyzed. It is shown that the
global warming predicted by the INM-CMS5 model is
the lowest among the currently published CMIP6
model data. The geographical distribution of changes
in the temperature and precipitation is considered.
According to the model, the temperature in the warm-
est summer month will increase faster than the sum-
mer average temperature in Russia.

None of the experiments show the complete melt-
ing of the Arctic ice cover by the end of the 21st cen-
tury. Some changes in the ocean dynamics, including
the flow velocity and the meridional streamfunction,
are analyzed. The changes in the Hadley and Ferrel
circulation in the atmosphere are considered.
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