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Abstract

Extreme scenarios of global warming out to 2300 from the SSP5-8.5 extension scenario are
analyzed in three state-of-the-art climate models, including two models with climate sensitiv-
ity greater than 4.5°C. The result is some of the largest warming amounts ever seen in simu-
lations run over the historical record and into the future. The simulations exhibit between 9.3
and 17.5°C global mean temperature change between pre-Industrial and the end of the 23rd
century. The extremely large changes in global temperature allow exploration of fundamen-
tal questions in climate dynamics, such as the determination of moisture and energy trans-
ports, and their relation to global atmosphere-ocean circulation. Three models performed
simulations of SSP5-8.5 to 2300: MRI-ESM2-0, IPSL-CM6A-LR, and CanESM5. We ana-
lyze these simulations to improve understanding of climate dynamics, rather than as plausi-
ble futures. In the model with the most warming, CanESM5, the moisture content of the
planet more than doubles, and the hydrologic cycle increases in intensity. In CanESM5 and
IPSL-CM6A-LR nearly all sea ice is eliminated in both summer and winter in both hemi-
spheres. In all three models, the Hadley circulation weakens, the tropopause height rises,
and storm tracks shift poleward, to varying degrees. We analyze the moist static energy
transports in the simulations using a diffusive framework. The dry static energy flux
decreases to compensate for the increased moisture transport; however the compensation
is imperfect. The total atmospheric transport increases but not as quickly as expected with a
constant diffusivity. The decrease in eddy intensity plays an important role in determining
the energy transports, as do the pattern of cloud feedbacks and the strength of ocean
circulations.

1. Introduction

CO2 concentrations are higher than in 10 million years [1]. Industry-induced changes to
atmospheric compositions have already drastically changed our climate through extreme
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weather events [2, 3], such as heat extremes [4, 5], severe droughts, and heavy precipitation [6,
7]. Further, the CO2 which has already been emitted will remain in the atmosphere for millen-
nia [8-10]. Long-term consequences of high CO2 concentrations include ice sheet melt and
sea level rise, which will continue to increase for many centuries [11], while temperatures stay
high and other climate impacts persist [12]. Yet, global climate model (GCM)-based investiga-
tions into future climate change typically stop at the end of the 21st century.

CMIP5 (Coupled Model Intercomparison Project Version 5) [13, 14] had the first scenarios
with emissions and concentrations extended to 2300, known as the Extended Concentration
Pathways (ECPs). The ECPs were used in Chapter 12 of the Working Group 1 contribution to
the IPCC 5th Assessment report (AR5) [15], most prominently in a section on climate change
beyond 2100. Most of the ECP8.5 experiments analyzed in AR5 were run using Earth-System
Models of Intermediate Complexity (EMICs) [16-18] Global-mean temperature and Atlantic
Meridional Overturning Circulation (AMOC) at 30°N were analyzed for the few fully-coupled
GCMs as well as the ECPs. Within GCMs, the global temperature increases by 4 to 15 K and
the AMOC at 30°N decreases by a factor of 2 to 6 in RCP8.5 extension experiments in Collins
et al. (2014), in 2300 as compared with the pre-Industrial climate [15].

Other work using the high radiative forcing ECPs has highlighted some unique aspects of
the very high temperature climates. For studies of sea ice, this includes annually ice-free condi-
tions in the Arctic [19, 20]; and mechanisms of abrupt Arctic winter sea ice loss [21, 22].
Another focus of prior work was the lack of abrupt changes in the AMOC, despite a diversity
of changes in strength across models [23].

For the CMIP6 data solicitation the Scenario Model Intercomparison Project (Scenario-
MIP) requested fully coupled runs of a new high-emissions scenario called the shared socio-
economic pathway 5 with 8.5 W/m? at 2100 (SSP5-8.5) to be simulated to the year 2300 (here-
after referred to as SSP5-85ext) [24]. In Section 4.7.1.2 of the Working Group 1 contribution
to the IPCC 6th Assessment Report (AR6), the SSP5-85ext simulations are studied, showing
global temperature ranging from 9-17°C above pre-Industrial, global land precipitation
increasing by 0.3-0.6 mm/day, and no September Arctic sea ice [11].

This study examines the SSP5-85ext extreme warming scenario from three different CMIP6
climate models, with simulations integrated until 2300. In particular, we focus on the poleward
transport of heat in the much warmer climate and on related variables such as temperature,
humidity, precipitation, radiation, and circulation in the atmosphere and ocean. Since water
vapor increases rapidly with temperature, we hypothesize large increases in the poleward
transport of latent energy within midlatitudes, and equatorward transport within the tropics
[25, 26]. Increased latent energy flux may result in weakened equator-to-pole temperature gra-
dients, which would decrease the poleward transport of dry static energy and potentially
weaken eddies [27]. Many previous studies have suggested the usefulness of diffusion of moist
static energy to understand changes in atmospheric heat transport in different climate regimes
[28-33]. Large weakening of eddies would likely imply large decreases in diffusivity, which is
not always included in energy balance models.

An additional factor of importance is the response of the ocean circulation to increasing
temperature. Since the AMOC plays an important role in determining temperature gradients
at a global scale [34, 35], there will likely be interactions among the AMOC, temperature gradi-
ents, and dynamics. Wind-driven ocean circulation responds to changes in tropical and mid-
latitude surface winds associated with processes such as the poleward expansion of the tropics
[36], the poleward shift of midlatitude eddies [37], and changes in strength of the Hadley cell
[38, 39], among other phenomena.

This paper is organized as follows: Section 2 describes the model simulations used in this
study. In Section 3 we begin by showing 1 changes in temperature, humidity and net
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precipitation, along with the atmospheric circulation, which helps to explain aspects of the pre-
cipitation changes in both the tropics and the extratropics, and 2. an analysis of how the pole-
ward transport of energy changes in the warmed climate, including moist and dry static
energy, and ocean heat transport. We additionally examine the role of cloud-radiative effects
and midlatitude eddy intensity, arguing that both cloud effects and eddy intensity are impor-
tant for determining how energy is transported. In Section 4 we further discuss our results and
state conclusions.

2. Methods and models

The SSP5 set of scenarios represents intense development across the world, powered by fossil
fuels [24]. The SSP5-8.5 scenario in particular reaches very large radiative forcing of approxi-
mately 8.5 W/m * by 2100 (Fig 1A), higher than any other scenario. By 2100 in SSP5-8.5, CO ,
concentrations are 1135 ppm, and CO, makes up 82% of the radiative forcing in SSP5-8.5 at
2100 (Fig 1) [40]. It is generally thought that the emissions in the RCP8.5 scenario were unreal-
istically large given the recent trajectory of energy across the world [41], and the SSP5-8.5 sce-
nario is probably similarly unlikely during the 21st century. It should be noted however that all
SSP and RCP scenarios (extension or not) are concentration-forced, not emissions-forced.
This means that each concentration pathway could be generated with a different emissions
pathway, and a larger or smaller than expected carbon cycle response.

In SSP5-8.5ext, emissions ramp downwards from 2100 levels to zero in 2250, for fossil CO,
and non-CO, emissions. Land-use related non-CO , emissions are held steady at 2100 values,
and land use CO , emissions are ramped up to zero by 2150. The other two extension scenarios
in CMIP6, SSP1-2.6 and SSP5-3.4-08, involve large mitigation efforts, so the SSP5-8.5ext sce-
nario is the only high radiative forcing scenario run past 2100 in ScenarioMIP.

The SSP5-8.5ext scenario in 2300 has 2162 ppm CO, (~12.5 W/m * radiative forcing),

1112 ppb CH 4 (0.2 W/m” radiative forcing), and 410 ppb N,O (0.4 W/m?) (Fig 1A). Land use
forcing is -0.2 W/m > and other forcing agents, including aerosols, F-gases, and tropospheric
ozone have absolute value less than 0.1 W/m”. The total radiative forcing of ~13.0 W/m? in
2300 is thus almost exclusively due to CO,. The ECP8.5 scenario from CMIP5 had a slightly
larger total forcing in 2300, with more forcing from methane, and a different time dependence.
In this study, we focus on the SSP5-8.5 simulations only.
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Fig 1. (A) The effective radiative forcing of CO2, CH4, N20, aerosols and in total against time for SSP5-8.5ext
simulations (solid) and the global CO2 concentration (dashed) against time for SSP5-8.5ext simulations. (B) The
global mean temperature anomaly for CanESMS5, IPSL-CM6A-LR, and MRI-ESM2-0 (solid) against time for historical
(1850-2015) and SSP5-8.5ext (2015-2300), and the global CO2 concentration (dashed) against time for SSP5-8.5ext.

https://doi.org/10.1371/journal.pcim.0000343.9001
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There are three models that have run the SSP5-8.5ext simulations: CanESMS5, from the
Canadian Centre for Climate Modeling and Analysis [42], MRI-ESM2-0 [43], from the Meteo-
rological Research Institute, and IPSL-CM6A-LR [44], from the Institut Pierre-Simon Laplace.
Fan et al. (2020) compares an ensemble of 16 GCMs to three periods of observed historical
warming trends (*C/decade) from 1901 to 2014 [45]. This analysis found that CanESM5 and
IPSL-CM6A-LR overestimate warming trends from 1941 to 2014, which could indicate an
overly large sensitivity to radiative forcing in these two models. MRI-ESM2-0 underestimates
warming trends from 1941 to 1970 and overestimates warming trends from 1971 to 2014. All
three models approximately reproduce historical warming trends from 1901 to 1940. Much of
our analysis consists of comparison among three climate states. The first time period is the
simulated pre-Industrial climate (piControl), where the atmospheric constituents are set to
1850 levels. We average over the final 100 years of the piControl simulation to avoid simula-
tion drift during earlier portions while the model is equilibrating. The second time period is
the average of the years 2076-2100 in the SSP5-8.5 simulations, henceforth referred to as the
“intermediate period,” and the third time period is from 2276-2300 of the SSP5-8.5ext, which
we call the "hot period." The intermediate period of SSP5-8.5 has been widely studied both in
comparison with the piControl climate, and with the other members of the ScenarioMIP suite
of simulations [46, 47], hence the intermediate period is a useful comparison point for the “hot
period,” which experiences extreme warming.

3. Results
3.1 Basic climatological fields

a. Surface temperature. Global averaged 2-meter surface air temperature change is plot-
ted for each model in Fig 1B. The globally-averaged temperature change in these three models
in the intermediate and hot period, as well as the percentage of total warming that occurs by
the intermediate period is shown in Table 1 and Fig 1B. Roughly half of the total warming
occurs by the intermediate period, and models with more warming experience a smaller frac-
tional change pre-2100.

The equilibrium climate sensitivities to doubling CO, of CanESM5, IPSL-CM6A-LR, and
MRI-ESM2-0, calculated using the method derived by Gregory et al. (2004) [48], and compiled
for CMIP6 by Meehl et al. (2020) [49], are 5.6°C, 4.6°C, and 3.2°C, respectively. The transient
climate responses for CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0 are 2.8°C [42], 1.96°C
[44], and 1.64°C [49], respectively. The ratio between the hot period anomalous temperature
change and the equilibrium climate sensitivity are close to 3 for each model; the TCR has a less
consistent relationship with the hot period warming, which is expected since the models have
been at a stable forcing for more than a century by the end of the run (Fig 1A). The ratio of
radiative forcing in the hot period (13.0 W/ m?) to the forcing of doubling CO, (3.7 W/m?) is
3.5, which suggests that the hot period warming is slightly less than would be expected from a
linear, equilibrium response to the radiative forcing. From Fig 1B, it is clear that all three mod-
els are still warming in 2300, despite the near-constant forcing over the previous century.

Table 1. Global averaged temperature anomaly in the intermediate period, hot period, and the percentage of warming that has occurred by the intermediate

period.

Global Mean Temperature Anomaly

Model Intermediate Period (K) Hot Period (K) Percentage (%)
CanESM5 8.13 17.5 46.5
IPSL-CM6A-LR 7.10 14.0 50.7
MRI-ESM2-0 4.95 9.3 53.2

https://doi.org/10.1371/journal.pcim.0000343.t001
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Fig 2. (A, B, C) Near-surface temperature averaged over the hot period, (D, E, F) the hot period temperature anomalies relative to pre-Industrial, and (G,
H, I) the percent change in surface temperature by the intermediate period, calculated as the ratio of the intermediate period temperature anomalies
divided by the hot period temperature anomalies relative to pre-Industrial. These maps were made using the Cartopy Robinson projection. (https://scitools.
org.uk/cartopy/docs/v0.15/crs/projections.html) which uses data from Natural Earth (https://www.naturalearthdata.com/downloads/110m-physical-
vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9002

The 2-meter surface air temperatures averaged over the hot period are shown in Fig 2
alongside their anomalies from pre-Industrial and the percentage of the total change that
occurs during the simulation happens during the 21st century,

Percentage = AT (intermediate) /AT (hot)*100%.

In the right-hand column of Fig 2, blue coloration indicates regions where there is more
warming between the intermediate period and the hot period than occurs between the pre-
Industrial and intermediate periods (and vice-versa for red coloration). The plots are pre-
sented in descending order of climate sensitivity: CanESM5, IPSL-CM6A-LR, and
MRI-ESM2-0. In each model there are regions where the annual mean temperature over tropi-
cal continents exceeds 40°C in the hot period, and in CanESMS5, nearly the entire tropics
exceeds 40°C in the annual mean. In CanESMS5, tropical warming happens more between the
intermediate period and the hot period, as indicated by the blue colors in Fig 2G. In IPSL-C-
M6A-LR, tropical heating occurs approximately equally before and after 2100 (Fig 2H).
Whereas, in MRI-ESM2-0, tropical heating occurs primarily before the intermediate period, as
shown by the red coloring in Fig 2I. In the hot period in CanESM5 and IPSL-CM6A-LR, the
0°C annual average contour only exists over Antarctic and Greenland ice sheets (the topogra-
phy of which is prescribed). MRI-ESM2-0 also has a small region below freezing in the
Himalayas.

The middle column of Fig 2 shows the temperature anomaly during the hot period, com-
pared to the piControl climatology. The changes are greatest for each model in the Arctic,
which is consistent with the polar amplification that has been widely studied [50-52]. In
CanESM5 and IPSL-CM6A-LR the Arctic warming exceeds 30°C, and in MRI-ESM2-0 it gets
as high as 25°C. In each model the average warming north of 60° N is 26.5°C, 23.7°C, and
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16.2°C for CanESMS5, IPSL-CM6A-LR, and MRI-ESM2-0 respectively. The Arctic warming of
each model is between a factor of 1.5 and 1.75 greater than the global average, with
MRI-ESM2-0 having the strongest Arctic amplification ratio of 1.74, then IPSL-CM6A-LR
with 1.69, and CanESMS5 has the lowest amplification ratio of 1.51. In each model, more than
half of the Arctic warming occurs by 2100 (Fig 2G-2I). Namely, the impact of Arctic amplifica-
tion is most prominent before 2100, likely due to substantial sea ice loss by 2100 [50-52]. Ono
et al. (2022) showed that the rate of sea-ice loss with increasing temperature is non-monotonic
in SSP5-8.5 because once the sea-ice extent is sufficiently small, the loss rate is lower than
occurs in a cooler climate (even with greater amounts of warming) [53].

Outside of the Arctic, the greatest warming is seen over subtropical land areas, with temper-
ature changes that are often 50% higher than the global average warming in each model.
CanESM5 shows particularly large warming over Southern Africa, Australia, and equatorial
South America, with temperature changes that are 70% larger than the global mean. Equatorial
South America has a rather different temperature change across the three models. There is var-
iability across these models regarding when land warming occurs. In CanESMS5, the pro-
nounced warming over Southern Africa and Australia occurs primarily between the
intermediate and hot periods. In IPSL-CM6A-LR, the warming over Southern Africa, Austra-
lia, and equatorial South America occurs nearly equally before and after the intermediate
period. Finally, in MRI-ESM2-0, warming over those three regions occurs primarily before the
intermediate period.

b. Surface humidity. Fig 3 shows the surface specific humidity anomalies for the hot
period and the percentage of the total change that occurs by the intermediate period. The

CanESMS5 Specific Humidity Percent Change by 2075-2100

=< <= -

Fig 3. (A, B, C) Anomalies of surface specific humidity relative to pre-Industrial, and (D, E, F) the percent change
from the intermediate period to the hot period, calculated as the ratio of the surface specific humidity anomaly in the
intermediate period and the anomaly in the hot period. These maps were made using the Cartopy Robinson projection
(https://scitools.org.uk/cartopy/docs/v0.15/crs/projections.html) which uses data from Natural Earth (https://www.
naturalearthdata.com/downloads/110m-physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.g003
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specific humidity is shown in units of Kelvin (which is converted by multiplying by the ratio of
latent heat of vaporization of water and the specific heat at constant pressure of air). This con-
vention has greater utility for use in interpreting moist static energy (MSE) which we examine
later in the paper.

The tropical specific humidity more than doubles in CanESM5 and IPSL-CM6A-LR and
increases by a factor of 1.6 in MRI-ESM2-0. In CanESM5 and IPSL-CM6A-LR, globally the
majority of specific humidity changes occur after 2100 (Fig 3D-3F), in part due to nonlinearity
in the Clausius-Clapeyron relation. Exceptions to this include the Atlantic Ocean east of
Greenland in CanESM5 and IPSL-CMG6A-LR, parts of west and central Africa in CanESM5,
and parts of the tropics and Northern Hemisphere (NH) land in MRI-ESM2-0, in which there
are larger changes in the intermediate period.

In all three models, the spatial pattern of the percentage change in specific humidity that
occurs prior to 2100 is similar in structure to that of surface temperature in regions outside of
the Arctic. In CanESM5 and IPSL-CM6A-LR, the Southern Hemisphere sees more warming
in the hot period than the intermediate period (blue coloration in Fig 2G-2I), which contrib-
utes to larger increases in specific humidity in the Southern Hemisphere in the hot period.
While the Arctic warms more in the intermediate period than the hot period (red coloration
in Fig 2G-2I), the specific humidity changes occur mostly in the hot period (in CanESM5) or
equally in either period (IPSL-CM6A-LR); this is due to the nonlinearity of the Clausius-Cla-
peyron equation under the very large Arctic temperature changes.

Fig 4 shows the relative humidity anomalies of the hot period and intermediate periods rel-
ative humidity anomalies from pre-Industrial for the hot period, the intermediate periods, and
as well as the difference between the hot and intermediate period. The surface relative humid-
ity change is characterized by small increases over most ocean areas in each model (Fig 4).
Exceptions to this are in the Arctic, where relative humidity decreases in each model.

The relative humidity changes above land masses are very different from model to model.
The IPSL-CM6A-LR model shows substantial drying over nearly all continental regions by
2300. This drying occurs primarily before the intermediate period, especially in the Arctic and
the Amazon. CanESMS5 has even larger relative humidity changes over some land locations
like the Amazon and the Congo Rainforest but has increasing humidity over Arctic and some
tropical locations. The drying in the Amazon occurs primarily before the intermediate period,
while the majority of drying in the Congo Rainforest occurs after 2100. The relative humidity
change in the MRI-ESM2-0 model is qualitatively similar to that of CanESM5 with signifi-
cantly less amplitude change. It is expected that global warming causes declines in relative
humidity over land [12, 54-56]. Specific humidity over land tends to increase proportionately
to specific humidity over ocean; thus, the percent increase in specific humidity with climate
change is controlled by ocean warming, which is smaller than land warming [54, 55].

Fig 5 displays the zonal mean of specific and relative humidity, comparing the hot period to
pre-Industrial. Specific humidity in the Arctic increases by a much larger fraction than in the
tropics. In latitudes greater than 60° N, average moisture increases by factors of 5.1, 4.4, and
2.9 for CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0 respectively. The large increase in Arctic
moisture content can be explained by the large Arctic warming observed in all three models,
since the relative humidity in Figs 4 and 5 show a slight decrease.

c. Precipitation. Precipitation minus evaporation (net precipitation) patterns are shown
in Fig 6. The three columns display net precipitation anomalies for the hot period from pre-
Industrial, the intermediate period from pre-Industrial, and the hot period from the interme-
diate period (left to right). Precipitation changes are characterized by a wet-get-wetter pattern
that is familiar in global warming scenarios, in which precipitation increases in ascent regions
such as the deep tropics, and along the Kuroshio, Gulf Stream, and decreases in subtropical
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Fig 4. (A, B, C) Anomalies of surface relative humidity in the hot period relative pre-Industrial, (D, E, F) anomalies of surface specific humidity in the
intermediate relative pre-Industrial, and (G, H, I) the relative humidity change from 2075-2100, calculated as the hot period relative humidity minus the
intermediate period relative humidity. These maps were made using the Cartopy Robinson projection (https://scitools.org.uk/cartopy/docs/v0.15/crs/
projections.html) which uses data from Natural Earth (https://www.naturalearthdata.com/downloads/110m-physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9004

descent regions [26]. Nearly all locations in the polar regions of both hemispheres show
increases in precipitation. Many subtropical areas experience drying, as do locations on the
equatorward edge of the midlatitude storm track, which is in line with the multi-model-mean
precipitation patterns taken during the first century of the ScenarioMIP runs [45]. Poleward
shifts of circulation, which are analyzed in the next subsection, in part determine the subtropi-
cal drying.

Drying in sub-Saharan Africa occurs preferentially between the intermediate and hot peri-
ods for all models (Fig 6). In particular, the drying in tropical Africa between the intermediate
and hot periods suggests that the more familiar CMIP wetting response in this region (e.g.
between the pre-Industrial and intermediate periods in Fig 6) is not fundamental, corroborat-
ing the general lack of confidence in this wetting [57, 58].

Surface Specific Humidity(K) Zonal Means, piControl (dotted) and SSPext  Surface Relative Humidity(%) Zonal Means, piControl (dotted) and SSPext
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Fig 5. (A) The specific and (B) relative humidity zonal means, for the hot period (solid) and pre-Industrial (dashed).
https://doi.org/10.1371/journal.pcim.0000343.g005
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MRI-ESM2-0 2275-2300 Net Precipitation [mm/day] MRI-ESM2-0 2075-2100 Net Precipitation [mm/day] MRI-ESM2-0 2275-2300 Net Precipitation [mm/day]
Anomaly from Pre-Industrial f. Anomaly from Pre-Industrial . Anomaly from 2075-2100

Fig 6. (A, B, C) The net precipitation (precipitation minus evaporation) anomaly for the hot period from pre-Industrial, (D, E, F) the
intermediate period from pre-Industrial, and (G, H, I) the hot period anomaly from intermediate period anomaly. These maps are
centered at 180 degrees longitudinally so as to better see the ITCZ. These maps were made using the Cartopy Robinson projection
(https://scitools.org.uk/cartopy/docs/v0.15/crs/projections.html) which uses data from Natural Earth (https://www.naturalearthdata.
com/downloads/110m-physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9006

There are several areas with significant model-to-model differences in the pattern of precip-
itation. Equatorial Africa moistens in IPSL-CM6A-LR while it dries or exhibits more complex
patterns in the other two. These precipitation changes over land explain some of the differ-
ences in the surface relative humidity changes. The Atlantic Inter-Tropical Convergence Zone
(ITCZ) also exhibits a southward shift in the MRI-ESM2-0 model. While the magnitude of net
precipitation changes are roughly equal before and after the intermediate period, changes near
the ITCZ occur differently across the models. In CanESMS5, north of the Pacific ITCZ has a
positive net precipitation anomaly in the intermediate period, but a negative anomaly between
the intermediate period and the hot period. Similar areas of drying north of the ITCZ in the
later period can be seen in the other two models as well.

d. Atmospheric circulation. The zonally-averaged streamfunction in pre-Industrial
(black contours) and the hot period anomaly from pre-Industrial (colors) is plotted in Fig 7A-
7C. The zonally-averaged streamfunction at 500hPa for the pre-Industrial (dotted), the inter-
mediate period (dashed), and the hot period (solid) is plotted in Fig 8. The change in the zon-
ally-averaged streamfunction has a complex structure, due to distinct physical processes
occurring at different heights and latitudes. In each of the three models, there are streamfunc-
tion changes associated with the increase in tropopause height [59], the weakening of the Had-
ley cells [39], and the widening of the Hadley cells [60].

The increased depth of the Hadley cells can be identified by the positive anomaly above the
NH Hadley cell, and the negative anomaly above the Southern Hemisphere (SH) Hadley cell
(these anomalies occur between approximately 300 and 100 hPa and between 30S and 30N;
Fig 7A-7C). The maximum Hadley circulation strength in the hot period is 55%, 57%, and
85% in the NH compared to the maximum in pre-Industrial, and 73%, 84% and 82% in the SH
compared to pre-Industrial, in CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0, respectively.
However, the changes to the NH and SH Hadley cells occur at different times.
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Fig 7. The color contours represent (A, B, C) the streamfunction anomaly (10" kg/s) and (D, E, F) the zonal wind anomaly (m/s) of
CanESM5, IPSL-CM6A-LR, and MRI-ESM2-0. The black contours represent the pre-Industrial. The pre-Industrial streamfunction
ranges from -9 to 9x10'® kg/s with a contour interval of 3x10'° kg/s. The pre-Industrial zonal wind ranges from 0 to 30 m/s with a
contour interval of 6 m/s.

https://doi.org/10.1371/journal.pcim.0000343.g007

The decrease in SH Hadley cell (and the SH Ferrel cell) strength occurs predominantly
between the intermediate and hot period for all models, while the decrease in the NH Hadley
cells occurs both before and after the intermediate period (Fig 8).

We measure the Hadley cell width as the boundary between the Hadley and Ferrel cells at
500 hPa, which is calculated as the latitude at which the 500 hPa meridional streamfunction
crosses zero for the first time between the equator and the pole. Time series of the Hadley cell

Streamfunction (10%° kg/s) at 500 hPa
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Fig 8. The streamfunction (10 10 kg/s) at 500hPa for CanESMS5 (A, red), IPSL-CM6A (B, green) and MRI-ESM2-0 (C, blue). The solid
lines represent the hot period, the dashed lines represent the intermediate period, and the dotted lines represent the pre-Industrial
period.

https://doi.org/10.1371/journal.pcim.0000343.9008
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Fig9. (A, B, C) The 30-year running mean NH and SH Hadley-Ferrel Boundary location and ITCZ location versus time, and (D, E, F)
global mean temperature anomaly from 1850 to 2300. The time and zonally averaged pre-Industrial values are denoted by an X. In the
time series figures (top row), the historical data (1850-2015) are denoted by the dashed lines, while the SSP-Ext runs (2015-2300) are
denoted by the solid lines. In the temperature anomaly figures (bottom row), the time-mean historical data is denoted by a circle.

https://doi.org/10.1371/journal.pcim.0000343.g009

boundaries in the NH and SH are shown in Fig 9, both as a function of year and of global tem-
perature change. The SH tropical expansion is as large as 5.4 degrees in the CanESM5 model,
and is relatively similar as a function of global warming across the three models (Fig 9). The
NH Hadley Cell extent, on the other hand, shows significant variability across models, and
even within a single time series. In CanESM5, the NH Hadley cell extent vacillates between the
years 2100 and 2200 (Fig 9), before contracting to below pre-Industrial values. From Fig 8, it is
clear that the zero crossing of the streamfunction in CanESM5 is less well-determined in the
hot period, in that there is a range of latitudes near 30 degrees that are close to zero stream-
function. This ambiguity in the Hadley Cell’s northern extent in CanESM5 may be a factor in
the variability in the NH Hadley Cell boundary after 2100 in Fig 9. Other studies have pro-
posed possible mechanisms for an insignificant NH Hadley cell width change, including
enhanced equatorial warming reversing seasonal Hadley Cell expansion [61], dynamic pro-
cesses due to sea ice loss and ocean heat transport [62], or a large change in natural variability
[63]. A more detailed analysis of the large-scale circulation in CanESM5 and other extreme
warming scenarios is required to fully understand the mechanisms involved in NH Hadley
Cell contraction.

IPSL-CM6A-LR, by contrast, exhibits large NH tropical widening, even more than its SH
tropical widening (in final extent and in rate of expansion; Tables 2 and 3). The larger SH Had-
ley Cell expansion in CanESM5 and MRI-ESM2-0 (when compared to the NH) is consistent
with previous literature [64].
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Table 2. Latitudinal change in the Hadley-Ferrel Boundary, Ferrel Cell Boundary, ITCZ, and jetstream location in degrees per century. The first value is for the NH
and the second value is for the SH (except for the ITCZ which has one location in the NH). The Hadley-Ferrel and ITCZ locations were found by interpolating for subgrid
zeros in the 500hPa streamfunction. The outer Ferrel Cell boundary was found by interpolating for subgrid zeros in the zonally averaged zonal wind. The stormtrack was
found by interpolating for subgrid zeros in the numerical derivative of surface zonal wind with respect to latitude. Values which do not have a p-value less than 0.05 are ital-
icized. All of the regressions are done on yearly averages.

Hadley-Ferrel Boundary Polar- Ferrel Boundary ITCZ Stormtrack
CanESM5 -0.14 £ 0.08 / -2.0 £ 0.05 1.6 £0.1/-0.71 £ 0.02 -1.6 +0.07 3.0+0.16/-2.6 £ 0.05
IPSL-CM6A-LR 1.7 £0.05/-1.0 £ 0.03 2.9%0.5/-0.55+0.04 -0.77 £0.07 3.1+0.20/-1.3 £0.06
MRI-ESM2-0 0.37 £0.05/-0.90 + 0.03 0.87 £0.19/-0.38 £ 0.13 -0.87 £0.11 0.16 + 0.08 / -0.78 £ 0.06

https://doi.org/10.1371/journal.pcim.0000343.t002

Time series of the Ferrel Cell boundary in the NH and SH as well as the SH stormtrack lati-
tude are shown in Fig 10, both as a function of year and of global temperature change. The
boundary between the Ferrel Cell and the Polar Cell also expands with warming in each model
(Fig 10). In every model there is greater expansion of the NH Ferrel Cell than the NH Hadley
cell, which is especially pertinent in CanESM5, where the NH Hadley cell boundary shrinks
equatorward, while the NH Ferrel cell boundary expands poleward. The absolute location of
the SH Polar-Ferrel boundary, however, is always at higher latitude than the NH boundary;
however, both the SH and NH Polar-Ferrel boundaries approach a limit in their poleward
extent. Barnes & Hartmann (2012) postulate that there is a poleward limit to cyclonic wave
breaking in midlatitude jets and that the SH jets have already reached this extent [65]. This is
consistent with the lesser poleward motion we see in the SH Polar-Ferrel boundary compared
to that in the NH.

The bottom row of Fig 7D-7F shows the zonally averaged zonal wind anomalies. The jet
stream, defined by the maximum in zonal wind, rises along with the tropopause, decreasing in
pressure by 50 to 100 hPa, with a larger rise in the models that warm more. Changes in zonal
wind below the tropopause are on the order of several m/s, representing large fractional
changes in wind strength especially near the surface. The large poleward shift of the SH jet
streams are consistent with the time series of the SH stormtrack, measured as the maximum
surface zonal wind, which shows a decrease in latitude between approximately 3.0 and 7.5
degrees (Fig 10).

All three models produce an equatorward shift of the ITCZ in the warm period. Based on
surface wind convergence in the piControl runs, the ITCZ is at 2.8-4.5° N. By 2300, the con-
vergence shifts to approximately 1.2-2.6° N. The vast majority of the equatorward shift of the
ITCZ occurs after 2100, especially in CanESM5 where the ITCZ shifts more than 3 degrees
northward by 2100 and 4 degrees southward after. The changes in ITCZ location are consis-
tent with the changes in tropical precipitation seen in Fig 6 and described above.

3.2 Poleward energy transports

a. Latent energy, DSE, and MSE transport. The northward transport of latent energy is
plotted for both pre-Industrial control and the end of SSP5-8.5ext in Fig 11A. Since the

Table 3. Latitudinal change in the Hadley-Ferrel Boundary, Ferrel Cell Boundary, ITCZ, and jetstream location against global mean temperature anomaly
(degrees/K). The first value is for the NH and the second value is for the SH (except for the ITCZ which has one location in the NH). See Table 2 for methods. All values
included have a p-value of less than 0.05. All of the regressions are done on yearly averages.

Hadley-Ferrel Boundary Polar-Ferrel Boundary ITCZ Stormtrack
CanESM5 -0.01 £0.01/-0.32+0.01 0.27 £0.02/-0.12 +£0.003 -0.23 +£0.01 0.50 +£0.02/-0.41 +0.01
IPSL-CM6A-LR 0.34 +0.01/-0.20 £ 0.01 0.58 +£0.03/-0.11 £ 0.01 -0.14 +£0.01 0.63 +£0.04/-0.26 £ 0.01
MRI-ESM2-0 0.12+0.01/-0.27 £0.01 0.29 +£0.06/-0.11 + 0.04 -0.24 +0.04 0.05+0.02/-0.23 £ 0.02

https://doi.org/10.1371/journal.pcim.0000343.t003
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Fig 10. The 30-year running mean of (A, D) the NH Polar-Ferrel Cell boundary, (B, E) the SH Polar-Ferrel Cell boundary (C, F) and
the SH storm track location versus time (top row), and versus the global mean temperature anomaly (bottom row) from 1850 to 2300.
The time and zonally averaged pre-Industrial values are denoted by an X. In the time series figures (top row), the historical data (1850-
2015) are denoted by the dashed lines, while the SSP-Ext runs (2015-2300) are denoted by the solid lines. In the temperature anomaly
figures (bottom row), the time and time-mean historical data is denoted by a circle. The piControl stormtrack latitudes for CanESMS5,
IPSL-CM6A-LR, and MRI-ESM2-0 are 48.7S, 48.8S, and 47.9S respectively.

https://doi.org/10.1371/journal.pcim.0000343.g010

moisture content increases by such a large amount with warming, it is not surprising that the
latent energy transport also amplifies quite a bit. In the SH extratropics, for instance, the maxi-
mum southward flux increases from less than 3 PW to over 4 PW in each model, with larger
increases in models with more temperature change.

The CanESM5 model has a 3 PW increase in southward latent energy transport at 55° S
(Fig 12A). In the NH extratropics, the maximum northward latent heat transport increases by
1-1.8 PW, depending on the model. At 45° N, poleward of its initial extratropical maximum,
the northward latent energy flux in the CanESM5 model increases by 2 PW. In both the NH
and SH extratropics, the latent heat transport increases more on the poleward side of the maxi-
mum than the equatorward side. The latitude of maximum poleward flux shifts poleward in
both hemispheres in each model, and the fractional increase in flux reaches a factor of 3-4 in
regions poleward of the flux maximum, as compared with 40-100% increase of the maximum
value itself. These moisture transport changes are consistent with the large increases in precipi-
tation at high latitudes in each model.

The equatorward latent energy transport within the tropics in the pre-Industrial control is
driven by the Hadley circulation. Despite large increases in humidity in the deep tropics, the
equatorward transport in the NH tropics does not increase much, meaning the decrease in
Hadley cell strength (Fig 7) nearly compensates. The SH tropical transport increases more,
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Fig 11. Northward transport of energy from (A) latent, (B) moist static energy, and (C) dry static energy and (D) the Atlantic Ocean.
Pre-Industrial transports are dotted and hot period transports are solid. The CanESM5 ocean heat transport data for the hot period is
averaged between 2156 and 2180, due to data availability, so it is denoted with a dashed line to indicate the different averaging period.

https://doi.org/10.1371/journal.pcim.0000343.9011

especially in the IPSL-CM6A-LR model, but the reduction in Hadley circulation strength also
reduces the magnitude of the equatorward moisture flux change.

The northward transport of MSE is plotted in Fig 11B, and its change in Fig 12B. The struc-
ture of the transport is similar in pre-Industrial and warmed climate, with poleward transport
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Fig 12. Change in northward transport of energy (hot period minus pre-Industrial) from (A) latent (dashed) and DSE
(solid), as well as from (B) ocean transport (dashed) and MSE (solid).

https://doi.org/10.1371/journal.pcim.0000343.g012
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in both hemispheres. The poleward transport increases in all models, but with varying magni-
tudes. The increase in poleward flux is especially large in CanESM5 (maximum change of 1.7
PW), and small in MRI-ESM2-0 (maximum change 0.6 PW). IPSL-CM6A-LR shows the most
asymmetric increase between NH and SH, with an average of twice the increase of poleward
MSE flux in the SH as in the NH. The average fractional increase in poleward MSE transport
in the SH extratropics is 35% in CanESM5, 25% in IPSL-CM6A, and 10% in MRI-ESM2-0.

In each model, there is a part of the high northern latitudes where the poleward MSE trans-
port decreases. This feature is most prominent in MRI-ESM2-0. Hwang et al (2011) argued
that models with lesser flux increase into the Arctic were more likely to have stronger polar
amplification, due to a diffusive response to high latitude warming causing a diminished
energy flux into the Arctic [66]. We return to this Arctic feature later in the paper.

In the NH, the CanESM5 model experiences a large equatorward shift of the maximum
MSE flux, of approximately 10 degrees latitude, while the other two models keep the same lati-
tude of maximum northward flux. The maximum in the SH in the CanESM5 model also shifts
equatorward by a slightly smaller amount, while the MRI-ESM2-0 and IPSL-CM6A-LR mod-
els have a slight poleward shift. The equatorward shifts in maximum.

MSE flux in the CanESM5 indicates especially large increases of MSE flux in the subtropics.

We provide a more detailed explanation for the unique behavior of the CanESM5 model’s
MSE flux maxima in the following subsections, based on the tropical cloud radiative effect
changes.

The northward transport of DSE is plotted in Fig 11C and is the difference between Fig 11A
and 11B. The large decrease in poleward transport in the extratropics and increase in poleward
transport in the tropics is clear in all models. These oppose the latent energy transport, and
thus create a smaller change in MSE transport than in either DSE or latent energy flux individ-
ually. Opposition of the latent energy transport by DSE transport occurs at nearly every lati-
tude in each model, and the changes are plotted together in Fig 12A to facilitate comparison.
The most prominent exception is in the subtropics (especially visible in the CanESM5 model),
where the poleward flux of both the DSE and latent energy increases in both hemispheres.

The CanESM5 model has a particularly large decrease in southward DSE transport in the
SH extratropics, where it decreases by over 50% in some places. In all models, the poleward
DSE flux decreases particularly strongly in the regions between 35 and 60 degrees. The result-
ing DSE flux exhibits a poleward shift in the maximum extratropical flux, or the establishment
of a new local maximum at high latitudes.

We next consider the compensation percentage, defined as

= %AFDSEHOO%.

The compensation percentage C represents the effectiveness of the DSE transport in com-
pensating for the increased latent energy transport, with 100% meaning there is no change in
the MSE flux. Compensation percentages within the tropics are larger than 100%, reflecting
the fact that the DSE transport increases faster than the latent energy transport. In the North-
ern Hemisphere between 40 and 60 degrees, compensation percentages are around 75% for
each model. In the Southern Hemisphere, percentages are much lower: 65% in MRI-ESM2-0,
and 50% in IPSL-CM6A-LR and CanESM5.

How is the compensation percentage in the CanESM5 model in the SH so small, despite the
large change in DSE flux? Examining the moisture flux change, one can see that the poleward
latent energy transport increases by up to 3 PW, a number that is larger than the poleward
transport of DSE in the pre-Industrial period. Thus 100% compensation is impossible within
the SH midlatitudes, assuming the DSE transport remains poleward. The picture that emerges
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is of a SH storm track in which the latent energy transport increases substantially, working off
of large humidity gradients (Figs 3 and 4) despite decreases in DSE transport, driven by some
combination of weaker temperature gradients and weaker eddies.

We examine these factors later in the paper.

b. Ocean heat transport. The ocean component of the anomalous northward energy
transport is plotted in Fig 12B. This is calculated by integrating the anomalous surface flux
after subtracting out the global mean, so includes the effect of both changes in ocean heat
transport and differential storage. Since no model is in energy balance by 2300, the differential
ocean heat storage is non-negligible. When heat storage is occurring more at the higher lati-
tudes, e.g., in the Southern Ocean, there is an anomalous equatorward energy transport in this
metric.

In all three models, the ocean component opposes the MSE transport change. The change
in ocean transport is especially close to being equal and opposite to the MSE transport change
in the MRI-ESM2-0 model on a latitude-by-latitude basis, while in the CanESM5 model, the
ocean transport averages around half of the poleward MSE transport change. The anomalous
cross-equatorial transport is strongly negative in the MRI-ESM2-0 model, with a value of -0.5
PW, and is approximately half this value in other two models.

An examination of the anomalous northward transport of energy in the Atlantic Ocean,
plotted in the pre-Industrial and warmed climate in Fig 11D, shows that the cross-equatorial
anomalies in Fig 12B are primarily due to reductions in strength of the AMOC. In Fig 11D, the
x-axis only goes as far south as 30° S, due to the end of the ocean basin. CanESM5 only outputs
data on ocean heat transport to the year 2180, so in that model we use an average of years 2156
to 2180 to represent the warmed period. In all models, the pre-Industrial ocean circulation
transports a large amount of heat northward across the equator, with a similar value of 0.55-
0.6 PW, while north of the equator there is substantial model spread in the poleward ocean
heat flux. The MRI-ESM2-0 model has 50% larger flux in the pre-Industrial period than the
other two models at 45 N.

Warming causes a large decrease in the northward transport of energy in the Atlantic in all
three models. AMOC damping is a result of large buoyancy fluxes that help to inhibit deep
overturning circulation [67]. While buoyancy changes are primarily driven by surface fluxes
[68], this buoyancy flux can also come in the form of melting sea ice, as melt water can cause
abrupt changes in the salinity of surface waters [69, 70]. The MRI-ESM2-0 model has a slightly
negative Atlantic cross-equatorial transport in the warmed climate, indicating a complete col-
lapse of the AMOC. The AMOC collapse in MRI-ESM2-0 is consistent with the warming pat-
tern in the intermediate period which shows decreased warming south of Greenland, also
called the North Atlantic Warming Hole (NAWH; Fig 2I) [71, 72]. The AMOC collapse is
likely also the primary cause of the southward ITCZ shift in the Atlantic identified in Fig 6F-
61 as the reduction in oceanic heat transport must be met by an northward transport of MSE,
which contributes to the convergence of winds occurring farther south [73, 74]. The slowdown
in circulation and the accompanying ocean heat flux decrease can help explain the equator-
ward shift in the ITCZ shown in each model.

Another consistent feature in the ocean heat flux change in Fig 12 is the decrease in strength
of the ocean heat divergence within the equatorial region. The subtropical cells are wind-
driven, and along with the decrease in strength of the surface winds throughout the tropics,
visible both in the change in zonal winds in Fig 7 and in surface wind change plots as a func-
tion of latitude and longitude (not shown), the upwelling and overturning circulation must
weaken. In turn, the MSE fluxes increase in each model to compensate for the decrease in
ocean heat transport.
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Fig 13. Anomalies in (A, B, C) longwave cloud radiative effect, (D, E, F) shortwave cloud radiative effect as calculated using APRP, and
(G, H, I) the sum of the longwave and shortwave cloud radiative effects. These maps were made using the Cartopy Robinson projection
(https://scitools.org.uk/cartopy/docs/v0.15/crs/projections.html) which uses data from Natural Earth (https://www.naturalearthdata.
com/downloads/110m-physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9013

c. Cloud radiative effect. Clouds can have large contributions to the local and global
energy budget, and hence are useful in understanding how energy moves in an extremely
warmed climate. The radiative impact of clouds is presented as longwave and shortwave com-
ponents as well as the net radiative effect in Fig 13. The longwave CRE is simply the difference
between the longwave top of atmosphere radiation in clear sky and in all sky conditions. The
SW cloud term is found using the Approximate Partial Radiative Perturbation (APRP) method
to decompose the shortwave radiation budget into its contributing mechanisms (in this case
clouds) [75]. APRP allows us to remove surface effects (such as ice melt) to the shortwave bud-
get from the shortwave cloud effect [76]. The net radiative anomaly is defined as the sum of
the longwave CRE and the shortwave APRP cloud effect. Fig 13 shows fields of each metric for
cloud radiation as the hot period anomalies from the pre-Industrial average values.

The changes in longwave CRE are quite different among the three models. IPSL-CM6A-LR
and MRI-ESM2-0 both experience a global mean negative longwave cloud feedback (meaning
the longwave component of CRE acts as a cooling force on global mean radiation). The two
models have global mean longwave CREs of -4.9 and -2.6 W/m® respectively. The longwave
CRE in CanESM5 behaves very differently, and accounts for a total increase in downward
longwave radiation. The average longwave CRE anomaly in CanESMS5 is 7.0 W/m®.

Although the global mean values differ, the broad patterns of the changes in longwave CRE
are fairly consistent among models, with decreases over regions of marine stratocumulus and
strong increases in the tropics. The much larger region of positive longwave CRE anomaly
around the equator in CanESMS5 is in part due to the large increase in tropical temperature,
which increases the depth of deep convective clouds. This is an expected positive feedback to
global warming that is well supported by theory, and is on the cusp of being constrained obser-
vationally, with rising high clouds currently being observable in the Northern Hemisphere
[77-79]. Upward movement of clouds is also associated with increases in tropopause height,
visible in both the streamfunction and zonal wind panels (Fig 7). The particularly large
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meridional extent of the positive longwave CRE region in CanESMS5 suggests an expansion of
high clouds throughout the poleward branches of the Hadley circulation. The lack of short-
wave cloud cooling in that region points to a potential role of cirrus clouds, which have a large
impact on longwave radiation, but are optically thin to solar wavelengths [80], but we are lim-
ited by data availability in our ability to understand this feature.

In the shortwave cloud term, there is increased radiation absorbed over much of the sub-
tropics, indicating a reduction of stratocumulus and cumulus clouds, and decreased radiation
over parts of the deep tropics and high latitudes. Without cloud fields at varying heights and
optical depths, such as is provided by the COSP cloud simulator package [81], we cannot
determine what cloud types are contributing to these radiative anomalies.

The differences in the longwave and shortwave cloud radiation result in global net radiative
effects of 9.5 W/m? for CanESMS5, 0.1 W/m? for IPSL-CM6A-LR, and MRI-ESM2-0 has a net
radiative effect that is balanced to order one thousandth of a W/m?. Cloud feedbacks are con-
sidered the largest source of variability in climate sensitivity [26, 82-84], and Virgin et al.
(2021) [85] found that equatorial low cloud and non-low cloud reduction is the primary cause
of the high climate sensitivity of CanESM5 compared with the previous generation of that
model. The cloud feedbacks are likely an important cause of the particularly large MSE trans-
port increase away from the equator in the CanESM5 model, with MSE transport away from
the cloud-induced heating. We return to this feature in the Discussion section.

d. Eddies, lapse rate, and diffusivity. We next examine factors that characterize and
affect extratropical eddies to better understand the energy transports presented in Section 3.2.
a. The average standard deviation of daily sea-level pressure is used to estimate the eddy inten-
sity in each model. The standard deviation is calculated from daily fields of sea-level pressure,
where the seasonal cycle is removed and the pre-Industrial mean is subtracted out. Standard
deviation of sea-level pressure calculated in this way indicates the strength of synoptic scale
systems and eddies.

The eddy strength is shown in Fig 14 as an average over the last 25 years of the simulation
and a percent change compared with pre-Industrial. At the end of the run each model shows a
large area of low eddy intensity in the tropics, with high intensity in the midlatitudes and polar
regions. There is some positive change in eddy strength in the tropics, but since the pre-Indus-
trial value in those regions is near zero, the large fractional changes are not indicative of large
absolute changes. All three models exhibit a weakening of midlatitude surface eddies, each
model showing the largest fractional change off the west coast of continents. CanESM5 has the
strongest reduction, with many midlatitude regions experiencing a decrease of more than
40%. IPSL-CMG6A-LR has fewer regions that decrease by more than 40% and follows a very
similar spatial pattern to CanESM5. MRI-ESM2-0 has a much weaker response, especially in
the Northern Hemisphere, where very few regions decrease by more than 10%.

One potential cause of the widespread eddy weakening, the lapse rate, is shown in Fig 15.
The lapse rate in the hot period and its anomaly from pre-Industrial are plotted, with lapse
rate defined as the difference between the temperature at 300 hPa and the surface divided by
the difference in geopotential height at 300 hPa and surface. The change in lapse rate in all
models is dominated by an increase in the poles, and a decrease in the tropics and subtropics.
The lapse rate in the tropics/subtropics decreases due to the decrease in the saturated adiabatic
lapse rate at higher temperatures and humidity [86]. Polar amplification of surface warming,
on the other hand, is surface-trapped, and causes an increase in the lapse rate [87].

CanESMS5 has the largest global-averaged reduction of lapse rate, with a change of -1.24 K/
km, then IPSL-CM6A-LR has a change of -1.17 K/km, MRI-ESM2-0 has the smallest net
change of -0.66 K/km. Throughout the subtropics and midlatitudes, the models show a
decrease in lapse rate (as seen in CMIP3 models in Frierson 2006 [88]), with an especially

PLOS Climate | https://doi.org/10.1371/journal.pcim.0000343  February 1, 2024 18/27


https://doi.org/10.1371/journal.pclm.0000343

PLOS CLIMATE

Atmosphere and ocean energy transport in extreme warming scenarios

CanESM5 2275-2300 std(PSL)(hPa) CanESMS5 std(PSL) anomaly (%)

ST <

Fig 14. (A, B, C) The standard deviation of daily sea level pressure fields (hPa) in the hot period, and (D, E, F) the
percentage change since pre-Industrial. These maps were made using the Cartopy Robinson projection (https://
scitools.org.uk/cartopy/docs/v0.15/crs/projections.html) which uses data from Natural Earth (https://www.
naturalearthdata.com/downloads/110m-physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9014

prominent decrease in the CanESM5 model. When the lapse rate decreases, the static stability
of the atmosphere increases, so that the eddy kinetic energy is lower, resulting in a decrease in
surface eddies [89]. Even though increased moisture content can offset this (and indeed is the
original cause of the lapse rate change), the dry static stability is thought to be most relevant
because baroclinic instability always has some unsaturated component [90, 91]. It is also possi-
ble for the static stability decrease in high latitudes to cause an increase in eddy intensity over
the poles.

To investigate how the energy transport is influenced by changes in eddy intensity, we first
examine the surface MSE in Fig 16. Since the surface geopotential is the same in both time
periods, MSE is equal to

MSE = CAT + LAq.
P v

The MSE increases substantially due to temperature and humidity increases. The increase
is largest in the tropics in each model due to the increase in humidity. This results in an
increase in the equator-to-pole MSE difference in each model. The increase in MSE gradient
likely explains some of the tendency of the flux to increase, but does the weakening of eddies
also play a role?

The surface diffusivity, calculated as the vertically integrated MSE flux divided by the
meridional gradient in MSE is plotted in Fig 17 to answer this question. Although both the
flux and the gradient of MSE increase with warming, the flux increases more in the SH in all
models, leading to a decrease in the diffusivity. In the NH, changes in diffusivity are smaller,
and not consistent among the three models. The CanESM5 and IPSL-CM6A-LR models each
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Fig 15. The lapse rate in (A, B, C) the hot period, and (D, E, F) the change since pre-Industrial, calculated as the
difference between the temperature at the surface and 300 hPa, divided by the difference in geopotential height at the
same levels. These maps were made using the Cartopy Robinson projection (https://scitools.org.uk/cartopy/docs/v0.
15/crs/projections.html) which uses data from Natural Earth (https://www.naturalearthdata.com/downloads/110m-
physical-vectors/).

https://doi.org/10.1371/journal.pcim.0000343.9015

show a small decrease in diffusivity when averaged between 25 and 50 degrees North, while
MRI-ESM2-0 shows approximately zero change over the same latitude band. This is consistent
with the NH eddy changes in the MRI-ESM2-0, which show slight increases in that model as
compared to the pre-Industrial level.

4. Discussion and conclusions

Global warming extension scenarios run for several centuries into the future provide a unique
laboratory for analysis of climate dynamics in a much warmer world. Despite the lack of cer-
tainty about emissions into the distant future and the unlikeliness of this particular pathway,
these simulations provide an interesting opportunity for the study of climate changes of the
future. Even if these climates are never realized, the large amplitude changes can help with
understanding of smaller perturbations. For instance, many of the climate changes that have
been observed in the recent past and are expected in the next 50 years are seen in a more
extreme manner in these simulations. These include increases in moisture content and trans-
port, poleward shifts of the storm tracks and Hadley cell boundaries, weakening of tropical
surface winds, and reductions in the AMOC strength. Global mean temperature increase for
these simulations range from 9.3 K to 17.5 K, with moisture content increasing by at least a fac-
tor of 1.5 in each model, and with moisture in CanESM5 increasing by more than a factor of 2.
While many of the changes we observe are proportional to the global mean temperature, some
are not, such as the weakening of the AMOC.

The climate metrics shown can be used together to understand the physical mechanisms
responsible for many of the dynamical changes. The massive increases in latent energy
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CanESM5 MSE (J/kg

Fig 16. Surface moist static energy (J/kg) in (A, B, C) the hot period, and (D, E, F) the change since pre-Industrial.
These maps were made using the Cartopy Robinson projection (https://scitools.org.uk/cartopy/docs/v0.15/crs/
projections.html) which uses data from Natural Earth (https://www.naturalearthdata.com/downloads/110m-physical-

vectors/).

https://doi.org/10.1371/journal.pcim.0000343.g016

transport are balanced by corresponding decreases in DSE transport, although the compensa-

tion is imperfect. The increase in moisture flux is so large in some cases (e.g., the Southern
Hemisphere in CanESM5) that perfect compensation is impossible if the DSE transport is to
remain poleward. In all models, eddy intensity decreases substantially, likely due to the
decreases in lapse rate and decreases in meridional temperature gradient. The eddy intensity
decrease is associated with a decrease in MSE diffusivity. Ocean heat transports and cloud radi-

ative effects each influence MSE fluxes and can help understand the difference in energy trans-

ports among models.
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Fig 17. Diffusivity of moist static energy (m*/s), defined as the vertically integrated MSE flux divided by the surface
MSE gradient at each latitude for pre-Industrial (dashed) and the hot period (solid) for (A) CanESMS5, (B)

IPSL-CM6A-LR, and (C) MRI-ESM2-0.
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The CanESM5 model has the largest warming, and thus stands out in many of the diagnos-
tics. In terms of energy transports, the difference between CanESM5 and the other two models
is most prominent around the equator. The sharp increase in poleward MSE flux in the tropics
of CanESMS5, described Section 3a, is likely in part due to a transport of MSE away from the
large cloud radiative heating in the deep tropics. The Hadley cell transports away any excess of
energy input in order to assure that temperature gradients remain flat, and eddies also increase
to seamlessly connect the transports. The fact that the Hadley circulation decreases in strength
(Figs 7 and 8) means that this increased transport must be due to some combination of
increased gross moist stability [27, 92] or increased eddy moisture fluxes.

In addition to the cloud radiative terms, another contributor to the increased MSE flux in
the CanESM5 model is the oceanic heat transport (Fig 12). The CanESM5 model experiences
the largest decrease in ocean flux divergence in the deep tropics, indicating a decrease in trans-
port by the subtropical cells. This wind-driven circulation declines due to the decrease in wind
speed throughout the tropics. In response to the decreased tropical ocean circulation, the Had-
ley cell and atmospheric eddy energy transports increase. In all models, AMOC declines lead
to a reduced southward energy transport across the equator. This is especially strong in the
MRI-ESM2-0 model and leads to a southward shift of tropical precipitation.

There is much opportunity for additional climate model experiments similar to the SSP5-
8.5ext simulations. Due to the simulation protocol, many aspects of the Earth system that
would certainly be changed under such extreme warming are kept fixed. These include the
land ice sheets, vegetation types, and the carbon cycle. It would be interesting to examine an
intercomparison of fully coupled models that include these processes.

High radiative forcing is one unique aspect of the ECP8.5 and SSP5-8.5 extension simula-
tions, but the extended run length is also important. A recent model intercomparison project
aims to understand the century-to-millenium timescale effects of climate change. LongRun-
MIP is a collection of model simulations that are all at least one thousand years in length, and
they each are forced with a constant increase of CO, concentrations [93]. Most LongRunMIP
simulations have smaller radiative forcing than the ECP8.5 and SSP5-8.5 extension pathways.
Studies from LongRunMIP have focused on time-dependent climate sensitivity [94], the spa-
tial structure of feedbacks [95], and estimation of equilibrium climate sensitivity [96]. On cen-
tennial to millennial timescales, midlatitude dynamics including the Atlantic basin, dominate
global feedback responses [94].

It would also be useful to have a broader range of simulations of warming past 2100. The
SSP protocol recommends extension past 2100 of only the extremely high radiative forcing
SSP5-8.5ext scenario analyzed here, and the extremely low radiative forcing SSP5-3.4-OSext
and SSP1-2.6ext scenarios. Having a range of scenarios with more realistic emissions pathways
that are run past 2100 would allow for better quantitative predictions of lasting climate
impacts. If there are rapid changes in radiative forcing, or a more sensitive climate than
expected, it may be that SSP5-8.5ext simulations will be useful for the understanding of climate
impacts in the 22nd and 23rd centuries. Global climate change will not stop in 2100, so it will
become increasingly important to understand climate impacts past that date.
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