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The Mediterranean region has been identified as a climate hot spot, with models projec-
ting a robust warming and rainfall decline in response to increasing greenhouse gases.
The projected rainfall decline would have impacts on agriculture and water resources.
Can such changes be reversed with significant reductions in greenhouse gases? To
explore this, we examine large ensembles of a high-resolution climate model with vari-
ous future radiative forcing scenarios, including a scenario with substantial reductions
in greenhouse gas concentrations beginning in the mid-21st century. In response to
greenhouse gas reductions, the Mediterranean summer rainfall decline is reversed, but
the winter rainfall decline continues. This continued winter rainfall decline results from
a persistent atmospheric anticyclone over the western Mediterranean. Using additional
numerical experiments, we show that the anticyclone and continued winter rainfall
decline are attributable to greenhouse gas—induced weakening of the Atlantic Meridio-
nal Overturning Circulation (AMOC) that continues throughout the 21st century. The
persistently weak AMOC, in concert with greenhouse gas reductions, leads to rapid
cooling and sea ice growth in the subpolar North Adantic. This cooling leads to a
strong cyclonic atmospheric circulation anomaly over the North Atlantic subpolar gyre
and, via atmospheric teleconnections, to the anticyclonic circulation anomaly over the
Mediterranean. The failure to reverse the winter rainfall decline, despite substantial cli-
mate change mitigation, is an example of a “surprise” in the climate system. In this
case, a persistent AMOC change unexpectedly impedes the reversibility of Mediterra-
nean climate change. Such surprises could complicate pathways toward full climate
recovery.
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Projections of changes in regional climate and extremes are vital for planning and deci-
sion making over the coming decades and are a critical topic for societally relevant
research (1-6). A particularly important question is the extent to which climate change
would be reversed if greenhouse gas concentrations were to substantially decline later
this century (7, 8). Are there climate system changes that would not be reversed in
response to significant reductions in emissions (8-23)? Have any such components
crossed thresholds from which recovery may be difficult? We probe these issues by con-
ducting large ensembles of climate change simulations under various forcing scenarios,
including future reductions in greenhouse gases. Large ensembles are especially useful
for assessing both the mean climate response to radiative forcing changes and the inter-
nal variability of the coupled system (24-26). We use a climate model with a high-
resolution atmosphere-land component (50 km horizontal resolution) to better simulate
changes in regional climate and extremes. We use 30-member ensembles to obtain a
robust simulation of both the radiatively forced signal, as expressed by the ensemble
mean, and the internal variability as indicated by the spread of the individual members
around the ensemble mean. We focus on a regional hot spot for climate change—the
Mediterranean—where rainfall declines have been observed (27) and are robustly pro-
jected in response to increasing greenhouse gases (28). We assess whether such rainfall
declines could be reversed by significant reductions in greenhouse gases beginning in
the mid-21st century.

We use a modeling system (SPEAR; Seamless System for Prediction and EArth system
Research) that is also used for real-time seasonal (29) to decadal predictions (30), with vali-
dated skill on those time scales (31), including for predictions of Arctic sea ice extent (32)
and the Adantic Meridional Overturning Circulation (AMOC). We first conduct a natural
ensemble that is forced only with estimates of observed changes in solar irradiance and vol-
canic aerosols over 1921 to 2014, as well as hypothetical variations in solar irradiance and
volcanic aerosols over 2015 to 2100 (see Methods for details). This ensemble has
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anthropogenic greenhouse gases, aerosols, and land use fixed at
calendar year 1921. This is a reference against which other simula-
tions are compared. We conduct a 30-member historical ensemble
of simulations over the period 1921 to 2014 that is driven by
observationally based estimates of changes in radiative forcing.
The ends of these historical simulations serve as the starting points
for simulations over the period 2015 to 2100. We conduct four
separate 30-member ensembles using the Shared Socioeconomic
Pathways (SSP) scenarios SSP1-1.9, SSP2-4.5, SSP5-8.5, and
SSP5-3.4-OS (33) (hereafter referred to as SSP119, SSP245,
SSP585, and SSP5340S; Methods). The first three scenarios repre-
sent very low, medium, and very high estimates of future green-
house gas emissions (the SSP585 scenario may be viewed as a
low-likelihood but high-impact outcome) (34). The fourth sce-
nario, SSP5340S, is especially revealing as it contains rapid
increases in greenhouse gases until the mid-21st century (similar
to SSP585), after which there is a rapid decline in greenhouse gas
concentrations. The SSP5340S scenario helps to assess whether
and how rapidly climate change can be reversed.

Radiative Balance, Temperature, and
Precipitation Response

We show in Fig. 14 the response of simulated annual mean
global mean surface air temperature to various scenarios of radi-
ative forcing changes. In all cases the global mean temperature
responds within a decade to imposed changing greenhouse gas
concentrations (S/ Appendix, Fig. S1). Note that despite the
reversal of the global warming in SSP5340S after 2060, the
simulated global mean temperature is still more than 0.5 K
warmer in 2100 than in year 2022. The spread of the individ-
ual members around the ensemble mean is relatively small for
global mean changes. The changes in global mean surface air
temperature are consistent with changes in the net radiative bal-

ance at the top of the atmosphere (SI Appendix, Fig. S2). The
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Fig. 1. (A) Time series of global mean, annual mean surface air tempera-
ture. For all time series in A, values plotted are differences with respect to
ensemble mean, time mean values over the period 1931 to 1960. Legend
in A also applies to B. The curves labeled “OBS GISS” and “OBS HadCRUT"
are observational time series (Methods). (B) Time series of annual mean,
global mean precipitation (units are cm day~"). The thick solid lines in each
panel indicate the 30-member ensemble means, while the shaded regions
indicate the range of the ensemble members. The dashed black line in
each panel indicates the mean value over the period 2011 to 2020.
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changes in anthropogenic radiative forcing and large-scale
warming will also induce changes in precipitation. On a global
scale the warming increases evaporation, which is balanced by
increased precipitation as shown in Fig. 1B. The global mean
precipitation time series resembles the time series of global
mean surface air temperature (Fig. 14), including slow reversals
of the upward trends in global precipitation in SSP119 and
SSP5340S later in the 21st century.

While the relationship between temperature and precipita-
tion is clear on a global scale, it is more complicated on
regional scales, with substantial internal variability and differing
regional sensitivities of precipitation to anthropogenic forcing
changes. One of the most commonly projected changes in
precipitation is a reduction over the Mediterranean (35), as typ-
ified by the results in Fig. 2 (the ability of the model to simu-
late present day Mediterranean precipitation is shown in S/
Appendix, Fig. S3). There is a clear and persistent downward
trend in precipitation in SSP585, with weaker downward
trends in the other scenarios, all consistent with many previous
results (35). While there is large internal variability of rainfall
on regional scales, by using 30-member ensembles we can
clearly identify the signals of change. In Fig. 2 we show the
results (Fig. 2, Borrom) of applying a Kolmogorov—Smirnov
two-sided test (Methods) to see whether the distributions of
simulated rainfall between various pairs of simulations are dif-
ferent. We find (Fig. 2) that after about the year 2000 the sim-
ulations with anthropogenic radiative forcing changes are
almost all significantly different from the simulations with only
natural forcings, with the occasional exception of winter rainfall
in SSP119, the scenario with the smallest increase of green-
house gases.

We focus on results from SSP5340S (and to a lesser extent
SSP119) to assess whether the greenhouse gas—induced declines
of Mediterranean rainfall are reversible in response to green-
house gas declines. For SSP5340S and SSP119 Mediterranean
rainfall declines during summer (May to October; MJJASO)
until the 2050s, after which rainfall increases through the rest
of the 21st century (Fig. 2A4). This midcentury reversal is in
response to declining greenhouse gas concentrations in the
SSP5340S and SSP119 scenarios (SI Appendix, Fig. S1). This
demonstrates reversibility of the greenhouse gas—induced sum-
mer rainfall decline over the Mediterranean.

In contrast, for the winter half-year (November to April;
NDJFMA), we find no such reversal of the Mediterranean pre-
cipitation decline in SSP5340S. The downward trend in Medi-
terranean winter precipitation in SSP5340S occurs when
atmospheric CO, increases (prior to about 2060) and then con-
tinues after 2060 despite reductions in atmospheric CO, and
associated global cooling. What accounts for such seemingly
inconsistent behavior? We show below that the continued
reduction in Mediterranean precipitation is attributable to a
persistent atmospheric circulation pattern with positive geopo-
tential height anomalies in the western Mediterranean, steering
storms away from the Mediterranean and inducing subsidence.
What accounts for this atmospheric pattern? We show below
that SSP5340S is characterized by a persistently declining
and/or weakened strength of the AMOC throughout the 21st
century, despite greenhouse gas reductions. The persistently
weakened AMOC, through its impact on ocean heat transport,
surface temperature, and air-sea interaction, generates an atmo-
spheric teleconnection pattern that generates the anticyclonic
circulation over the western Mediterranean, thereby maintain-
ing the long-term decline in winter Mediterranean precipita-
tion. These mechanistic links are explored below.
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4 A Precipitation averaged over Mediterranean region for May-Oct

B Precipitation averaged over Mediterranean region for Nov-Apr
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Fig. 2. (A) (Top) The time series of precipitation (units are cm day’1) averaged over May to October over the Mediterranean (10°W to 38°E, 32°N to 44°N) for
various ensembles. Thick solid lines indicate the 30-member ensemble means, while the shaded regions indicate +/- one standard deviation of the departures
of the ensemble members from the ensemble mean. (B) Same as A but for November to April. (Bottom) Assessment of when various ensembles differ from the
natural ensemble. A sliding 10-y window is used to test whether the distribution of values from either SSP119, SSP245, SSP585, or SSP5340S is significantly
different from the corresponding distribution of values from the natural simulation. For example, at year 2026, the distribution formed from all precipitation
value for years 2021 to 2031 in the 30 members of the SSP119 simulation (330 values total) is compared to corresponding precipitation values from years
2021 to 2031 from the natural simulation. A two-sided Kolmogorov-Smirnov test (MATLAB routine kstest2) is used to assess whether the distributions are
significantly different at the 1% level. If the distributions are different, the appropriate bar is shaded red for year 2026; if not, the bar is shaded blue. Thus, for
each pair of experiments (for example, SSP119 versus natural), there is a row with one shaded box per year, where the box is shaded red if the distributions
over that 10-y window are significantly different and blue if they are not. Note that for the SSP585 versus natural comparison, years 1921 to 2014 from the
historical simulation are combined with years 2015 to 2100 from the SSP585 simulation and then compared to the 1921 to 2100 natural simulation.

Mechanisms of the Persistent Mediterranean
Winter Rainfall Decline

To make the connection between a weakened AMOC and
Mediterranean rainfall, we first examine the response of the
AMOC to changing radiative forcing. The AMOC is a north-
ward flow of warm salty water in the upper layers of the North
Atlantic, along with a southward return flow of colder, denser
water in deeper layers. The AMOC is important for both oce-
anic carbon uptake (36) and the global energy balance, trans-
porting ~1.3 Petawatts (PW) (37) northward. We show an
index of the strength of the AMOC at 45°N in Fig. 3 and at
26°N in Fig. 3B, which also shows observationally based esti-
mates (details in Methods). The model ensemble spread encom-
passes the observations at 26°N, indicating model consistency
with the limited observations. Consistent with many past stud-
ies, the simulated AMOC declines in response to increasing
greenhouse gases. This decline is linked to freshening and
warming of the upper layers of the subpolar North Adantic,
thereby increasing the vertical stability of the water column and
inhibiting the deep water formation that is an integral part of
the AMOC. The AMOC decline until around 2050 is very
similar in all the scenarios (except natural), despite the very dif-
ferent greenhouse gas concentrations in the various scenarios. It
is quite striking that in SSP5340S—where global mean tem-
perature peaks in the 2050s and declines thereafter—the
AMOC has at best stabilized by the end of the 21st century
but has not begun a clear recovery. Even in SSP119, where
greenhouse gas concentrations decline over most of the 21st
century (starting in 2021 for CHy and 2041 for CO,), the
AMOC continues to decline until late in the 21st century, with
only a hint of recovery after 2080. For the AMOC, any even-
tual recovery is many decades delayed relative to when atmo-
spheric greenhouse gases begin to decline (38). The AMOC

weakening is tied to enhanced stratification of the upper ocean,

PNAS 2022 Vol.119 No.35 2116655119

and that stratification is not quickly altered (57 Appendix, Fig.
S4). Enhanced poleward atmospheric water vapor transport
in a warmed climate leads to enhanced precipitation at high
northern latitudes with resultant enhanced river flow into the
North Atlantic and Arctic, leading to freshening of the upper

Atlantic Meridional Overturning Circulation (AMOC) Index
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Fig. 3. Time series of indices of the AMOC. Units are Sv. See Methods for
further details of computing the indices. (A) AMOC index at 45°N. (B) AMOC
index at 26°N. For all time series in A and B the thick solid lines indicate the
30-member ensemble means, while the shaded regions indicate the range
of the ensemble members. The observations in B are from the RAPID array
at 26°N in the North Atlantic for 2005 to 2019.
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ocean. This upper ocean freshening, combined with near-
surface warming, reduces upper ocean density and therefore
enhances upper ocean stratification. The enhanced upper ocean
stratification appears more difficult to reverse than trends in
global mean temperature that respond more directly to changes
in the net planetary radiative balance.

The enhanced upper ocean stratification inhibits heat trans-
fer from warmer subsurface water to the surface in the Nordic
Seas, thereby facilitating cooling and sea ice increases in
response to declining greenhouse gases. In addition, the weak-
ened AMOC and associated reduced poleward Atlantic Ocean
heat transport contribute to regional cooling and the recovery
of Arctic sea ice. We show Arctic sea ice extent for September
in Fig. 44 and March in Fig. 4B. The influence of the green-
house gas reductions in SSP5340S is quite striking, with a sub-
stantial rebound in ice extent by the end of the 21st century. In
SSP5340S the September Arctic sea ice extent in 2100 has
recovered about 40% of the total loss in sea ice extent that was
simulated from the late 20th century to ~2060. The result for
SSP5340S is dramatically different from that seen in SSP585
where September sea ice has disappeared by about 2060. A sim-
ilar recovery of sea ice occurs during March (Fig. 4B), with val-
ues in SSP5340S returning by the end of the 21st century to
values present around 2020 in a few ensemble members with
large realizations of internal variability. These results suggest
that greenhouse gas reductions comparable to those in
SSP5340S would produce a clearly detectable trend of Arctic
sea ice recovery by the end of the 21st century (12).

The differing time scales of responses of changes in tempera-
ture, AMOC, and Arctic sea ice (S Appendix, Fig. S5) are key
components of the mechanism, especially the persistent AMOC
decline. The weakened AMOC contributes to rapidly expanding
Arctic sea ice, especially during winter (Fig. 4B and SI Appendix,
Fig. S5). Moreover, the rapidly expanding sea ice in SSP5340S

enhances regional cooling of near-surface air temperature,
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Fig. 4. (A) Time series of Arctic sea ice extent in September. Units are
10"? m2. (B) Same as A but for March. For all time series in A and B the thick
solid lines indicate the 30-member ensemble means, while the shaded
regions indicate the range of the ensemble members. Observed sea ice
extent from Fetterer et al. (51).
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especially over the subpolar North Atlantic in winter where the
growing sea ice inhibits warming of the near-surface atmosphere
from the ocean. We show the change in near-surface air tempera-
ture in SSP5340S over the second half of the 21st century (2081
to 2100 minus 2046 to 2065) for NDJFMA (Fig. 54) and
MJJASO (Fig. 5B). There is strong regional cooling, with maxi-
mum amplitude in the subpolar North Atlantic and Arctic during
NDJEMA. This cooling is a result of the greenhouse gas reduc-
tions but is also amplified by the rapidly expanding sea ice that is
enhanced by the persistently weakened AMOC. This very strong
winter cooling over the subpolar North Atlantic and Arctic cre-
ates an anomalous cyclonic circulation in the midtroposphere
(Fig. 50). Emanating from this strong cyclonic circulation is an
atmospheric teleconnection pattern with positive geopotential
height anomalies over the western Mediterranean. It is this anti-
cyclonic atmospheric circulation over the Mediterranean region
that creates subsidence over the Mediterranean, inhibits cyclonic
storms, and continues the long-term precipitation decline—
despite significant reductions in greenhouse gases. During sum-
mer, there is cooling over the subpolar North Atantic, but this
cooling only generates a modest atmospheric circulation response
that is not enough to generate a strong atmospheric teleconnec-
tion over the Mediterranean and impede the recovery of summer
precipitation over the Mediterranean.

We test the role of the AMOC in Mediterranean rainfall recov-
ery using an additional nine-member ensemble of simulations
called SSP5340S_STRONG_AMOC. This additional ensemble
is identical to SSP5340S, except that we artificially strengthen the
AMOC by removing fresh water from the surface layer of the
ocean over the subpolar North Adantic (Methods). The fresh water
removal increases upper ocean salinity and density in the subpolar
North Adandic, thereby artificially strengthening deep water for-
mation and the AMOC. We postulated above that the continued
decline of Mediterranean winter rainfall despite greenhouse gas
reductions is influenced by a persistently weakened AMOC.
Through this experimental design we can isolate the role of the
AMOC and test whether the Mediterranean winter rainfall
decline seen in SSP5340S would stll occur with a stronger
AMOC by comparing the results of SSP5340S_STRONG_
AMOC to SSP5340S. This additional ensemble of simulations
starts from 1 January 2041, with initial conditions from SSP
53408, and extends to 2100.

We show time series of the AMOC indices from SSP5340S
and SSP5340S_STRONG_AMOC in Fig. 6A. In contrast to
the ongoing AMOC decline in SSP5340S (black line), the
AMOC in SSP5340S_STRONG_AMOC clearly strengthens
(red line), returning to 20th century values within 2 to 3 decades.
The strengthened AMOC enhances poleward oceanic heat trans-
port, leading to warming over the Northern Hemisphere with
largest amplitude over the Nordic Seas (Fig. 6B), positive atmo-
spheric geopotential height anomalies over the North Adantic
subpolar gyre (Fig. 60), and an atmospheric teleconnection pat-
tern that results in cyclonic circulation over the Mediterranean
(Fig. 60) and increased winter Mediterranean rainfall (Fig. 6D).
In the SSP5340S_STRONG_AMOC simulations with a streng-
thening AMOC, winter precipitation over the Mediterranean
increases in the late 21st century (Fig. 6.D), opposite to the trend
in SSP5340S with a weakening AMOC. Note how the 500-hPa
geopotential response to the strengthened AMOC (Fig. 60 is
almost the mirror image of the 500-hPa geopotential height
changes in the SSP5340S simulation between the late and mid-
21st century periods (Fig. 5C). This supports the hypothesis that
the AMOC changes, through their impact on air—sea interaction
and surface air temperature in the subpolar North Adandc, can
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Fig. 5. Differences for (A and B) surface air temperature and (C and D) 500 hPa geopotential height for experiment SSP5340S. The differences are calculated as
the mean over 2081 to 2100 minus the mean over 2046 to 2065. Units for temperature are °C and meters for 500 hPa geopotential height. For geopotential
height the zonal mean was removed prior to plotting in order to accentuate regional structures. (A) Difference in surface air temperature for November to April
(NDJFMA). (B) Same as A but for May to October (MJJASO). (C) Difference in 500 hPa geopotential height (NDJFMA). (D) Same as C but for MJJASO.

induce large-scale atmospheric teleconnections with significant
regional climate change impacts.

The persistence of the weakened AMOC in SSP5340S appears
to be the source of the continued drying over the Mediterranean
despite reductions in atmospheric CO,. This result suggests that
the long time scales of ocean circulation response may have impor-
tant and counterintuitive atmospheric impacts, so that aspects of cli-
mate change may not be rapidly reversed by reducing atmospheric
CO,. Given the central importance of the prolonged weakened
state of the AMOC to the results shown here, it is crucial to assess
whether the persistently weakened AMOC under the SSP5340S8
scenario is unique to the SPEAR model used here. We have exam-
ined several models that have contributed SSP5340S simulations
to the CMIP6 archives. The small number of such simulations
available makes firm conclusions difficult, but we find that at least
one model [Community Earth System Model version 2-Whole
Atmosphere Community Climate Model, CESM2-WACCM (39)]
has changes in the AMOC, atmospheric circulation, and precipita-
tion that resemble the results in SPEAR (S Appendix, Fig. S6).
However, previous results (14) examining the response to idealized
rates of CO, increase and decrease have found a much closer corre-
spondence of the AMOC to the CO, forcing, without the substan-
tial persistence of the weakened AMOC state found in the present
study. It will be crucial to better understand the sources of any dif-
ferences in models regarding the long-term response of the AMOC
and its relevance for reversing aspects of climate change.

Discussion

As the impacts of climate change continue to grow, there is an
increasing need for improved projections—not only of how the cli-
mate system will change but of pathways and strategies to mitigate
the impact of projected changes and to potentially reverse changes

PNAS 2022 Vol.119 No.35 2116655119

that have occurred. We have used large ensembles of a climate
model subjected to a variety of future trajectories of anthropogenic
drivers of climate change to probe future climates, especially regard-
ing how rapidly various aspects of climate change are reversible in
response to possible future climate change mitigation. We find that
atmospheric temperature and Arctic sea ice cover (12) respond rela-
tively quickly and directly to reductions in greenhouse gas concen-
trations. However, other aspects of the climate system, such as the
AMOC, either continue to weaken or fail to recover even with sig-
nificant reductions of greenhouse gases in the 21st century.
Consistent with many studies, in our simulations we find that
precipitation over the Mediterranean declines in response to increas-
ing greenhouse gases. However, we find that the decline in winter
precipitation continues even after substantial reductions in green-
house gases later in the 21st century. This apparent contradiction is
explained in these simulations by a persistently weakened AMOC
that, in concert with cooling and sea ice growth over the subpolar
North Adantic, induces atmospheric circulation changes with
cyclonic circulation over the subpolar North Adantic and anticy-
clonic flow over the Mediterranean. This persistent atmospheric cir-
culation over the Mediterranean sustains the long-term decline of
winter precipitation, even when atmospheric CO, is reduced. This
is an example of a “surprise” in the climate system; in this case, a
persistent change in one component of the climate system (the
AMOC) appears to inhibit the recovery of another component of
the climate system (Mediterranean winter precipitation) despite sig-
nificant reductions in atmospheric greenhouse gases. This surprise is
the result of an asymmetry. For the ensemble of simulations with
SSP5340S forcing, the increasing greenhouse gases (until around
2060) occur in a climate with a strong to moderate AMOC. In
contrast, the middle to late 21st century greenhouse gas declines
occur in a climate with a persistently weak AMOC. The asymmetry
in the Mediterranean winter precipitation response to greenhouse
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Fig. 6. Results from an ensemble of simulations called “SSP5340S_STRONG_AMOC” (described in main text and in Mechanisms of the Persistent Mediterra-
nean Winter Rainfall Decline). This tests the linkage between AMOC strength and the response of Mediterranean winter precipitation to greenhouse gas
changes. (A) Indices of the AMOC at 45°N for SSP5340S (black) and SSP5340S_STRONG_AMOC (red). (B) Difference in winter (NDJFMA) surface air tempera-
ture for 2081 to 2100 for SSP5340S_STRONG_AMOC minus SSP5340S. Units are °C. (C) Same as B but for 500 hPa geopotential height. Units are meters. (D)
Winter (NDJFMA) precipitation averaged over the Mediterranean for SSP5340S (black) and SSP5340S_STRONG_AMOC (red). Units are cm day’1.

gas increases and decreases is traceable to the failure of the AMOC
to rapidly recover as greenhouse gases decline, thereby creating the
asymmetry. This suggests that the rate at which the AMOC recov-
ers in response to decreasing greenhouse gases is an important
influence on potential future climate system recovery. It will be
important to better understand differences in the rate of AMOC
recovery that are simulated by different models.

These results suggest that even substantial climate mitigation
efforts may only be sufficient to achieve a partial climate recov-
ery in this century (9). Aspects of the climate system that are
most directly tied to the energy balance of the planet, such as
surface temperature (40) and Arctic sea ice, appear to alter their
trajectories in direct response to the reductions in greenhouse
gas concentrations. Even so, in none of the scenarios does
global mean surface air temperature return to year 2000 values
by the end of the 21st century.

In addition, on regional scales, any responses to emissions
reductions can be difficult to clearly identify due to the strong
role of internal variability (7). We have used 30-member
ensembles to achieve results that are statistically significant (as
shown in Fig. 2), but the statistical significance becomes much
weaker or even vanishes on regional scales with smaller ensem-
bles. This presents a challenge for robustly assessing and confi-
dently attributing the impacts of potential future greenhouse
gas reductions on regional-scale climate as any forced impacts
are enmeshed in strong internal variability on decadal scales.

The climate model used in this study has a relatively fine
atmosphere—land resolution of 50 km, which is very helpful for

studies of regional climate and extremes. An additional
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advantage of this model (and a lower-resolution version) is that
it is used for real-time seasonal to decadal prediction, and thus,
its skill in predicting temperature, sea ice, and the AMOC is
continuously assessed. However, the model ocean component
has a horizontal resolution of ~100 km and does not explicitly
resolve small-scale oceanic processes, such as mesoscale eddies
or important topographically constrained flows. Since our
results concerning Mediterranean rainfall reversibility were
heavily influenced by future AMOC behavior, it is important
to assess the robustness of the current results by evaluating sim-
ilar simulations with other models, including those with finer
ocean resolution (41-43). While almost all models project a
weakening of the AMOC in response to increasing greenhouse
gases, there is a wide range in the amplitude and timing of such
weakening and associated climatic impacts (38, 44). Such dif-
ferences, as well as characteristics of ocean—atmosphere interac-
tions, may influence the robustness of the mechanism identified
here where the AMOC inhibits recovery of Mediterranean win-
ter rainfall. Additional radiative forcings are also critical for the
future evolution of Mediterranean precipitation (45).

More generally, one can speculate as to whether the current
classes of climate models in wide use are too linear in their
behavior. Are there other important phenomena or processes in
the real climate system—possibly not well represented in cur-
rent models—that also inhibit the recovery of the climate sys-
tem even with significant climate change mitigation efforts?
Such questions are vital to quantify climate risk and inform
planning decisions (46). To the extent that nonlinearities and
threshold behaviors exist that are not captured in current
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climate models, we may be systematically underestimating the
risk from climate change and overestimating our ability to
reverse such change once it occurs.

Methods

Model and Primary Simulations. We conduct 30-member ensembles of simu-
lations using the Geophysical Fluid Dynamics Laboratory (GFDL) SPEAR model
(47). The model has an atmosphere-land resolution of ~50 km and an ocean-ice
resolution of ~100 km. The first ensemble (historical) runs from 1921 through
2014. Initial conditions for the atmosphere, ocean, and sea ice are taken from
points 20 y apart in a long control simulation that has constant 1850 atmospheric
composition. The land initial conditions for year 1921 are the same in all members
and are taken from a single transient simulation of the model that extended from
1851 to 1920. This process saved computer time by not requiring all ensemble
members to start in year 1851. The model is forced over the period 1921 to 2014
with observed estimates of changes in greenhouse gases and aerosols, land use
(48), solar irradiance, and volcanic aerosols (49).

A second ensemble (natural) starts from the same 1921 initial conditions as
the historical ensemble but is forced only with radiative forcing changes from
natural sources-solar irradiance and volcanic aerosols. All other radiative forcing
components (greenhouse gases, anthropogenic aerosols, and land use) are kept
fixed at 1921 values. The natural ensemble runs from 1921 to 2100. For the
period 1921 to 2014, observational estimates of changes in volcanic aerosols
and solar irradiance are used. For the period 2015 to 2100 a synthetic estimate
of solar irradiance changes is used based on the observed solar cycle. Volcanic
aerosols after 2024 are set to values derived as the long-term mean over 1851
to 2014, with a linear transition from observed values in 2014 to the prescribed
values after 2024.

Four additional ensembles are run from 2015 through 2100 and use various
projections of future radiative forcing changes (49) (S/ Appendix, Fig. S1 for CO,
and CH,4 concentrations in the scenarios). Ensemble SSP585 uses forcings from
the SSP5-8.5 scenario and contains the largest increases in radiative forcing and
therefore the largest warming. Ensemble SSP245, using forcings from the SSP2-
4.5 scenario, has smaller total increases in radiative forcing. SSP119 uses the
SSP1-1.9 radiative forcings and has the smallest increase in future radiative forc-
ing changes. Ensemble SSP5340S uses the SSP5-3.40S forcing, which is very
similar to SSP5-8.5 until the year 2040; after 2040, there is a rapid decline in
greenhouse gas emissions and other drivers, resulting in negative emissions
after around 2070. The time series of the net radiative balance at the top of the
atmosphere are shown in S/ Appendix, Fig. S2.

All ensembles described above have 30 members, and this allows an assess-
ment of the radiatively forced signal of climate change (evaluated as the ensem-
ble mean over all 30 members) as well as a measure of the uncertainty due to
internal variability of the system, indicated by the spread of the 30 ensemble
members around the ensemble mean.

Additional Simulation to Assess AMOC Impact on Mediterranean Winter
Precipitation Trends. We conduct an additional nine-member ensemble of sim-

ulations that are identical to SSP5340S except that we remove fresh water from
the subpolar gyre and Nordic Seas to artificially strengthen the AMOC. We refer to
this set as SSP5340S_STRONG_AMOC. The additional simulations start from
conditions on 1 January 2041, from the first nine members of the SSP5340S
ensemble, and the simulations extend through 2100. The total rate of fresh water
removal (applied uniformly over the Atlantic between 50°N and 80°N) is 0.1
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sverdrups (Sv; 1 Sv = 10® m® s~"). By removing fresh water, we increase upper
ocean salinity and density, thereby reducing upper ocean stratification, enhancing
deep water formation, and strengthening the AMOC. The removed fresh water is
no longer accounted for in the system and is used purely as an artificial technique
to strengthen the AMOC to allow an assessment of the role of the AMOC. In these
additional simulations the AMOC returns to typical 20th century strength after 2 to
3 decades. By comparing SSP5340S_STRONG_AMOC and SSP5340S we can eval-
uate the impact of a strong or weak AMOC on whether greenhouse gas reductions
can reverse the Mediterranean winter rainfall decline.

Ocean Circulation Indices. We compute indices of the AMOC. We first
calculate the zonal integral across the Atlantic basin of the meridional volume
transport in isopycnal coordinates. Meridional stream function values are then
computed at each level by taking an indefinite integral of the zonally integrated
transport from the top of the ocean to that level. We define an AMOC index at
individual latitudes as the maximum value of the stream function across a range
of density levels. We compute indices at 45°N and 26°N. The latter index can
be compared directly to observations through the Rapid Climate Change -
Atlantic Meridional Overturning Program (RAPID-AMOC).

Observational Data. The observationally based record of the AMOC is from
the Rapid Climate Change - Atlantic Meridional Overturning Circulation Program
(RAPID-AMOC) (50) (downloaded 17 May 2022). Observed sea ice data were
downloaded from the National Snow and Ice Data Center (51) (https:/nsidc.org/
data/g02135, downloaded 30 May 2021). The Climatic Research Unit Tempera-
ture dataset version 5 (CRUTEM5) and the Met Office Hadley Centre/Climatic
Research Unit dataset version 5 (HadCRUTS) observational temperature (52)
datasets were downloaded from https://crudata.uea.ac.uk/cru/data/temperature/
on 6 July 2021. The Goddard Institute for Space Studies (GISS) surface tempera-
ture (53) dataset (GISTEMP v4) was downloaded on 6 July 2021.

Data, Materials, and Software Availability. Model output used in the
analyses can be found at https://doi.org/10.5281/zen0d0.6954827 (54). The
observationally based record of the AMOC is from the RAPID Program (https:/
rapid.ac.uk/rapidmoc/, downloaded 17 May 2022) (55). Observed sea ice data
were downloaded from the National Snow and Ice Data Center (https:/nsidc.
org/data/g02135, downloaded 30 May 2021) (56). The CRUTEMP and Had-
CRUTS observational temperature datasets were downloaded from https:/
crudata.uea.ac.uk/cru/data/temperature/ on 6 July 2021 (57). The GISS surface
temperature dataset (GISTEMP v4) was downloaded on 6 July 2021. The Modu-
lar Ocean Model version 6 code is publicly available at https://github.com/NOAA-
GFDL (58). Source code for the atmosphere component used in SPEAR is
available at https://data1.gfdl.noaa.gov/nomads/forms/am4.0/ (59).
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