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Abstract

The difference between North Atlantic subpolar gyre sea surface temperatures (SPG SSTs) and hemispheric- or global-scale
surface temperatures has been utilized as an index of centennial-timescale changes in Atlantic Meridional Overturning Circu-
lation (AMOC) strength. Here, using Community Earth System Model ensembles, we show that surface temperature-based
indices (STIs) proposed to date largely reflect global-scale temperature trends and thus do not reflect dynamical relationships
with AMOC. More broadly, we find that relationships between STIs, SPG SSTs, and AMOC strength differ greatly in signifi-
cance and magnitude over different time periods because they are dependent upon the nature of external forcing. In the 20th
century, characterized by offsetting greenhouse gas and aerosol forcing, the relationship between SSTs and AMOC strength
varies widely and changes sign across a 20-member ensemble. We conclude that STIs and SPG SSTs are poor predictors of

centennial-timescale AMOC strength variations.
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Key Points:

« Previously proposed surface temperature indices (STIs) of AMOC strength are
dominated by global temperature trends

« STIs are poor predictors of AMOC strength outside their calibration period, call-
ing into question previous interpretations of 20th c. trends

» Over centennial timescales, AMOC/STI relationships are sensitive to the nature

of external forcing and unforced variability
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Abstract
The difference between North Atlantic subpolar gyre sea surface temperatures (SPG SSTs)
and hemispheric- or global-scale surface temperatures has been utilized as an index of
centennial-timescale changes in Atlantic Meridional Overturning Circulation (AMOC)
strength. Here, using Community Earth System Model ensembles, we show that surface
temperature-based indices (STIs) proposed to date largely reflect global-scale temper-
ature trends and thus do not reflect dynamical relationships with AMOC. More broadly,
we find that relationships between STIs, SPG SSTs, and AMOC strength differ greatly
in significance and magnitude over different time periods because they are dependent upon
the nature of external forcing. In the 20th century, characterized by offsetting greenhouse
gas and aerosol forcing, the relationship between SSTs and AMOC strength varies widely
and changes sign across a 20-member ensemble. We conclude that STIs and SPG SSTs

are poor predictors of centennial-timescale AMOC strength variations.

Plain Language Summary

The short observational record of the Atlantic Meridional Overturning Circulation
(AMOC) limits our ability to assess changes in its strength over the instrumental and
pre-instrumental periods. Indirect proxies of ocean circulation are thus required to make
inferences about past trends, e.g. those over the past century. Several previous analy-
ses have used surface temperature indices to interpret 20th century AMOC trends. How-
ever, the robustness of this indirect AMOC proxy, including its sensitivity to time pe-

riod, timescale, and/or climate state, has not been assessed.

We use two state-of-the art climate model ensembles to assess AMOC /surface tem-

perature relationships over century timescales, finding a strong dependence upon time

period and climate forcing. Our results clarify the origins of discrepancies in AMOC /surface

temperature relationships and suggest that interpretations of 20th century climate and

ocean circulation change based on surface temperature indices are limited.

1 Introduction

Sea surface temperatures (SSTs) are influenced by many factors, including sensi-
ble and latent air-sea heat fluxes, short and long wave radiation, and ocean heat trans-

port due to processes such as Ekman pumping, vertical mixing and horizontal advection
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(e.g. Bjerknes, 1964; Frankignoul, 1985; Chen et al., 1994; Webster et al., 2005; Pardo
& Prez, 2011; Buckley et al., 2014, 2015; Buckley & Marshall, 2016). These factors in-

teract and control SST variability at different scales. Over multidecadal and longer timescales,

ocean advection is an important influence on SSTs (Bjerknes, 1964; Gulev et al., 2013).

For example, low-frequency, basin-wide, SST changes, commonly referred to as Atlantic
Multidecadal Variability, are generally thought to be related to variability of the Atlantic
Meridional Overturning Circulation (AMOC) (Delworth et al., 2007; Deser et al., 2010;
Zhang et al., 2019) (although recent work has called this assumption into question (Clement
et al., 2015)). This implies that SSTs may act as fingerprints of multi-decadal to mil-
lennial changes in ocean circulation and climate, for which observational records are lim-
ited (Kravtsov & Spannagle, 2008; De Boer et al., 2010; Williams et al., 2014; Rahm-

storf et al., 2015; Caesar et al., 2018).

Over centennial timescales, many studies have noted a “warming hole”, or “cold
patch”, in the North Atlantic subpolar gyre (SPG). In some model simulations, this SST
pattern has been related to changes in the AMOC (Marshall et al., 2015; Winton et al.,
2013; Caesar et al., 2018), although other studies indicate that AMOC-SST relationships,
including the appearance of the warming hole, depend upon climate forcing (Roberts et
al., 2013). In particular, the role of AMOC changes in the warming hole over the 20th
century is debated: some studies assert that the warming hole is related to an AMOC
decline (Dima & Lohmann, 2010; Rahmstorf et al., 2015), while others conclude that the
warming hole cannot be fully attributed to relatively modest AMOC changes in the 20th

century (S. Drijthout et al., 2012; Woollings et al., 2012).

Rahmstorf et al. (2015) (R15 hereafter) argue that the difference between SPG SST
and Northern Hemisphere mean surface air temperature (NHT) (a measure of the “warm-
ing hole”) reflects AMOC strength changes. To test this hypothesis, R15 perform a lin-
ear regression of this surface-temperature based index (STI) against the maximum AMOC
strength using MPI-ESM-MR climate model output over the 1850-2100 period. The re-
sulting regression coefficient (2.3 Sv/K) is then used to reconstruct AMOC from instru-
mental and proxy surface temperature records. However, while the correlation coefficient
found by R15 was high (0.90), it was largely determined by out-of-phase trends in NHT
and AMOC strength over the strongly greenhouse gas (GHG)-forced 21st century pe-
riod (their Fig. 2). The AMOC/STI relationship in the model over the 20th century ap-

pears significantly weaker.
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Using 15 CMIP5 models, Caesar et al. (2018) (C18 hereafter) find that the AMOC/STI
relationship varies widely across climate models over the 20th century: the ratio of lin-
ear trends in AMOC strength to those in a STI (defined as the difference between winter-
season SPG SSTs and global mean SST) ranges from -105 to 10 Sv/K across models (0.6
to 10 Sv/K for the 12 models determined to have a realistic representation of AMOC;
see their extended Table 1). Six CMIP5 models were found to simulate large changes in
AMOC (decreases of more than 1.5 Sv) and STT (decreases of more than 0.4 K) over the

1870-2016 period, with the other six showing much smaller changes in both quantities.

Here, we examine centennial-timescale relationships between sea surface temper-
atures, surface air temperatures, and AMOC strength using output from the Commu-
nity Earth System Model Large (LE) (Kay et al., 2015) and Single Forcing (SF) (Deser
et al., n.d.) Ensembles. These simulations allow AMOC/STI relationships to be assessed
under different external forcings, clarifying the origins of discrepancies in scaling coef-

ficients and the limitations of STIs as predictors of AMOC changes.

2 Methods

The Community Earth System Model Large (LE) and Single Forcing (SF) Ensem-
bles are coordinated numerical simulations of the Earth system conducted using the CESM1
climate model, in which the Community Atmosphere Model, version 5, is coupled to the
Parallel Ocean Program version 2 (POP2) model at approximately 1° horizontal reso-
lution. Additional model components, and details of the model configuration and param-

eterizations are more completely described in Kay et al. (2015), and references within.

The LE consists of 40 ensemble members. Ensemble member #1 is forced with time-
evolving climate forcings (e.g. greenhouse gases, aerosols, ozone, land use changes) over
the 1850-2100 period, following an 1801 year control run forced with constant (1850) prein-
dustrial forcing. To generate the 40-member initial condition ensemble, perturbations
of order 10~ K are applied to the air temperature state of ensemble member #1 on
January 1, 1920. Identical external forcing over the 1920-2100 period is the applied to
all ensemble members. However, the climate of each ensemble member evolves differently
due to differences in the initial state. Taking the arithmetic mean of each quantity across

ensemble members allows the identification of an “externally-forced” response. In this
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analysis, to keep the same number of simulations available for the “all forcings” and sin-

gle forcing experiments, we use only LE members #1-20.

In the SF ensemble, the same experimental strategy is applied, except a single forc-
ing agent (e.g. greenhouse gases) is held at the preindustrial value, allowing an attribu-
tion of the changes in climate due to each agent. Here, we examine the changes in quan-
tities of interest associated with GHG (greenhouse gas) and AER (industrial aerosol) forc-
ing, using the methods of Deser et al. (2020). More details regarding both CESM en-
sembles are available in Kay et al. (2015) and Deser et al. (2020).

We use the maximum value of the zonally integrated overturning streamfunction
north of the Equator in the Atlantic basin, and below 500 m depth, as a metric of AMOC
(AMOC sax). We calculate area-averaged SSTs over the SPG region (SSTsp¢; Fig. 1,
following C18) and the area-averaged northern hemisphere air temperature (NHT; 0°—
90°N); the suface temperature index (STI) is defined as the difference between SST gpc
and NHT (following R15). Prior to calculating trends and regression coefficients, we re-
move drift in CESM-LE by computing a least-squares trend fit to each variable (SSTspg,
NHT and AMOC);4x) from the control run. This trend (-1.1x10~! Sv/century for AMOC ;4 x;
-1.5x10~2 K/century for SSTspg; -1.4x1073 K/century for NHT) is then removed from
individual ensemble members for each variable. Regression coefficients in Table 1 and

Supplementary Table 1 are calculated using a geometric mean regression.

We compare LE simulations to NHT reconstructions from two datasets: Goddard
Institute for Space Studies Surface Temperature Analysis (GISTEMP) and Climate Re-
search Unit and Hadley Center Surface Temperature (HadCRUT4). The two datasets
are not fully independent; differences stem largely from their treatment of spatial and
temporal gaps in the temperature record. SSTgpg reconstructions are computed as the
spatial mean of SST over the SPG region from two datasets: Extended Reconstructed
Sea Surface Temperature (ERSSTv5, generated from International Comprehensive Ocean-
Atmosphere Data Set, incorporated to GISTEMP) and Hadley Center Sea Ice and Sea
Surface Temperature (HadISST, incorporated into HadCRUT4). Details of these datasets

are available elsewhere (Morice et al., 2012; Lenssen et al., 2019).
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3 Comparison of CESM-LE output with instrumental-era reconstruc-
tions

We first compare temperature anomalies (relative to a 1920-1970 baseline period)
from 20 LE members to observational surface temperature reconstructions. The annual
mean R15 STT is shown in Fig. 1a; its individual components (SSTgpg and NHT, see
Methods) are shown in Figs. 1b and lc, respectively. In the presence of internal variabil-
ity, individual LE members are not expected to reproduce observations; we thus com-
pare consistency between the range of trends across the simulations and the range of ob-
servational estimates. Model output is shown using the ensemble median (to limit the
importance of outliers) and uncertainty (the standard deviation across each 20 simula-

tion ensemble).

Observations (orange lines) and LE simulations (blue shading, with the blue line
representing ensemble member #1; the only member available over the 1850-1919 pe-
riod) indicate multidecadal to centennial variability superimposed on substantial higher-
frequency variability in all quantities over the 20th century. After 1920, when the LE

is initiated, observed variability almost always falls within the range of LE simulations.

Both surface temperature reconstructions and the LE indicate that STI declined
over the 20th century. Before ~2000, multidecadal variability is evident in all quanti-
ties, in observations and the LE. Subtracting NHT from SSTgpg removes some of the
shared multidecadal variability in each quantity, leaving the trend most prominent. In
the LE, AMOC strength (AMOC r4x; see Methods) exhibits multidecadal variability
on the order of a few Sv; longer-term trends, while negative, are not significant (-0.94+1.5
Sv/century over the 1921-2000 period; Fig. 1d). In the 21st century in LE (note differ-
ent axes after 2000), both SSTgpi and NHT exhibit large increasing trends (1.140.25
and 5.4+0.11 K/century, respectively), opposite in sign to AMOC ;4 x, which decreases
by 12.340.98 Sv/century.

Over the 1920-2018 period, linear trends in all temperature indices show good agree-
ment between observations and the LE. The LE STI trend is -0.8740.14 K/century, con-
sistent with observational reconstructions (-0.87 to -1.2 K/century). For SSTgp¢, the
LE trend is -0.11+0.14 K/century, again consistent with observational estimates (-0.11
and 0.02 K/century). In both the reconstructions and the LE, the mean SSTgp¢ trend

is small compared to those in STI, and less than its standard deviation across the 20-
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Figure 1. Annual mean a) STI, b) NHT, and ¢) SSTspg from LE simulations (blue shad-
ing is the ensemble range and blue line is ensemble member #1), and various observational
reconstructions (orange lines, described in Methods). Since there are two observational products
used for NHT and SSTgpc, there are 4 STI estimates. Inset in (a) shows the region over which
SSTspgq is calculated (blue shading). d) Annual mean AMOCasax (in Sv) from LE simulation
#1. All values are anomalies from a 1920-1970 baseline. Note axes scales are different before and

after 2000.
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member ensemble, whereas NHT trends are almost always positive and similar in mag-
nitude to STI trends. This comparison thus indicates that: 1) CESM-LE trends in sur-
face temperature indices are consistent with the range of observed trends over the 1920-
2018 period, and 2) STT is predominantly controlled by increases in NHT, rather than
SST changes in the warming hole region. The latter result weakens the argument that

the STI is dynamically related to AMOC changes.

4 Forcing-dependence of AMOC/STI relationships

We examine the AMOC/STI relationship for each LE member using a linear regression-
based approach over the 1921-2080, 1921-2000, and 2001-2080 periods (see Table 1 and
Methods). For direct comparison with R15, we perform the same analysis for ensemble
member #1 over the 1850-2100 period. Linear regression over the 1921-2080 period shows
a strong AMOC/STI relationship (rZ;;=0.91+0.01) with a coefficient (asrr) of 3.0+0.01
Sv/K (slightly higher than the value found by R15 using the MPI-MR model, with a sim-
ilar correlation coefficient). However, regression coefficients differ substantially between
1921-2000 (ensemble mean 4.0 Sv/K) and 2001-2080 (ensemble mean 2.8 Sv/K). There

is a sharp contrast in the significance of the regression coeflicient between the 1921-2000

and 2001-2080 periods, with the earlier period indicating a very weak relationship (72=0.054-0.09).

The AMOC/STI relationship over the entire period is thus largely controlled by
the trends over the 21st century. Furthermore, when the relationship is strong (i.e. the
21st century), the AMOC/STI relationship is controlled by the NHT; in fact, the inclu-
sion of SSTspc degrades the fit relative to NHT alone (r#,;=0.8940.02; r% ;7-=0.94+0.02).

Externally-forced regression coeflicients differ between the 20th and 21st centuries
(as7r=3.6 and agrr=2.8, respectively). To more clearly identify the origin of this dif-
ference, we utilize the SF ensemble, in which we can separately examine AMOC/STTI re-
lationships associated with each of the dominant 20th century forcings: greenhouse gases
(GHG) and industrial aerosols (AER). Time series of STI, NHT, SSTspq, and AMOCyax
are shown for 20 LE, GHG, and AER simulations in Fig. 2 (shading indicates the +1o
range across each ensemble, lines indicate the ensemble mean, which approximates the
externally-forced response). Although unforced decadal to multidecadal variability is present
in all simulations, particularly in SSTspg and AMOC);4x, externally-forced variations

are most evident at the longest (centennial) timescales. Externally-forced trends in SSTgpa



Table 1. Trends in AMOC)ax and STI for each LE simulation, and coefficients («) and
goodness-of-fit (7“2) for regressions of AMOCn ax against STI and NHT. Each column shows the
median +1c range across the LE simulations. Externally-forced (ensemble mean) values for the

LE and SF simulations are shown in the lower panel.

tablel.pdf
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are generally negligible relative to internal variability, with the exception of a GHG-forced
increase in the second half of the 21st century. Trends in STT are, as in the “all-forcings”

simulations, consistently dominated by trends in NHT.

As expected, greenhouse gas forcing leads to increases in NHT and declines in AMOC ;4 x
through the entire simulation (S. S. Drijthout & Hazeleger, 2007; S. Drijthout et al., 2008).
The temporal evolution of surface temperature and AMOC strength is more complex un-
der aerosol forcing: in the 20th century, increasing aerosol concentrations drive decreases
in NHT and increases in AMOC);4x (Delworth & Dixon, 2006; Menary et al., 2013),
especially over the 1950-2000 period. In the 21st century, reductions in aerosol concen-
trations after ~2000 are associated with trends in the AMOC and STI of similar mag-
nitude but of opposite sign. Thus, AER- and GHG- induced changes are counteracting
in the 20th century and reinforcing in the 21st century; the magnitude of AER~induced

AMOC changes is comparable to GHG-induced changes in both periods.

Regression of the GHG-forced STT on AMOCj;4x (Table 1) reveals that coefficients
are different in the 20th (agrr=2.8 Sv/K) and 21st (agrr=1.9 Sv/K) centuries; signif-
icance levels are slightly higher for the 21st century compared to the 20th century (r;;=0.86
and 7%,;=0.74, respectively). Regression coefficients for AER forcing are of compara-
ble magnitude (agr;=3.7-3.8 Sv/K) and significance (r%;;=0.82-0.86) in the 20th and
21st centuries. The regression coefficients are larger for AER than for GHG, reflecting

a larger AMOC change per unit NHT change under AER forcing.

Differences between externally-forced 20th and 21st century AMOC/STI relation-
ships thus originate from: 1) unique relationships between AMOC and surface temper-
ature under AER and GHG forcing; 2) nonstationary relationships under GHG forcing;
and 3) the time-varying relative importance of each forcing. When AER and GHG forc-
ing drive offsetting NHT and AMOC trends (the 20th century), surface temperature and
AMOC changes are very small. This leads to an overall regression coefficient that is very
sensitive to unforced SST and/or AMOC variability (see next section). The 21st cen-
tury relationship is less sensitive to internal variability, given larger externally-forced trends
and the reinforcing nature of AER and GHG forcing. However, the AMOC/STT rela-
tionship should be expected to vary in time, due both to the evolution of each forcing

agent and the non-stationary AMOC/STI relationship under GHG forcing.

—10-
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Figure 2. a) STI, b) SSTspq, ¢) NHT and d) AMOCHax over the 1920-2080 period for
different LE and SF experiments. Ensemble mean is shown with thick lines; shading represents

median +1o range.
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5 Is the “warming hole” an indicator of AMOC changes?

The previous sections show that centennial-timescale changes in STIs are controlled
by large-scale (hemispheric or global), externally-forced, temperature trends. Although
this result indicates that previously proposed STIs do not capture a dynamical relation-
ship between the AMOC and SPG SST's, it does not conflict with the prevalent idea that

a “warming hole” is related to AMOC weakening (see introduction).

In the LE, a warming hole is present in both 20th and 21st century simulations,
associated with an externally forced decline in AMOCj;4x (Figs. 3a and 3d). More gen-
erally, the presence of a SST change in the SPG opposite in sign to the radiative forc-
ing is a consistent feature of externally-forced climate changes: for example, increases
in AER forcing and AMOC); 4x during the 20th century are associated with warming
in the SPG interior. Yet despite the consistent appearance of a warming hole under ex-
ternal forcing, SPG SSTs are a poor indicator of the magnitude of AMOC strength changes:
SST changes due to the radiative effects of external forcing and AMOC strength coun-

teract each other, and the degree to which they offset is forcing-dependent.

The externally-forced spatial pattern of SST trends also varies with forcing and time
period. For example, the 20th century GHG-forced SST pattern (Fig. 3b) bears resem-
blance to that under 20th century AER forcing, but the GHG-forced “warming hole”
shifts eastward in the 21st century (Fig. 3e), suggestive of an shift of the North Atlantic
Current (Zhang et al., 2019). 21st century GHG forcing also results in cooling in the North-
ern Recirculation Gyre/Gulf Stream Extension region (Saba et al., 2016; Caesar et al.,
2018), opposite in sign to the enhanced local warming evident in GHG-forced simula-

tions in the 20th century.

When externally-forced trends are small (as in the 20th century, when AER and
GHG forcings offset), the SST/AMOC s ax relationship is highly sensitive to differences
resulting from internal variability. SST and AMOC ;4 x trends vary widely across in-
dividual members of the LE over the 1921-2000 period (Fig. 4 and Supplementary Ta-
ble 2), and are often opposite in sign to the externally-forced change: individual simu-
lations show positive AMOC trends (e.g. LE #3), insignificant and/or positive SSTgp¢
trends (e.g. LE #15), and a negative trend ratio (e.g. LE #4; AMOC trends out-of-phase

with SSTgpq). There is no obvious relationship between SSTs and AMOC ;4x trends

—12—



"159) [[RPUSM-UURIN © SUISN [9AS] 9OUSPYUOD 04GE B 1@ JURIYIUSIS J0U ST pual) J,SS [@20] oY) et} seyeorpul Surddig OdSJ,GS Ul PUal) IRSUI[ URSW S[(UISSUS
8} 01 XVINHOINY Ul PUSI} IeaUl] URSUI S[UILSUL 1]} JO olel o) (1SL1) pue XVNHONY Ul PUSI) IRSUI] URSW S[qUISSUS a1} (1Jo]) #yed1pur [aued [oes MO[oq UMOT[S

sonfeA -pottad 080g-T00% 2Up 10 ‘(9-) st (J-p YAV (0 *OHD (q *dT (e :pored 000g-1Z6T 241 1040 (£00T/3) SPULI} [,SS [8D0] UedW S[qUISSUf] (- ¢ SINSrq

‘_HI

¢-

M/AS 9°0T £001/A8 ¢

M 0y A, 08 . M Ov

£001/AS T¢-

,13,



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

across the ensemble. Over the SPG as a whole, the ensemble standard deviation in the

AMOC)ax/SSTspe trend ratio (6.1 Sv/K) is much larger than the LE mean (2.3 Sv/K).

Figs. 3 and 4 indicate that the observed trend in North Atlantic SST's is likely to
represent a convolution of AER and GHG-forced responses, and that internal variabil-
ity may play a strong role in observed pattern of SST trends and their relationship with
AMOC, even over centennial timescales. They also suggest that the inter-model spread
in AMOC/STI relationships (as noted in the introduction) is likely to originate in the
relative importance of aerosol and GHG-forced responses, as well as differences in ini-

tial states.

6 Discussion and Conclusions

Here, using Community Earth System Model ensembles, we have shown that the

spatial pattern and magnitude of surface temperature trends associated with changes

in AMOC strength, and thus the relationship between AMOC strength and surface-temperature

indices, are dependent upon the nature of external forcing. In the 20th century, externally-
forced trends in AMOC and SPG SSTs are of a comparable magnitude as those asso-
ciated with natural climate system variability. Our results suggest that previously pro-
posed STIs are not dynamically related to AMOC strength over centennial timescales;
rather, their correlation predominantly reflects opposing trends in AMOC and hemispheric
or global surface temperature in response to common external forcing. In formulations
proposed to date, STIs are thus poor predictors of AMOC trends outside of their cal-
ibration period, calling into question previous interpretations of 20th century AMOC vari-

ability (Rahmstorf et al., 2015; Caesar et al., 2018).

It is possible that SSTs in a more geographically limited region may be more closely
related to oceanic processes, including AMOC. Indeed, the southern SPG consistently
shows the largest (out-of-phase with AMOC strength) SST change in Fig. 3. However,
the absolute change in SSTs is insufficient as an AMOC metric: for example, there is a
small warming in these regions under 21st century GHG forcing (Fig. 3e), even under

a dramatic AMOC decline.

Our conclusions do not preclude the utility of suface-temperature-based indices to
capture AMOC variability on multidecadal timescales (Medhaug & Furevik, 2011; Roberts

et al., 2013; Muir & Fedorov, 2015; Kim et al., 2018); such an assessment deserves fur-
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ther investigation. With respect to efforts to reconstruct climate and AMOC over longer
timescales, other proxies may serve as indicators of AMOC, such as subsurface densi-
ties (Roberts et al., 2013), silt records (Thornalley et al., 2018), Florida Current strength
(Lund et al., 2006; Gu et al., 2020) or instrumental and proxy-derived coastal sea level

records (Kopp, 2013; Kemp et al., 2017; Piecuch, 2020).

Our results reveal aspects of AMOC and SST (co-)variability deserving of further,
more mechanistically-oriented, model analyses, including forcing- and time-dependent
North Atlantic AMOC/SST relationships, and a high sensitivity of AMOC to 20th and
21st century aerosol forcing. The sensitivity of AMOC to aerosol forcing is likely to be
related to aerosolcloud interactions, which are parameterized and potentially overesti-
mated in current-generation climate models (e.g. Menary et al., 2020, and references within).
More broadly, our results are conditional on the adequate representation of relevant physics
in a coarse-resolution climate model, including: 1) cloud physics, beyond their role in aerosol
indirect effects; and 2) ocean mesoscale processes, which are likely to influence AMOC
and SST patterns. For some applications (including changes in Gulf Stream position and
AMOC strength), models with increased horizontal resolution have been shown to ex-
hibit qualitatively different responses to forcing (e.g. Saba et al., 2016; Hirschi et al., 2020).
These caveats imply that the relationship and robustness of the forced response should
be investigated with other, ideally high-resolution, climate models. However, such com-
putationally expensive models may not have the capability to fully investigate the role

of natural variability highlighted in this study.
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LE #1 1850-2100 -0.5 -0.2 3.1 0.91 -2.6 0.92
Externally-Forced (ensemble mean)
) . AAMOC ASTI STI 2 NHT 2
forcing period [Sv/century] [K/century] [Sv/K] Fsn [Sv/K] " NHT
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. 1921-2000 -0.9 -0.7 3.6 0.29 -5.0 0.01
all-forcing
2001-2080 -12.3 -4.3 2.8 0.98 -2.3 0.98
GHG 1921-2000 -3.2 -1.2 2.8 0.74 -2.8 0.78
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AER 1921-2000 4.5 1.2 3.7 0.86 -4.6 0.85
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