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Key Points:

e GISS E2.1 model with different configurations is used to carry out 134 SSP experiments

e GISS-E2.1 climate model shows a stronger warming by 2100 in comparable RCP scenarios
in CMIP5 due to larger effective climate sensitivity and stronger transient climate response

e Both coupled models, E2.1-G and E2.1-H, project decreases in the Atlantic overturning
stream function by 2100 with the largest decrease in the warmest scenario SSP5-8.5 in the

E2.1-G model

Abstract
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This paper presents the response to anthropogenic forcing in the GISS-E2.1 climate models
for the 21st century Shared Socioeconomic Pathways (SSPs) emission scenarios within the
Coupled Model Intercomparison Project phase 6 (CMIP6). The experiments were performed using
an updated and improved version of the NASA Goddard Institute for Space Studies (GISS)
coupled general circulation model that includes two different versions for atmospheric
composition: a non-interactive version (NINT) with prescribed composition and a tuned aerosol
indirect effect (AIE) and the One-Moment Aerosol model (OMA) version with fully interactive
aerosols which includes a parameterized first indirect aerosol effect on clouds. The effective
climate sensitivities are 3.0°C and 2.9°C for the NINT and OMA models, respectively. Each
atmospheric version is coupled to two different ocean general circulation models: the GISS ocean
model (E2.1-G) and HYCOM (E2.1-H). We describe the global mean responses for all future
scenarios and spatial patterns of change for surface air temperature and precipitation for four of
the marker scenarios: SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5. By 2100, global mean
warming ranges from 1.5°C to 5.2°C relative to 1850-1880 mean temperature. Two high-mitigation
scenarios SSP1-1.9 and SSP1-2.6 limit the surface warming to below 2°C by the end of the 21st
century, except for the NINT E2.1-H model that simulates 2.2°C of surface warming. For the high
emission scenario SSP5-8.5, the range is 4.6-5.2°C at 2100. Due to about 15% larger effective
climate sensitivity (ECS) and stronger transient climate response (TCR) in both NINT and OMA
CMIP6 models compared to CMIP5 versions, there is a stronger warming by 2100 in the SSP
emission scenarios than in the comparable RCP scenarios in CMIP5. Changes in sea ice area are
highly correlated to global mean surface air temperature anomalies and show steep declines in both
hemispheres, with the largest sea ice area decreases occurring during September in the Northern

Hemisphere in both E2.1-G (-1.21x10% km?/°C) and E2.1-H models (-0.94x10° km?°C). Both
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coupled models project decreases in the Atlantic overturning stream function by 2100. The largest
decrease of 56-65% in the 21% century overturning stream function is produced in the warmest
scenario SSP5-8.5 in the E2.1-G model, comparable to the reduction in the corresponding CMIP5
GISS-E2 RCP8.5 simulation. Both low-end scenarios SSP1-1.9 and SSP1-2.6 also simulate
substantial reductions of the overturning (9-37%) with slow recovery of about 10% by the end of

the 21st century (relative to the maximum decrease at the middle of the 21st century).

Plain Language Summary

The projections of future climate change are uncertain because they are dependent on
different possible scenarios of human-caused emissions and their interaction with natural forcings,
internal climate variability, and inter-model differences. This paper presents the results of the
climate model of the NASA Goddard Institute for Space Studies, GISS-E2.1, for the
anthropogenically forced climate response for the twenty first century Shared Socioeconomic
Pathways emission scenarios within the Coupled Model Intercomparison Project phase 6 (CMIP6).
The sensitivity of the model response to different magnitudes of anthropogenic forcings in the
twenty-first-century scenarios were performed using two different versions for the atmospheric
composition and two different ocean general circulation models. Compared to CMIP5 GISS-E2
versions, the CMIP6 GISS-E2.1 climate model shows a stronger warming by 2100 in comparable
scenarios due to larger ECS and TCR. Both climate models with two different ocean components

project decreases in the Atlantic overturning stream function by 2100.

1. Introduction
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Storyline-based scenarios based on plausible socio-economic pathways are required to
study future projections of climate change. These scenarios are used to coordinate numerical
experiments by modeling centers and contrast possible futures and the outcome of choices with
respect to a range of socio-economic variables including technological change, energy and land
use, inequality, and subsequent emissions of greenhouse gases and air pollutants. In the past,
several sets of scenarios have performed such a role, including the scenarios from the Special
Report on Emission Scenarios [Nakicenovic et al., 2000], followed by the scenarios from
Representative Concentration Pathways (RCPs) [van Vuuren et al, 2011], and more recently, the
ScenarioMIP that combined the RCP/SSP forcing scenarios to conduct integrated assessments of
responses to various strategies with respect to mitigations and adaptations to climate change
[O’Neill et al., 2016]. Nine ScenarioMIP scenarios are continuations of the CMIP6 historical
(1850-2014) experiments.

Since confident prediction of future socio-economic change is impossible, examining a
broad range of scenarios has been a key component of climate change research for four decades.
The future developments of anthropogenic drivers of climate change are unknown. Therefore, a
wide range of future scenarios were produced with integrated assumptions based on economic,
social, and technological developments as well as environmental conditions. They are used as input
for climate model runs to estimate the responses to a range of the alternative conditions, as well as
for exploring potential feedbacks and sensitivities. To serve a wide range of scientific research
studies, nine alternative 21% century scenarios were developed [0 Neill et al., 2016].

Here we use the GISS-E2.1 climate model [Kelley et al., 2020] to explore the sensitivity
of the model response to different magnitudes of anthropogenic forcings in the wide range of the

twenty-first-century ScenarioMIP scenarios, as well as the response of the climate system
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simulated with different model representations. The main focus of this paper is to provide a
summary overview of the GISS climate simulations of the 21st century ScenarioMIP scenarios, to
present estimates of global climate change and some impacts on regional temperature and
precipitation with different versions of the GISS climate model, noting the differences with respect
to the CMIP5 GISS simulations [Nazarenko et al., 2015]. In Section 2, we present a brief
description of different versions of the GISS climate model. Kelley et al. [2020] describes the GISS
climate model in greater detail including improvements of model physics as well as the evaluation
of the seasonal climatology of the atmospheric and coupled models during the satellite period
(1979-2014), while Miller et al. [2021] describes the drivers and responses over the historical
period (1850-2014). Section 3 describes the SSP emission scenarios and forcings applied for 21st
century simulations. Global changes for the SSP experiments are discussed in Section 4, while
regional changes are presented in Section 5. Section 6 describes the projections of the annular

modes in the Northern and Southern Hemispheres. Conclusions are presented in Section 7.

2. Model Description

2.1. Atmospheric Models

We use a new version of the NASA Goddard Institute for Space Studies (GISS) climate
model, GISS-E2.1 with unchanged horizontal and vertical resolution since CMIP5: 2° latitude by
2.5° longitude with 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 Kelley et al. [2020] and Miller et al. [2021]. Many details of composition modelling

and performance over the historical period (1850-2014) are presented in Bauer et al. [2020].
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We use two different treatments of the atmospheric composition. The simplest is a version
with Non-INTeractive (NINT) composition. Three-dimensional monthly mean distributions of
aerosols and ozone are prescribed from atmosphere-only simulations of the fully interactive
aerosol and chemistry model. The aerosol indirect effect on clouds is included as a simple
parameterization for increasing the low cloud cover in response to increasing aerosols [Hansen et
al., 2005]. This parameterization is based on an assumed relation between aerosol number
concentrations and cloud fraction and tuned to produce a roughly -1.0 W/m? of forcing in 2000
relative to 1850 (see Miller et al. [2021] for a discussion).

The second version (OMA — One-Moment Aerosol model) has fully interactive aerosols
[Bauer et al., 2020] and chemistry in both the troposphere and stratosphere [Shindell et al., 2013].
All chemical species are simulated prognostically consistent with atmospheric physics in the
model and the emissions of short-lived precursors. The OMA model includes a parameterization
of the first indirect aerosol effect on clouds relating aerosol concentration to cloud optical thickness
[Twomey, 1977; Menon et al., 2010]. In the CMIP6 archive, the NINT and OMA runs are denoted

as physics-version=1 and 3, respectively.

2.2. Ocean Models

We couple two different ocean general circulation models to each of the two atmospheric
versions. The E2.1-G uses the GISS Ocean version 1 (GO1), a descendant of the “Russell ocean
model” originally described by Russell et al. [1995]. This ocean model is a mass conserving with
horizontal resolution of 1.25° longitude by 1° latitude and has 40 vertical levels with finer
resolution in the top 100 m, which is 8 more layers than in the CMIP5 version. The model uses the

C-grid for the momentum equations, includes the KPP parameterization for vertical mixing [Large
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et al., 1994] and a modified Gent-McWilliams parameterization for the mixing effect associated
with mesoscale eddies [Gent and McWilliams, 1990; Kelley et al., 2020]. The other ocean model
used for climate simulations is HYCOM [Bleck, 2006; Sun and Bleck, 2006], the HYbrid
coordinate version of the Miami Isopycnal Coordinate Ocean Model. The E2.1-H model increased
the number of vertical layers to 32 from 26 in CMIP5 E2-H. While it maintains an isopycnal
coordinate representation in the oceanic interior, it allows coordinate layers to become constant in
depth poleward of the location where their “‘target’’ isopycnals outcrop. The horizontal resolution
is nominally 1° both in latitude and longitude. The improvements to the physics since CMIP5 for
both ocean models were documented in the paper by Kelley et al. [2020].

Both ocean models include the same model of sea ice dynamics in the Arctic and Antarctic
[Zhang and Rothrock, 2000]. The sea ice thermodynamics model has modifications such as a brine
pocket parameterization and independent advection of snow mass along with removal of leads for

multi-year Arctic ice [Schmidt et al., 2004; Kelley et al., 2020].

3. Shared Socioeconomic Pathway Experiments

Projections of future climate change represent assessments of possible changes that depend
on many anthropogenically forced factors, such as greenhouse gases, chemically reactive gases,
aerosols, and land use. In the SSP experiments [Meinshausen et al., 2020], the total radiative
forcings (Fig. 1a) are largely determined by well-mixed greenhouse gases (Fig. 1b) moderated by
radiative forcings from tropospheric aerosols (Fig. 1c). The GHG concentrations are provided by
SSP projections. The dominant component of the GHG concentrations is carbon dioxide for most

SSP emission scenarios (Fig. 2a, Table 1).
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Figure 2. Greenhouse gas mixing ratios in the E2.1-G NINT SSP emission scenarios.

The nominal radiative forcings for SSP runs range from 1.9 W/m? to 8.5 W/m?. Based on
climate change or climate policy, eight ScenarioMIP scenarios were divided into 5 groups. SSP1
includes two future experiments with 1.9 W/m? and 2.6 W/m? for the total radiative forcings. SSP1
is the Green Road experiment with the emphasis on reduction of anthropogenic emissions, on
transition to renewable energy supplies, on educational and health investments [van Vuuren et al.,
2017]. SSP2 with 4.5 W/m? of total radiative forcing is a Middle of the Road experiment that
continues the patterns of the historical simulation in terms of anthropogenic emissions and
developments in environmental systems [Frisco et al., 2017]. SSP3 with high radiative forcing of
7.0 W/m? reflects the path with high air pollutant emissions, expansion of cropland, fast growing
population with little investments in education and health [Fujimori et al., 2017]. It includes two
high scenarios SSP3-7.0 and SSP3-7.0LOW that have two different evolutions of the near-term
climate forcers. The effective radiative forcings for the greenhouse gases differ by about 1 W/m?
for these two scenarios (Fig. 1b). SSP4 is the experiment with large inequalities between and
within regions where high-income communities prosper and low-income regions experience
limited economic growth. Due to different levels in regional air pollution, the radiative forcing
reaches 6.0 W/m? globally. SSP4-6.0 is similar to the CMIP5 RCP6.0 by its projection and effects.
SSP4 also includes the scenario with rather low radiative forcing of 3.4 W/m? that fills the gap
between the low and the high ends of the range of future forcing pathways [Calvin et al., 2017].
The upper end of the future scenarios is SSP5 with the highest radiative forcing of 8.5 W/m? due
to very high levels of fossil fuel use that leads to a tripling of the greenhouse emissions over the

course of the 21% century [Kriegler et al., 2017]. SSP5 also includes the SSP5-3.40S scenario that
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continues after the year 2040 of the SSP5-8.5 with the substantial decline in forcing during the
21st century. All SSP experiments were carried out from 2015 to 2100.

The projected CO> concentrations range from 393 to 1135 ppm in 2100, with the low
scenario SSP1-1.9 decreasing to 350 ppm by 2150. In the high scenario SSP5-8.5, the CO-
concentration is projected to increase up to 2200 ppm by 2250.

The projected methane (CH4) concentrations provided as part of the SSPs are the largest
for SSP3-7.0 that almost doubles at 2100 relative to 2015. In the high scenario SSP3-7.0LOW, the
CHa concentrations increase slightly and then steadily decrease by about a third by 2100. The
largest decrease in the CHa4 concentration is projected in SSP5-3.40S where it is reduced by more
than a half by 2100. In this scenario, the CH4 concentration is lower at 2100 than in the low
scenarios SSP1-1.9 and SSP1-2.6 (Fig. 2b).

In the OMA model with fully interactive composition, CH4 concentrations are calculated
based on prescribed anthropogenic emissions and prognostic atmospheric chemistry and natural
emissions. The OMA model shows higher methane concentrations than the ones from the
prescribed SSP concentrations (Fig. 3) because of positive feedbacks via atmospheric chemistry
(i.e. an increased methane lifetime) and increased wetland emissions. A similar difference of
methane concentration in the non-interactive and fully prognostic models was also seen in the

CMIP5 models [Shindell et al., 2013; Nazarenko et al., 2015].
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Figure 3. CH4 mixing ratios in the E2.1-G OMA SSP emission scenarios.

The nitrous oxide (N20) concentrations are projected to increase for all scenarios (Fig. 2¢).
For the lowest emission scenarios SSP1-1.9 and SSP1-2.6, the N>O concentrations increase by
about 30 ppb by 2100. The largest increases in N2O concentrations are expected in SSP3-7.0 and
SSP3-7.0LOW, and they are projected to increase by almost 100 ppb by 2100 (Fig. 2c).

The projected concentrations of ozone-depleting substances, such as CFCs and other trace
gases, decrease for six out of nine modeled scenarios (Fig. 2d). In the high scenario SSP5-8.5, the
CFC and trace gas concentrations are assumed to have strong increases for most of the 21% century.
In two other high scenarios SSP3-7.0 and SSP3-7.0LOW, there are no substantial variations in the
projected concentrations of CFCs and other trace gases.

The effective radiative forcings (ERFS) in the GISS models for the greenhouse gases
presented in Fig. 1b shows that the largest forcing of the SSP5-8.5 scenario is 9 W/m? at the year
2100. In the multimodel analysis by Smith et al. [2018], CO: is suggested to have a slightly (~5%)
higher ERF than its instantaneous radiative forcing after stratospheric temperature adjustments
alone. Since the contribution of CO: is the largest, the ERFs of the greenhouse gases are
consistently greater than the nominal forcings for all scenarios. Decrease of methane concentration

in the scenario SSP3-7.0LOW (Fig. 2b) is reflected in smaller greenhouse gas forcings at the year
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2100 compared to the GHG forcings in the scenario SSP3-7.0 (Fig. 1b). A steady reduction of both
CO2 and methane after 2050s in the scenario SSP5-3.40S leads to projected decline in the
greenhouse gas forcings from about 5 W/m? in 2050s to about 3.6 W/m? at the year 2100. In both
low-end scenarios SSP1-1.9 and SSP1-2.6, the greenhouse gas forcings at the year 2100 are
smaller than at the start of these scenarios (Fig. 1b).

The ERFs for tropospheric aerosols presented in Fig. 1c are calculated with the NINT
model. First, the CMIP6 emissions for nine ScenarioMIP scenarios [Riahi et al., 2017; Gidden et
al., 2019] were applied to the SSP experiments in the OMA version of the coupled model with
interactive chemistry and aerosols. These tropospheric aerosol distributions were extracted and
prescribed in the NINT model to calculate the ERFs for all ScenarioMIP scenarios. These non-
interactive model calculations are useful for estimating ERF considering internal model variability.
Fig. 1c shows that the year-to-year variations of the ERFs for the tropospheric aerosols is about
0.3 W/m? for all scenarios, and it is comparable to year-to-year standard deviations for the last
decade of the historical simulations. For the low-end scenarios SSP1-1.9 and SSP1-2.6, the ERFs
are smaller or comparable to the year-to-year variations. To make a more precise estimate of the
ERFs for the tropospheric aerosols, averages over the last decade, 2091-2100, were used and
compared to the last decade of the historical time interval, 2005-2014. The ERFs of tropospheric
aerosols are -1.2 W/m? and -0.1 W/m? for 2005-2014 and for 1850-1859, respectively.

Compared to 2005-2014, the negative ERFs for tropospheric aerosols is weaker in all
scenarios (Fig. 1c), except in SSP3-7.0 which has the highest aerosol burden. In SSP3-7.0, the
mid-2090s ERFs of about -1.0 W/m? is a little weaker than the estimate for the historical 2005-
2014 interval of -1.2 W/m?. Reduction of aerosol emissions in the scenarios SSP1-1.9 and SSP1-

2.6 results in substantial change from the negative effective aerosol forcing in the historical
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simulations to the positive forcing of about 0.3 W/m? for the mid-2090s. For the other six
scenarios, the ERFs of anthropogenic aerosols ranges from -0.1 W/m? for SSP4-3.4 and SSP5-
3.40S to about -0.4 W/m? for SSP4-6.0 and SSP5-8.5.

Modelling-based estimates of the ERFs for tropospheric aerosols [Partanen et al., 2018;
Fiedler et al., 2019; Lund et al., 2019] show a broad range in forcings, from -0.02 W/m? to -0.92
W/m? in 2100 (relative to 1850). While not directly comparable due to differences in the simulated
aerosol distributions, optical properties and cloud fields, all studies conclude that weak air
pollution control over the 21% century would result in strong negative aerosol forcing. Air quality
controls lead to rapid weakening of the negative aerosol forcings, which will unmask more of the
greenhouse gas induced warming.

Figure 1a shows that the total ERFs for all ScenarioMIP scenarios are larger in the GISS-
E2.1 model than the nominal forcings [Riahi et al., 2017]. The results from international
comparison projects indicate that the ScenarioMIP scenario forcings may be attainable at
equilibrium while some models find that some forcing targets are unattainable, in particular the
low forcing targets of 1.9 and 2.6 W/m? [Clarke et al., 2009; Kriegler et al., 2014]. Note that
because climate models have different implementations for calculations of radiative forcing given
their greenhouse gases and aerosols, the results shown here are indicative of the GISS models, and
may differ from other models [Meinshausen et al., 2020].

The land-use change components cover a wide-varying range of possible futures in the
ScenarioMIP scenarios [Riahi et al., 2017]. SSP land use changes are based on assumed
regulations, demands, productivity, environmental impacts, trade, and the degree of globalization
of future agricultural and forestry markets [Popp et al., 2017]. For GISS-E2.1, we classified the

Riahi et al. [2017] land cover by merging the crop and pasture cover types into the model’s single
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C3 crop type; the change in this cover type was used to rescale the cover of natural vegetation, as
described in Ito et al. [2020].

In all nine ScenarioMIP scenarios, volcanic aerosol forcing ramped up from the value at
the end of the historical simulation period (2015) over 10 years to the same constant value
(background stratospheric aerosols) prescribed for the pre-industrial simulations, and was then
kept fixed [O 'Neill et al., 2016]. For the solar forcing, we repeat the last 11-year solar cycle of the
historical simulation consistent with the CMIP5 approach [Meinshausen et al., 2011].

We carried out 134 SSP experiments with different configurations of the GISS E2.1 model.
The number of ensemble members for each SSP experiment and model configuration is indicated
in Table 1. For the line plots of the annual mean quantities for each ScenarioMIP scenario, the data
were averaged for all versions of atmospheric and ocean models. The range of the SSP results is
given by different shading for each SSP case with the NINT and OMA E2.1-G and E2.1-H climate
models. The maps present the means of the NINT models with five ensemble members for both
E2.1-G and E2.1-H for SSP1-2.6 and SSP5-8.5 scenarios, with ten ensemble members for E2.1-G
and five ensemble members for E2.1-H for SSP2-4.5 scenario, with five ensemble members for
E2.1-G and one member for E2.1-H for SSP4-6.0 scenario. To compare the regional difference
between OMA and NINT, and E2.1-H and E2.1-G, the averages were made over all versions and

ensemble members of E2.1-G and E2.1-H simulations for SSP2-4.5 scenario.

4. Global Changes
4.1. Global Temperature and the Planetary Energy Imbalance
Figure 4 shows the simulated global mean surface air temperature (drift-corrected)

anomalies relative to the 1850-1880 base period. The low-frequency drift of the model was
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subtracted from each ensemble member for all SSP emission scenarios as described in Miller et
al. [2021]. During the historical simulation, the global mean surface air temperature essentially
follows the estimated global mean forcing through time, showing cooling following the short-term
forcing by volcanic aerosols and strong warming for a few decades at the end of the 20" century
due to the dominant positive forcing of the increasing greenhouse gases. Simulated global warming
is about 1.0°C between 1850 and 2014 and agrees well with the observed temperature increase,
which is estimated also as about 1.0°C [Lenssen et al., 2019] (see Miller et al., [2021] for more
discussion of the 20™ century changes and comparison to observations).
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Figure 4. Global annual mean surface air temperature anomalies relative to the 1850-1880 base
period for all SSP emission scenarios. The data were averaged for all versions of atmospheric
and ocean models. Different shadings indicate ranges of the SSP experiments with the NINT and

OMA E2.1-G and E2.1-H climate models.

Relative to the last decade (2005-2014) in the historical simulations, the simulated global
warming in the SSP experiments ranges between 0.5°C and 1.6°C at 2050 (Table 1). For all SSP
experiments except for SSP1-1.9 and SSP1-2.6, the additional warming of global mean surface air
temperature increases and exceeds 1°C by 2100. In the SSP1-1.9 and SSP1-2.6 scenarios, both
NINT and OMA versions of E2.1-G show decreases in temperature by 2100 reflecting the design
of these scenarios with anticipated warming below 1.5 and 2.0°C in 2100, respectively [O Neill et
al., 2016]. The E2.1-H model has a higher TCR than E2.1-G (Table 6 from Kelley et al, 2020).
Both NINT and OMA configurations of the E2.1-H model simulated stronger warming over the
last decades of the historical period compared to the E2.1-G configurations (Table 6 from Miller

et al. [2021]) that continued with stronger warming for all scenarios in the E2.1-H models.

Table 1. Surface air temperature change (°C) relative to (2005-2014)-mean
temperature for different years in the future. The number of ensemble members

for each SSP experiment and model configuration is indicated in brackets.

SSP Experiment 2050 2100 2200 2300 2400 2500 2100%
SSP1-1.9 NINT-G (5) 0.9+0.16 | 0.7+0.13 15+0.13
NINT-H (1) 0.8 0.9 1.9
OMA-G (1) 0.9 0.7 15
OMA-H (1) 05 0.8 1.9
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SSP1-2.6 NINT-G (5) 1.1+0.09 | 1.1¥0.06 | 1.1+0.16 | 1.0+0.12 | 1.0+0.11 | 1.0£0.17 | 1.9+0.06
NINT-H (5) 1.2+0.09 | 1.2#0.04 | 1.2+0.14 | 1.1+0.06 | 1.3+0.09 | 1.3+0.14 | 2.3+0.04
OMA-G (5) 1.1+0.12 | 1.0£0.08 | 1.1+0.15 | 0.9+0.09 | 0.9+0.09 | 1.0+0.23 | 1.8+0.08
OMA-H (5) 1.1+0.17 | 1.240.26 | 1.2+0.09 | 1.2+0.19 | 1.1+0.17 2.1+0.16
SSP4-3.4 NINT-G (5) 1.0+0.19 | 1.4+0.08 2.2+0.08
NINT-H (1) 1.1 1.9 2.9
OMA-G (1) 0.9 15 2.2
OMA-H (1) 1.1 1.6 2.8
SSP5-3.40S NINT-G (5) 15+0.13 | 1.2#02 | 0.8£0.21 | 0.6+0.11 2.0+0.2
NINT-H (5) 1.5+0.12 | 1.640.18 | 1.0£0.09 | 1.1+0.16 2.5+0.18
OMA-G (5) 1.5+0.23 | 1.1#0.14 | 0.9+0.12 | 0.8+0.17 1.9+0.18
OMA-H (1) 1.2 15 1.0 0.6 2.6
SSP2-4.5 NINT-G (10) 1.2+0.08 | 1.8#0.12 | 2.1#0.15 | 2.3:0.28 | 2.3+0.41 | 2.1#0.3 | 2.7+0.31
NINT-H (5) 1.240.19 | 2.240.12 | 2.7+0.12 | 2.6+0.09 | 2.9+0.03 | 2.8+0.13 | 3.2+0.12
OMA-G (5) 1.1+0.13 | 1.8+0.27 2.6+0.41
OMA-H (5) 1.0+0.2 | 2.0+0.09 3.3+0.11
SSP4-6.0 NINT-G (5) 1.3+0.13 | 2.2¢0.18 3.0£0.15
NINT-H (1) 1.0 2.7 3.7
OMA-G (1) 1.2 1.9 2.7
OMA-H (1) 1.2 2.3 3.4
SSP3-7.0 NINT-G (10) 1.3+0.13 | 2.9:0.14 3.7+0.14
NINT-H (5) 1.4+0.2 | 3.2+0.14 4.3+0.14
OMA-G (5) 1.1+0.21 | 3.0:0.21 3.8+0.21
OMA-H (1) 1.1 3.2 4.4
SSP3-7.0LOW NINT-G (5) | 1.340.12 | 2.620.22 3.4+0.22
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NINT-H (1) 15 31 41
OMA-G (1) 0.8 2.5 33
OMA-H (1) 1.2 3.0 4.1
SSP5-8.5 NINT-G (5) 1.6+0.15 | 3.8+0.06 | 6.5x0.15 | 7.2+0.06 4.6+0.06
NINT-H (5) 1.6+0.24 | 4.10.24 | 7.2+0.09 | 7.9+0.08 5.2+0.24
OMA-G (5) 1.5+0.12 | 3.8#0.09 | 6.6+0.08 | 7.4+0.09 | 7.6+0.07 | 7.6£0.12 | 4.6+0.09
OMA-H (5) 15+0.1 | 4.1+0.37 5.2+0.37

2100% column is surface air temperature change (°C) relative to (1850-1880)-mean
temperature.

The GISS CMIP6 models show a slightly larger ECS (2.7-3.1°C) and TCR (1.8-2.0°C) in
both NINT and OMA configurations compared to CMIP5 versions (2.1-2.5°C and 1.4-1.8°C)
(Table 6 from Kelley et al, 2020). From the feedback analysis by Zelinka et al. [2020], both GISS
E2.1-G and E2.1-H models simulate more positive shortwave feedback for the extratropical low
clouds compared to the CMIP5 predecessors that has a direct contribution to the stronger warming.
Comparing the E2.1-G and E2.1-H models, it is noted that the higher ECS in the GISS E2.1-H
(3.1°C) configuration than in the E2.1-G (2.7°C) is due to bigger albedo effect [Zelinka et al.,
2020]. In addition to this, the contributions from both non-cloud and cloud feedbacks to ECS in
the E2.1-H model are more positive compared to the E2.1-G model (Table S1 and Figure S7 from
Zelinka et al. [2020]).

There is a stronger warming by 2100 in scenarios SSP2-4.5, SSP4-6.0, and SSP5-8.5 than
in the comparable CMIP5 RCP scenarios. For the intermediate SSP2-4.5 and SSP4-6.0 scenarios,
simulated global warming ranges between 2.0 and 2.9°C in 2100 relative to the 1996-2005 mean

temperature while the warming was between 1.1 and 2.5°C in the CMIP5 RCP4.5 and RCP6.0
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scenarios (Table 1 from Nazarenko et al., 2015). In the high-end scenario SSP5-8.5, the 2100
warming is between 4.0 and 4.3°C versus 2.7-3.7°C in the CMIP5 RCP8.5 scenario.

Two high end scenarios SSP3-7.0 and SSP3-7.0LOW differ by smaller loads of the near-
term climate forcers in the SSP3-7.0LOW (Fig. 2). In particular, the evolution of methane is
opposite for these two scenarios (Fig. 2b) with a substantial decrease of methane by 2100 in SSP3-
7.0LOW while it is almost doubled in SSP3-7.0 scenario. The total ERF is smaller by only 0.5
W/m? for SSP3-7.0LOW (Fig. 1a) due to reduction of negative effective forcings from the
tropospheric aerosols (Fig. 1c). The temperature warming at 2100 ranges between 3.1 and 3.4°C
in SSP3-7.0 versus 2.7 and 3.3°C in SSP3-7.0LOW (Table 1, Fig. 4b).

Figure 4c shows the temperature for three scenarios. The overshoot scenario SSP5-3.40S
branches from the year 2040 of the SSP5-8.5 scenario including the emission reduction rates after
2040 and reaching net negative emissions by the end of the century (Fig. 2). The ERFs for the
greenhouse gases strongly decline by 2100 after reaching a peak around 2050 (Fig. 1b). Due to a
reduction of tropospheric aerosol emissions (Fig. 1c), the total effective forcings for SSP5-3.40S
scenario approach those of SSP1-2.6 by 2100, which was the intention plan for this scenario (Fig.
1a) [O Neill et al., 2016]. The SSP5-3.40S forcings are smaller than for a similar forcing scenario
SSP4-3.4 leading to weaker warming between 1.1 and 1.6°C in SSP5-3.40S versus 1.4 and 1.9°C
in SSP4-3.4 by the year 2100 (Fig. 4c).

The year 2100 surface air temperature change relative to preindustrial (1850-1880) mean
temperature are shown in the last column of Table 1. Only two low-end scenarios SSP1-1.9 and
SSP1-2.6 project surface warming below 2°C by the end of the 21% century. Both NINT and OMA
versions of E2.1-H model produce temperature increases of 2.3°C by 2100 for SSP1-2.6 although

this model shows a gradual decrease of temperature during the extensions over the 21% and 22"
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centuries as do both NINT and OMA versions of E2.1-G model. Both NINT and OMA versions
of E2.1-G limit warming to 1.5°C by 2100 in SSP1-1.9. The E2.1-H versions exceed 1.5°C but
stay below 2°C warming. Six out of eight versions meet the goal of staying below 2°C warming
by 2100 in two low-end scenarios SSP1-1.9 and SSP1-2.6 (Table 1).

The climate system response to GHG and non-GHG forcings combined with radiative
feedbacks is shown in Figure 5 as a planetary energy imbalance at the top of the atmosphere. The
energy imbalance increased more than three times in the high-end scenario SSP5-8.5 over the 21°
century while it declined to smaller than historical-end values in both low-end scenarios SSP1-1.9
and SSP1-2.6 (Fig. 5a). The decline of net radiation of the planet in both low-end scenarios implies
the eventual achievement of a future equilibrium state. In the intermediate range SSP4-3.4 and
SSP2-4.5 scenarios, there is a gradual decrease of energy imbalance reflecting the stabilization of
both GHG and tropospheric aerosol forcings over the last 30-40 years of the 21% century (Fig. 1b,
1c). In three high end scenarios SSP4-6.0, SSP3-7.0 and SSP5-8.5, the continuous increase of

energy imbalance is a result of steep increase in GHG forcing over the 21% century.
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Figure 5. Net radiation at the top of the atmosphere (W/m?).

Fig. 5b compares the energy imbalance of two high end scenarios SSP3-7.0 and SSP3-

7.0LOW. There is a smaller impact of lower loads of GHGs in SSP3-7.0LOW (Fig. 1b). Since the

negative forcings from the tropospheric aerosols are weaker in the SSP3-7.0LOW (Fig. 1c)

compared to SSP3-7.0, the difference in total radiative forcings is smaller than the GHG forcings

in these two scenarios (Fig. 1a). This led to a smaller energy imbalance in the SSP3-7.0LOW

scenario (Fig. 5b).

Strong reduction of all anthropogenic forcings after 2040 in the overshoot scenario SSP5-

3.40S brings the energy imbalance to the level similar to the SSP4-3.4 scenario (Fig. 5c). The

high-end scenario SSP5-8.5, the year 2040 of which was used for branching SSP5-3.40S, differs

noticeably despite a stronger negative tropospheric aerosol forcings (Fig. 1c). This suggests that

aggressive reduction of emissions to zero by about 2070 and to net negative levels thereafter (Fig.
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2) would lead to a rapid decrease of energy imbalance in SSP5-3.40S over the last couple decades

of the 21% century (Fig. 5¢).

4.2 Sea Ice Changes

Over the historical time period, simulated sea ice area is greater in both hemispheres in the
GISS-E2.1 model compared to the GISS CMIP5 versions [Miller et al., 2021]. Nevertheless, over
the satellite period, 1979-2012, simulated decline in hemispheric sea ice area (Fig. 17 from Miller
et al., 2021) is comparable to observed decrease [Brennan et al., 2020]. In particular for the
Northern Hemisphere (NH) sea ice cover, Notz et al. [2020] pointed out that the CMIP6
multimodel ensemble mean is very close to the observational estimate and well within the plausible
range. GISS E2.1 is one of a few CMIP6 models that is able to simulate a plausible amount of sea-
ice loss and simultaneously a plausible change in global mean temperature over time (or
cumulative anthropogenic CO2 emissions) [Notz et al., 2020]. In addition to this, the amplitude of
the seasonal cycle of sea ice extent has improved in both hemispheres in E2.1-G model [Kelley et
al, 2020]. Sea ice distribution is similar in E2.1-H model although warmer conditions produce
smaller sea ice cover in the end of the historical period compared to E2.1-G model [Miller et al.,
2021].

In response to stronger warming (Table 1), the NINT model simulates more sea ice
decrease than the OMA configuration using both ocean variants and in all SSP experiments. For
SSP5-8.5, the E2.1-H model shows the largest sea ice cover reductions which are 65% and 74%
for the NH and Southern Hemisphere (SH) annual mean sea ice cover change based on the linear

trend over the period 2015-2100, averaged for both NINT and OMA configurations (Table 2).
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Table 2. Annual mean sea ice cover decrease (minus sign) based on linear trend over the period

2015-2100. The plus sign is the sea ice cover increase.

E2.1-H E2.1-G
NH SH NH SH

SSP1-1.9 9+1%  -9+7% 12+1%  +6£4%
SSP1-2.6 15+20%  -1147% -152%  +3+6%

SSP4-3.4 20+4%  -23+6% 13+2%  -2+4%
SSP2-4.5 25+2%  -35%12% | -2243%  -1146%
SSP4-6.0 28+1%  -35+3% 24+1%  -14+6%
SSP3-7.0 3420  -48+6% 31+1%  -25+7%
SSP3-7.0LOW | -34+1%  -40+10% | -30+3% -16+8%
SSP5-8.5 65+27% -T4+23% | -3943% -40+8%
SSP5-3.40S | +1+2%  -16+9% +424%  +2+2%

The E2.1-G model shows a very small recovery of the SH annual mean sea ice cover in the

second half of the 21% century in the low-end scenario SSP1-1.9 in both the NINT and OMA
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configurations, by 6% and 3%, respectively. In another low end scenario SSP1-2.6, the recovery
of the SH annual sea ice cover is simulated only in the NINT E2.1-G model while the OMA E2.1-
G model produces continued decrease of the sea ice over both the high-latitude Northern and
Southern oceans. E2.1-H model simulates strong decrease of the sea cover in all scenarios. Due
to steeper surface warming (Table 1), the SH sea ice melt is much larger in all scenarios compared
to the E2.1-G model (Table 2).

Comparison of the variability and relationships between the 20-year (2040-2059) annual
mean of global surface air temperature and the 20-year (2040-2059) annual, March, and September
means for the NH and SH sea ice are presented in Figure 6. For the Northern Hemisphere, the
sensitivity of the sea ice to global warming (defined as the slope of the regression line) is the largest
for September in both E2.1-G (-1.21x10° km?/°C) and E2.1-H models (-0.94x10® km?/°C) (Fig.
6e), which is consistent with the observed extreme shrinkage of the Arctic ice in September over
the last years [Stroeve and Notz, 2015]. The E2.1-H models simulate strong sensitivities of the SH
sea ice for the annual mean (-1.11x108 km?/°C) and September mean (-1.48x10° km?/°C) ice cover
(Fig. 6b and 6f). Starting with the last decades of the historical simulations, the E2.1-H models
continue the fast decline of the SH sea ice in all SSP emission scenarios (Fig. 6b, 6d, 6f). The SH
sea ice loss is cited by Miller et al. [2021] as unrealistically large over the last decades of the
historical simulations in the E2.1-H models. The E2.1-H models simulate stronger warming over
the Southern Ocean compared to E2.1-G models for the historical period (Fig. 12 in Miller et al.,
2021) and for the SSP emission scenarios. In Section 5, Fig. 11b demonstrates warmer
temperatures over high Southern latitudes in the E2.1-H model for the last two decades of the

SSP2-4.5 scenario.
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Figure 6. Relationship between the 20-year (2040-2059) annual mean of global surface air

temperature and sea ice area (10° km?). (A) 20-year (2040-2059) annual mean of Northern

Hemisphere sea ice area; (B) 20-year (2040-2059) annual mean of Southern Hemisphere sea ice

area; (C) 20-year (2040-2059) March mean of Northern Hemisphere sea ice area; (D) 20-year

(2040-2059) March mean of Southern Hemisphere sea ice area; (E) 20-year (2040-2059)

September mean of Northern Hemisphere sea ice area; (F) 20-year (2040-2059) September mean

of Southern Hemisphere sea ice area. Red dots are for E2.1-G models, blue dots are for E2.1-H

models.
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For all seasonal means, the sensitivities of sea ice to global warming is stronger over the
SH than over the NH in the E2.1-H models. Furthermore, over the Southern Ocean the sensitivities
of the sea ice to global warming are stronger at least by factor of two in the E2.1-H models
compared to the E2.1-G models (Fig. 6b, 6d, 6f). Over the NH, the sensitivities of the sea ice cover
to surface air temperature are comparable in both models for annual mean and summer season
(Fig. 6a, 6e) while for winter season sensitivity is much weaker in the E2.1-H models (Fig. 6¢). In
general, the cold season Arctic sea ice cover is much less sensitive to the change in the annual
mean surface air temperature in both models (Fig. 6c, 6e).

Analyzing declines of the NH summer sea ice cover below 1x10° km?, a commonly used
threshold for a seasonably ice-free Arctic, the GISS-E2.1 models simulate much larger sea ice
coverage for the last decades of the historical period compared to CMIP5 versions. For the middle
21% century (2040-2059), the almost ice-free summer Arctic conditions are produced by the E2.1-
H models in the intermediate scenario SSP4-6.0 and in the high-end scenarios SSP3-7.0 and SSP5-
8.5 (Fig. 6€). The E2.1-G models simulate the ice-free summer Arctic at the end of the 21% century
in these high-end scenarios. The middle 21% century surface temperature warming of +1.0 to
+1.6°C relative to the last decade of the historical period is required in the E2.1-H models to
produce this summer ice-free Arctic (Table 1). For the E2.1-G models, the end 21% century surface
warming of +1.9 to +3.8°C is shown for the ice-free summer Arctic (Table 1). This surface
temperature increase for ice-free conditions is larger compared to CMIP5 versions because
simulated sea ice area at the end of the historical time period, that is used as initial conditions for

all future scenarios, is greater in the GISS-E2.1 models [Miller et al., 2021].

4.3. Ocean Heat Content and Thermosteric Sea Level Changes
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The ocean is the largest energy collector on Earth. It absorbs most of the excess heat
trapped by greenhouse gases, leading to rising ocean temperatures and to increasing ocean heat
content. Over the historical simulations, the E2.1-H models take up more ocean heat for both NINT
and OMA configurations with the largest heat uptake in E2.1-H OMA ensemble matching the
estimated column uptake from observations [Zanna et al., 2019]. Both CMIP6 E2.1-G and E2.1-
H models show markedly smaller heat uptake over the 20" century than the CMIP5 GISS coupled
models [Miller et al., 2021].

Both GISS CMIP6 models simulate a similar ocean warming following the starting year of
the future experiments, 2015. Overall, the OMA versions for both models show slightly larger
increases in the ocean heat content (Table 3) that follows stronger ocean heat uptake for the last
two decades (1995-2014) of the historical period (Fig. 19 in Miller et al., 2021) in the OMA
configurations in general. The largest increases in ocean heat content from 2015 to 2100 are seen
in the SSP5-8.5, with increases of 9-10% relative to the year 2015 in both the E2.1-G and E2.1-H
models. This warming is close to GISS CMIP5 RCP8.5 ocean heat content increase over the 21
century (relative to the year 2006 ocean heat content, the starting year of all CMIP5 RCP
experiments). In another high-end scenario SSP3-7.0, the ocean warming is 8-9% in both models.
The lowest ocean warming between 4 and 5% is simulated in both low-end scenarios SSP1-1.9
and SSP1-2.6, which is similar to CMIP5 RCP2.6 warming. For the intermediate SSP2-4.5 and
SSP4-6.0 scenarios, predicted ocean warming is between 7 and 8% for both CMIP6 coupled

models.

Table 3. Ocean heat content change (10?2 J) in 2100 relative to 2015.
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E2.1-H E2.1-G

NINT OMA NINT OMA

SSP1-1.9 102 110 115+2.7 128
SSP1-2.6 118+1.7 130 136+0.8 146+1.7

SSP4-3.4 133 143 146x1.0 158
SSP2-4.5 156+1.8 164+1.8 | 172+1.9 180+2.3

SSP4-6.0 171 185 184+3.0 198
SSP3-7.0 189+1.9 210 202+1.6 22242.2

SSP3-7.0LOW 180 196 196+1.9 211
SSP5-8.5 231+1.1 241+2.1 | 248+2.3 259+1.3
SSP5-3.4 OS 143+1.6 154 159+2.6 172+1.5

The expansion of ocean volume due to warming, so-called thermosteric sea level rise,
increases throughout the 21st century in all scenarios relative to the last decade of the historical
simulations (Table 4). Over the historical period, 1850-2014, the thermosteric sea level rise is

about 2 and 4 cm for the E2.1-G and E2.1-H models, respectively [Miller et al., 2021] that is
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comparable to observational estimates since 1961 [Church et al., 2011]. The rate of the global
mean thermosteric sea level rise is 5-10% is larger in the E2.1-G than in the E2.1-H models (Table
4) that is consistent with a stronger ocean heat uptake in the E2.1-G models for all future scenarios
(Table 3). There is greater thermosteric sea level rise in the OMA configuration for both ocean
models due to larger ocean warming (Table 3). Comparing sea level at 2100 to the historical last-
decade mean sea level, the thermosteric sea level rises are the largest for the high-end scenario
SSP5-8.5. They are almost double the thermosteric sea level increases of the low-end scenario
SSP1-1.9, which are 14-18 cm for the SSP1-1.9 and 30-33 cm for the SSP5-8.5. The CMIP6
scenarios SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5 simulate about the same thermosteric sea
level rise as in the analogous CMIP5 RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios (Table 3
from Nazarenko et al. [2015]) for the NINT E2.1 model configuration. The thermosteric sea level
rises in the SSP5-8.5, SSP2-4.5, and SSP1-2.6 are close to the reported global mean thermal

expansions for the CMIP6 ensemble mean of 20 models [Hermans et al., 2021].

Table 4. Global Thermosteric Sea Level Rise (m) in 2100 relative to (2005-2014) mean sea level.

E2.1-G E2.1-H
NINT OMA NINT OMA
SSP1-1.9 0.16+0.01 0.18 0.14 0.16
SSP1-2.6 0.18+0.01 0.20+0.01 0.16+0.01 0.19
SSP4-3.4 0.20+0.01 0.22 0.17 0.19
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SSP2-4.5 0.22+0.01 0.24+0.01 0.21+0.01 0.23+0.01
SSP4-6.0 0.23+0.01 0.25 0.22 0.25
SSP3-7.0 0.25+0.01 0.28+0.01 0.24+0.01 0.28
SSP3-7.0LOW 0.24+0.01 0.27 0.22 0.26

SSP5-8.5 0.30+0.01 0.32+0.0 0.30+0.01 0.33+0.01
SSP5-3.40S 0.21+0.01 0.23+0.01 0.19+0.01 0.21

Warming has a strong impact on the North Atlantic deep water formation that in turn affects
the strength of the meridional overturning circulation. The weakening of the North Atlantic
overturning originates from reduction of surface ocean salinity as a result of the freshwater flux
from the sea ice melt under warming conditions. The recovery of the overturning starts with the
further ocean warming in low and middle latitudes and increasing the density contrast between
sinking and rising regions of the North Atlantic.
weakening and recovery as function of timescale, magnitude of forcing and representation of key

ocean processes are presented and extensively discussed in Manabe and Stouffer [1999] as well as

in Manabe and Stouffer [1994].
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The E2.1-G models simulate a tendency of stronger declines of the overturning circulation
in historical experiments compared to E2.1-H (Fig. 21 from Miller et al. [2021]). This tendency of
the overturning weakening continues in the SSP experiments, which is consistent with the strong
and significant linear relationship between mean present-day overturning strength and projected
21%t century overturning decline shown by Weijer et al. [2020]. Figure 7 shows the Atlantic
overturning circulation at 26°N for the E2.1-G models. The largest decrease of 56-65% in the 21°
century overturning stream function relative to the last decade of the historical simulation is
produced in the warmest scenario SSP5-8.5 in the E2.1-G models. This weakening of the Atlantic
overturning is comparable to the stream function reduction in the similar CMIP5 RCP8.5 (Fig. 15a
from Nazarenko et al. [2015]). However, both SSP2-4.5 and SSP4-6.0 show stronger decreases in
the 21% century overturning circulation, 35-55%, compared to the analogous CMIP5 RCP4.5 and
RCP6.0 (35-45%) [Nazarenko et al., 2015]. Although both low-end scenarios SSP1-1.9 and SSP1-
2.6 also simulate large reductions of the overturning (9-37%), there is a sign of slow increase and
recovery of the Atlantic overturning by the end of the 21% century (Fig. 7a). Figure 7c
demonstrates a recovery of the Atlantic overturning in the overshoot scenario SSP5-3.40S that
follows a strong reduction of energy imbalance in SSP5-3.40S over the second half of the 21%
century (Fig. 5¢).
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Figure 7. North Atlantic overturning stream function at 26°N (Sverdrup). The data were
averaged for the NINT and OMA E2.1-G models.

Figure 8 shows the Atlantic overturning circulation at 26°N for the E2.1-H models. The
E2.1-H models produce a smaller reduction in the overturning stream function over the 21% century
that shows a continuation of slow weakening in the North Atlantic overturning from the historical
simulations (Fig. 21 from Miller et al. [2021]). For the high-end scenario SSP5-8.5, the decrease
in overturning is between 49 and 56% relative to the last decade of the historical simulation. The
E2.1-H models show no sign for the recovery of the overturning circulation in the low-end
scenarios SSP1-1.9 and SSP1-2.6 over the last decades of the 21 century (Fig. 8a). This
overturning slowdown with no recovery in the E2.1-H models is similar to the overturning
behavior in the CMIP5 E2-H versions (Fig. 15b from Nazarenko et al. [2015]). In the overshoot
scenario SSP5-3.40S, there is a slowdown in the overturning weakening over the second half of
the 21% century (Fig. 8c) with the sign of equilibrium state (about 60% of the overturning over the

last decade of the historical simulation).
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Figure 8. The same as Fig. 7 but for the E2.1-H models.

Figure 9 presents the sensitivity of the North Atlantic meridional overturning circulations
to the change of the global annual mean surface air temperature for each SSP experiment and all
coupled model configurations. The changes of both the North Atlantic overturning and surface air
temperature are taken for the last decade of the 21% century 2091-2100 minus the last decade of
the historical simulation 2005-2014. The correlation between the overturning and surface air
temperature is stronger in the E2.1-H models although the overturning decline is larger in the E2.1-
G models (red symbols and red linear trend line for E2.1-G versus blue symbols and blue linear
trend line for E2.1-H). The sensitivity of the overturning circulation to the warming is much

stronger in the E2.1-G models with the tendency of the complete shutdown of the convective
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processes and deep-water formation in the warm scenarios SSP5-8.5, SSP3-7.0 and SSP4-6.0. The
overturning circulation in the E2.1-H model shows slowdown in half in the warmest scenario

SSP5-8.5 with the stabilizing tendency at this value.
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Figure 9. Relationship between the surface air temperature difference and the

North Atlantic meridional overturning circulation for the last 21° century decade

2091-2100 minus 2005-2014. The red symbols are for SSP experiments with the
E2.1-G model; the blue symbols are for the E2.1-H models.

Stronger decline of the overturning circulation in the CMIP6 ScenarioMIP scenarios
relative to the CMIP5 future projections was reported by Weijer et al. [2020] with pronounced
difference for the scenarios with weakest radiative forcing. The CMIP6 multimodel mean decrease
of the overturning is projected as 24%, 29%, 32%, and 39% for SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5, respectively [Weijer et al., 2020]. For the GISS-E2.1 model configurations, the
range of the overturning decline is between 17-37%, 34-49%, 40-55%, and 48-56% for the

respective SSP emission scenarios in different E2.1 model configurations. The overturning
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decrease in the E2.1 model is stronger than the reported decline in the CMIP6 models for the
medium and high-end scenarios, and it is comparable for the low-end scenario SSP1-2.6. The
overturning slowdown in the SSP1-2.6 is at least two times stronger than in the analogous CMIP5

RCP2.6 scenario that is in line with the analysis of Weijer et al. [2020].

5. Regional changes of surface air temperature and precipitation

The geographical distributions of surface air temperature change for the last twenty years
of the 21st century (2081-2100) relative to the last twenty years (1995-2014) of the corresponding
historical simulation are shown in Fig. 10 for four selected scenarios, SSP1-2.6, SSP2-4.5, SSP4-
6.0, and SSP5-8.5. In this figure, the temperature changes are averaged over the NINT E2.1-G and
E2.1-H climate models for each SSP emission scenario. The regional difference between OMA
and NINT, and E2.1-H and E2.1-G are presented separately to demonstrate the distinctions
between them (Fig. 11). The number above the upper right corner is the global mean temperature

change.
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a. 35P1-2.6 1.30 b. S8P2-4.5 2.08

o, SEP4-6.0 245 d. S5P5-B.5 3.59

Figure 10. Surface air temperature differences (°C) for late 21% century 2081-2100
minus 1995-2014 of the corresponding historical ensemble member for the NINT

climate model. (a) SSP1-2.6; (b) SSP2-4.5; (c) SSP4-6.0; (d) SSP5-8.5.

The specific regional patterns of the surface air temperature changes, such as polar
amplification and greater warming over land than over the ocean, are the same as those simulated
with previous GISS climate model versions [Schmidt et al., 2014; Miller et al., 2014; Nazarenko
et al., 2015] and other models [Tebaldi et al., 2021; Tokarska et al., 2020]. The geographical
patterns of warming are similar in all scenarios (Fig. 10). Scenarios SSP1-2.6 and SSP2-4.5 show
stronger temperature increases over the northern hemisphere than over the Southern Hemisphere
(Fig. 10a and 10b). Scenarios SSP4-6.0 and SSP5-8.5 simulate larger and more uniformly spread
warming over both hemispheres with much stronger and more area-covered Arctic amplification

(Fig. 10c and 10d). A small area of surface temperature cooling of about -1°C is produced over
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the North Atlantic to the south of Greenland in all scenarios. This region is the Northern section
of the North Atlantic meridional overturning circulation with strong vertical convection.
Comparison of the GISS-E2.1 late-21% century surface warming temperature change to the
same time interval for the GISS-E2 CMIP5 simulations (relative to the 1986-2005 average), shows
that the E2.1 surface warming is greater for all scenarios. The largest difference in the late-21%
century warming relative to 1986-2005 is simulated for the low-end scenario SSP1-2.6, which is
about 2 times stronger on average than for the CMIP5 RCP2.6. Three other selected scenarios,
SSP2-4.5, SSP4-6.0, and SSP5-8.5, show the warming of about 1°C greater around the globe.
Figure 11 demonstrates differences of ensemble mean surface air temperature change for
the late 21st century 2081-2100 minus 1995-2014 across different model configurations for the
SSP2-4.5 scenario. In this plot, the temperatures are averaged over both the E2.1-G and E2.1-H
simulations. Fig. 11a shows that the OMA atmospheric model simulates stronger warming over
the large area of the SH and cooler temperatures over the NH. The area-integrated relative cooling
over the Northern latitudes is stronger giving negative global changes in the OMA model (Table
1). This is opposite to the temperature response in the CMIP5 GISS-E2 TCADI (OMA) model
(Fig. 7a from Nazarenko et al., 2015). The CMIP5 OMA model simulated warmer temperatures
relative to the CMIP5 GISS-E2 NINT model. Different response of climate in the NINT and OMA
models for the ScenarioMIP scenarios is going to be covered separately and presented in another

research study.
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4.

Figure 11. Differences of surface air temperature change, 2081-2100 minus 1995-2014,
(°C) in different climate models for the SSP2-4.5 scenario. (a) OMA — NINT,;

(b) E2.1-H - E2.1-G.

The E2.1-H model produces much greater warming over both northern and southern high
latitudes compared to E2.1-G (Fig. 11b), associated with less mixing of heat to the deep ocean and
greater decrease of sea ice cover [Miller et al., 2021]. Greater warming in the E2.1-H model is also
seen for the global mean surface temperature change in the SSP2-4.5 scenario (Table 1). The
absence of the cooling near the Labrador Sea in the E2.1-H model (Fig. 11b) leads to a smaller
slowdown of the North Atlantic overturning compared to the E2.1-G model. Comparison of the
difference between the E2.1-H and E2.1-G models to the difference of the CMIP5 model versions
shows that the E2.1-H simulates more warming over the Southern Ocean and less warming over
high latitudes in the Northern hemisphere.

Figure 12a shows the surface air temperature change for 2081-2100 relative to 1995-2014,
normalized by the change in the annual global mean surface temperature for the NINT E2.1-G
climate model in the scenario SSP2-4.5. Such normalization allows us to see regional responses in

different model configurations and SSP emission scenarios. There is stronger warming over the
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Northern polar region in the E2.1-H model (Fig. 12b) that leads to more extensive sea ice melt in
the high northern latitudes (Table 2). Stronger warming over tropics and southern Atlantic
compared to the temperatures over the North Atlantic in the SSP5-8.5 (Fig. 12c) is caused by
weakening of the Atlantic meridional overturning circulation and reduced ocean heat transport

from low tropical latitudes to the north in the SSP5-8.5.

a. NINT E2.1-G 58P2-4.5 b. NINT 85P2-4.5 EE2.1-H — E2.1-G

5 1 5 5 1 15 2 oo™ . NINT E2.1-G SSP5-8.5 — SSP2-4.5

Figure 12. Surface air temperature change for 2081-2100 minus 1995-2014 of the

corresponding historical ensemble member of the climate model, normalized by the

change in the annual global mean surface temperature for the NINT E2.1-G SSP2-4.5.

(a) NINT E2.1-G SSP2-4.5; (b) NINT SSP2-4.5 E2.1-H - E2.1-G; (c) NINT E2.1-G

SSP5-8.5 - SSP2-4.5.

Figure 13 shows the geographical patterns of precipitation. Following the increases in
surface air temperature, the changes in precipitation are the smallest in the SSP1-2.6 (Fig. 13a)

and the largest in the SSP5-8.5 (Fig. 13d). Precipitation increases along the Pacific Intertropical
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Convergence Zone and along the equatorial ocean areas and decreases over much of the subtropics,
which is the effect of more moisture convergence in the regions with already strong moisture
convergence [Held and Soden, 2006; Stevens et al., 2013]. The enhanced poleward transport of
moisture arising from the higher specific humidity in a warmer climate results in the increases of
precipitation in the middle and high latitudes that is also reported for all future scenarios by Held

and Soden [2006] and Tebaldi et al. [2021].

a. S5P1-2.6 0.07 b. 55P2-4.5 0.09

c. 55P4-6.0

Figure 13. Precipitation differences (mm/d) for late 21° century 2081-2100 minus
1995-2014 of the corresponding historical ensemble member for the NINT

climate model. (a) SSP1-2.6; (b) SSP2-4.5; (c) SSP4-6.0; (d) SSP5-8.5.

The comparison of the late 21 century precipitation changes to the last twenty years of the

CMIP5 historical simulation, 1986-2005, shows larger precipitation increases for the SSP1-2.6
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and SSP2-4.5 following stronger warming than in the same CMIP5 RCP2.6 and RCP4.5. In the
SSP4-6.0 and SSP5-8.5 scenarios, the regions of increased and decreased precipitation changes
are larger as well as the maximum and minimum of precipitation although the global mean
precipitation changes are the same as for CMIP5 RCP6.0 and RCP8.5 [Nazarenko et al., 2015].
Analysis of precipitation change for the SSP2-4.5 scenario demonstrates that the climate
models with interactive chemistry and aerosols OMA produce more rainfall change in equatorial
ocean areas and over the Intertropical Convergence Zone compared to the model with non-
interactive (NINT) aerosol chemistry (Fig. 14a). The Amazon Basin and the subtropical ocean
regions show increasing drying when the interactive aerosol chemistry is added to the atmospheric
model. There is increased precipitation over the tropical and subtropical ocean areas, over the
North Atlantic and over the Southern Ocean in the E2.1-H model relative to the E2.1-G model

(Fig. 14b) due to stronger warming over these areas in the E2.1-H model (Fig. 11b).

Figure 14. Differences of precipitation change, 2081-2100 minus 1995-2014,

(mm/d) in different climate models for the SSP2-4.5 scenario. (a) OMA — NINT;

(b) E2.1-H - E2.1-G.
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6. Projections of the Extratropical Circulation

The annular modes, near-zonally symmetric patterns of pressure centered over the poles of
each hemisphere and extending from the surface to the lower stratosphere, represent the largest
interannual variability in the present-day extratropical circulation [Thompson and Wallace, 2000;
Baldwin and Dunkerton, 2001]. Figure 15 shows projections of sea-level pressure change over the
CMIPG6 historical period and into the future according to the SSP2-4.5 and SSP5-8.5 scenarios.
Each plot shows the annular index, defined as the leading principal component (PC) of sea-level
pressure (SLP) in each hemisphere and its evolution between 1850 and 2100. (Differences between
the scenarios by year-2100 increase in the subsequent century as the CO2 concentration continues
to rise in SSP5-8.5.) During the NCEP reanalysis period (1948-2020), the NH annular mode
accounts for 22% of interannual variations in NH wintertime SLP, compared to the range of 21 to
27% exhibited by the different model configurations. During the SH springtime, the observed
annular variance is 40%, within the range of 33 -- 46% simulated with the GISS Ocean and 34 --
42% simulated with HYCOM. The variance associated with the second leading mode in each
hemisphere is far smaller (roughly 10%) and statistically well-separated. The annular patterns
dominate not only present-day interannual variability in the extratropics but also the change in

hemispheric pressure over the entire historical period and coming centuries.
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Figure 15. Annular mode index (hPa) corresponding to the leading a) NH winter
(October to March) and b) SH spring (November to February) principal component (PC)
during the historical period followed by SSP2-4.5 (dotted) and SSP5-8.5 (solid). The
leading mode for the GISS-E2-R CMIP5 model version is also plotted (thin solid).
Anomalies are defined relative to the period 1850 to 1970. The NINT model
configuration is used for each calculation. The anomalous pressure is derived from the
ensemble average of the leading PC between 1850 and 2300 (2500 for SSP2-4.5). The
mean pressure anomaly poleward of 60° N is given by the PC index but with opposite
sign. Pressure is smoothed using a lowess filter with a 10-year window; Gray shading
shows the unsmoothed intra-ensemble range of pressure variations for the GISS-E2.1-G
NINT f2 ensemble under the SSP2-4.5 scenario. The leading annular PC of NCEP
reanalysis SLP is adjusted to match the average of this ensemble during the period 1948-

2020 (black line).
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During NH winter (October to March), the annular index shows a steady increase over the
21st century, corresponding to a steady decrease of Arctic sea-level pressure. The change is twice
as large for the SSP5-8.5 scenario compared to SSP2-4.5, consistent with the larger increase in
GHG radiative forcing associated with the former. Arctic pressure in the SSP5-8.5 scenario
continues to decrease over the twenty-second century as GHG concentrations rise [Meinhausen et
al., 2020]. NH annular trends are larger in GISS-E2.1-G compared to its CMIP5 predecessor,
despite smaller radiative forcing by GHGs in the former. The annular response is similar among
the ensembles with different ocean configurations. Despite the clear ensemble-mean trend during
the 21st century, annular variability among the ensemble members is large suggesting that
observed trends may not be clearly distinguishable even by 2100.

In SH spring (November to February), changes are again higher under the SSP5-8.5
scenario. Ozone variations are important additional drivers of annular trends in this hemisphere
(e.g. Shindell and Schmidt, 2004); Miller et al. (2006) use the CMIP3 multimodel suite to attribute
the abrupt decrease in observed Antarctic pressure at the end of the last (twentieth) century to
ozone depletion. Figure 15b shows a temporary decline in the SH annular index early in this
century coincident with the recovery of stratospheric ozone, before resuming an upward trend by
2100 as GHG concentrations continue to rise. In contrast to the NH, the GISS-E2.1-G SH annular
trend is smaller than for its GISS-E2-R CMIP5 predecessor. For both SSP2-4.5 and SSP5-8.5,
annular trends are larger when calculated in the HYCOM configuration than with the GISS ocean,
in contrast to the insensitivity of NH trends with respect to the ocean configuration. This raises
the question of how future differences in the Southern Ocean projected by the ocean configurations

project onto the annular mode.
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7. Conclusions

We describe the GISS-E2.1 response to forcing for the CMIP6 SSP future scenarios (2015—
2100) using two atmospheric physics versions coupled to two different ocean models. The OMA
version of the GISS-E2.1 model provides the atmospheric aerosols and ozone for the NINT version
based on state-of-the-art “AMIP-style” OMA simulations. This gives a greater consistency
between two atmospheric model versions. At the same time, the differences in response between
the NINT and OMA versions could be more directly attributed to feedbacks between compositions
and climate variations.

Two different ocean models coupled to the same atmospheric components allow us to see
differences in specific behavior between E2.1-G and E2.1-H in response to the same scenario
forcings. A larger fraction of heat uptake occurs near the ocean surface in the E2.1-H model
compared to the E2.1-G configuration that was simulated for the historical period in the E2.1-H
oceans [Miller et al., 2020]. The tendency of the greater heat uptake confinement to the upper
ocean in the E2.1-H models continues in all future scenarios that leads to stronger warming at the
surface and mid-troposphere. Stronger warming of the surface temperatures over the high Northern
and Southern latitudes leads to larger sea ice decrease in the E2.1-H configurations. Warmer
temperatures near the Labrador Sea and the absence of atmospheric cooling leads to a smaller
weakening of the Atlantic overturning in the E2.1-H models compared to the E2.1-G
configurations.

Compared to CMIP5 GISS-E2 versions, the CMIP6 GISS-E2.1 climate model shows a
stronger warming by 2100 in comparable scenarios SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5
due to larger ECS and TCR. A proposed global threshold of “dangerous” climate change at 2°C

relative to pre-industrial levels [Meinshausen et al., 2009] continues to be the goal for the Paris
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Agreement of limiting warming to below 2 or even 1.5°C [Paris agreement, 2015]. Two high-
mitigation scenarios SSP1-1.9 and SSP1-2.6 maintain the surface warming below 2°C at the end
of the 21st century relative to the pre-industrial surface temperature, except for the NINT E2.1-H
model that allows warming of 2.2°C by 2100 for SSP1-2.6. In the latter model, there is a more
rapid temperature increase with no sign of diminishing warming. The E2.1-G model shows a slow
temperature decrease in the SSP1-2.6 extension to 2500 with a small recovery of Southern Ocean
sea ice.

The overshoot scenario SSP5-3.40S assumes reduced emission rates after 2040, reaching
net negative emissions by the end of the century with the total effective forcings getting closer to
the SSP1-2.6 effective forcings. The decrease of surface temperature in the second half of the 21
century and substantial cooling during the extension after 2100 illuminates how emission controls
can moderate surface warming.

The intermediate scenario SSP2-4.5 shows different behavior of the Atlantic overturning
circulation for the extension 2101-2500 in the NINT E2.1-G model. In eight out of ten ensemble
members, the overturning circulation recovers to its value over the last decade of the historical
period 2005-2014 after declining throughout the 21st century. The timing of recovery is different
among these eight ensemble members. In the remaining two ensemble members, the overturning
circulation completely collapses by 2350 and does not recover by the end of experiment extension
to the year 2500. The analysis of the Atlantic overturning circulation for this scenario SSP2-4.5 in
the NINT E2.1-G model will be presented elsewhere.

The E2.1-H model shows a much smaller decrease in the overturning circulation in all
ScenarioMIP scenarios with no recovery even in two low-end scenarios SSP1-1.9 and SSP1-2.6

and no overturning collapse in either SSP2-4.5 or the high-end scenario SSP5-8.5. The changes in
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the Atlantic overturning circulation are closely related to the upper ocean, where non-local salinity
feedbacks restore and maintain the overturning stable in the E2.1-H models. We conclude that the
North Atlantic response is a complicated function of timescale, magnitude of forcing and
representation of key ocean processes. This wide range of responses is a key uncertainty in future
climate projections.

Different regional patterns of warming in the NINT and OMA models lead to
corresponding sea ice melt, precipitation changes and other climatic parameter variations. Stronger
warming in the E2.1-H model is in most cases due to a large fraction of heat uptake near the ocean
surface. Different model configurations allow us to quantify the resulting climate response,
identify physical quantities that do not respond linearly, and assess where rates of change (as
opposed to the change itself) appear to be important. More detailed analysis of aerosols, clouds,
and their interactions and responses in the future projections of the E2.1 OMA model will be
presented in the paper by Bauer et al. like the results for the historical simulations [Bauer et al.,
2020].

There are factors that are missing in the models, such as changes in vegetation, permafrost
degradation (and the associated release of CO2 and methane), anomalous freshwater from the ice
sheets [Rye et al., 2020], and its impacts on the high latitude ocean changes. Changes of vegetation
- both in composition and response of specific plant functional types - will change the surface
response. Impacts of warming on ice sheets will impact their albedo, shape, extent and
contributions to sea level rise beyond the thermosteric effects quantified here. Other composition-
related feedbacks are also not included, for instance, permafrost degradation and its impacts on the
high latitude carbon and methane cycles and changes in ocean marine bio-geo-chemical cycles

(via changes in surface albedo, carbon cycling, dimethyl sulphide (DMS) and methane sulphonic
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acid (MSA) emissions). Despite the missing processes noted above, future projections provide
valuable information over a broad set of alternative scenarios. Plausible futures provide a relevant
base for climate understanding, especially further assessment of possibility for low and high
emission futures [O Neill et al., 2020].

One of the most important indicators of the severity of future warming impacts is the model
climate sensitivity. Slightly larger climate sensitivities in the E2.1 model, both the effective and
transient climate sensitivities, result in stronger warming than in the GISS CMIP5 scenarios
comparable to SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5. Stronger and wider range of
warming, especially in high-end scenario SSP5-8.5, is confirmed in the CMIP6 simulations
[Tokarska et al., 2020; Tebaldi et al., 2021]. It is attributable to the interplay of both higher ERFs
by 2100 and higher climate sensitivities of the CMIP6 models [Meehl et al., 2020; Meinshausen
et al., 2020; Nicholls et al., 2020; Seferian et al., 2020]. Understanding of this interconnection, as
well as the uncertainty in the climate sensitivity, are useful for the assessment of future warming

[Sherwood et al., 2020].
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