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Consensus at the time: most variability in Atlantic SSTs 
due to the ocean’s internal variability 

CMIP3 models failed to capture SST variability, but it 
was well described in HadGEM2-ES

Simulations with constant aerosol did not show the 
same variability

Booth et al., 2012
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Aerosols implicated as a prime driver of
twentieth-century North Atlantic climate variability
Ben B. B. Booth1, Nick J. Dunstone1*, Paul R. Halloran1*, Timothy Andrews1 & Nicolas Bellouin1

Systematic climate shifts have been linked to multidecadal variability
in observed sea surface temperatures in the North Atlantic Ocean1.
These links are extensive, influencinga rangeof climateprocesses such
as hurricane activity2 andAfrican Sahel3–5 and Amazonian5 droughts.
The variability is distinct from historical global-mean temperature
changes and is commonly attributed to natural ocean oscilla-
tions6–10. A number of studies have provided evidence that aerosols
can influence long-term changes in sea surface temperatures11,12,
but climate models have so far failed to reproduce these inter-
actions6,9 and the role of aerosols in decadal variability remains
unclear. Here we use a state-of-the-art Earth system climate model
to show that aerosol emissions and periods of volcanic activity
explain 76 per cent of the simulated multidecadal variance in
detrended 1860–2005 North Atlantic sea surface temperatures.
After 1950, simulated variability is within observational estimates;
our estimates for 1910–1940 capture twice the warming of previous
generation models but do not explain the entire observed trend.
Otherprocesses, such as ocean circulation,may also have contributed
to variability in the early twentieth century.Mechanistically, we find
that inclusion of aerosol–cloud microphysical effects, which were
included in few previous multimodel ensembles, dominates the
magnitude (80 per cent) and the spatial pattern of the total surface
aerosol forcing in the North Atlantic. Our findings suggest that
anthropogenic aerosol emissions influenced a range of societally
important historical climate events such as peaks in hurricane
activity and Sahel drought. Decadal-scale model predictions of
regional Atlantic climate will probably be improved by incorporat-
ing aerosol–cloud microphysical interactions and estimates of
future concentrations of aerosols, emissions of which are directly
addressable by policy actions.
An understanding of North Atlantic sea surface temperature

(NASST) variability is critical to society because historical Atlantic
temperature changes are strongly linked to the climate, and its impacts,
in neighbouring continental regions. For example, strong links
between NASST variability and periods of African Sahel drought are
found in observations4,13 and physical climate models3,5,14. Similar
covariation between NASSTs and rainfall in eastern South America
has been found5, as have links to changes in both mean rainfall15 and
rainfall extremes16, Atlantic hurricane activity2,10,14 and European
summer climate8. These changes are not solely limited to the regions
bordering theAtlantic, but also have links to Indianmonsoon rainfall14,
Arctic and Antarctic temperatures17, Hadley circulation1, El Niño/
Southern Oscillation18 and relationships between El Niño/Southern
Oscillation and the Asian monsoon19.
A link between multidecadal variability in NASST and circulation

changes internal to the ocean was first proposed in 1964 (ref. 20) and
later named the Atlantic Multidecadal Oscillation21. This variability is
often characterized as the detrended NASST between the equator and
latitude 60uN (longitude 7.5–75uW; ref. 8). Although it has recently
been questioned22, the present consensus remains that most of the
observed Atlantic temperature variations occur in response to the

ocean’s internal variability. This picture emerged from general circula-
tion models, a number of which inherently produce multidecadal
Atlantic variability in the absence of external climate forcing7 and,
when considered together as a multimodel mean, have shown
little evidence of forced changes projecting onto the NASSTs6,9.
Observationally, this interpretation has been accepted because the
Atlantic temperature changes seem to be oscillatory, both around
any secular long-term trend and when calculated as anomalies from
the global-mean change.
Motivated by the recent identification of the importance of aerosol

process complexity in interhemispheric Atlantic temperature
changes23, apparent aerosol correlation1,11 and volcanic modulation
of Atlantic variability22, we use new general circulation model simula-
tions to questionwhether theCMIP3 (ClimateModel Intercomparison
Project phase 3) models contained the complexity necessary to repres-
ent a forcedAtlanticMultidecadalOscillation7,9.WeuseHadGEM2-ES
(the Hadley Centre Global Environmental Model version 2 Earth
System configuration24), a next-generation CMIP5 (Climate Model
Intercomparison Project phase 5) model, which represents a wider
range of Earth system processes (in particular aerosol interactions25)
than do CMIP3 models.
To separate internal variability from forced changes, we present

climate model ensemble-mean NASSTs, averaged over parallel model
simulations started from different initial conditions26. If external
forcing dominates the NASST evolution then ensemble members will
evolve in phase and thus combine to produce a robust ensemble-mean
response. If internal ocean dynamics dominate then each member will
evolve separately and the resulting ensemble mean will show little
residual variation around the underlying warming trend. This
approach allows identification of physical mechanisms linking forced
changes to Atlantic temperatures and was used in previous CMIP3
studies6,9.
In Fig. 1a, we reproduce the multimodel-mean NASST response of

the six CMIP3 models used in ref. 9 (ENS1, blue) and the eleven
models used in ref. 6 (ENS2, green) (Supplementary Table 2). The
observations (Fig. 1) show marked multidecadal variations. The
multimodel-mean responses in both ENS1 and ENS2 do capture the
underlying trend through the century; they capture only weak multi-
decadal variability. For example, the ensembles’ 1950–1975 cooling is
only a small fraction of the observed value (Fig. 1a and Supplementary
Fig. 4). Therefore, the unexplained multidecadal signal was previously
attributed to internal ocean variability6,9.
By contrast, HadGEM2-ES (Fig. 1b) reproduces much more of the

observed NASST variability (correlation, 0.65; 75% of detrended
standard deviation (smoothed over 10-yr intervals to highlight multi-
decadal component)). The post-1950s cooling and subsequent warm-
ing now falls within the observed trends (Supplementary Table 1).
Observed warming in the earlier period (1910–1940) is larger than
simulated by HadGEM2-ES (Fig. 1b and Supplementary Table 1);
however, these new simulations capture roughly twice the early-
twentieth-century warming of previous CMIP3 generation models.

1Met Office Hadley Centre, FitzRoy Road, Exeter EX1 3PB, UK.
*These authors contributed equally to this work.
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This points to a larger forced role in this period. Other processes not
represented by our ensemble-mean response (such as ocean dynamical
changes) may also contribute to this early trend.
In examining why the HadGEM2-ES ensemble reproduces the

observed NASST variability better than previous multimodel studies
have done6,9 (Fig. 1a, b), we can discount the possibility that the
HadGEM2-ES variability is predetermined, because the initial condi-
tions were selected to sample different phases of Atlantic variability26.
Furthermore, an additional HadGEM2-ES ensemble that omits
changes in aerosol emissions neither has the same multidecadal vari-
ability as the all-forcings ensemble nor reproduces the observed
NASSTs (Fig. 2a).
Replication of a large fraction of the observed NASST variability by

HadGEM2-ES allows us to identify forcings andmechanisms, consist-
ent with the observed variability, within the model framework.
Variability of ensemble-mean NASST from historical simulations
including time-varying aerosol emissions is strongly correlated with
variability in simulated net surface shortwave radiation (Fig. 2b),
which in turn has the same temporal structure as variability in aerosol
optical depth changes (Fig. 2c) and periods of volcanic activity (Fig. 2d).
Other terms in the surface heat budget (Supplementary Fig. 2) have a
role in the simulated NASST change. However, it is the surface short-
wave component that produces the dominant multidecadal variations.

Volcanoes and aerosols respectively explain 23 and 66%of the temporal
(10-yr-smoothed) multidecadal variability of the detrended NASST
(Supplementary Fig. 5). Combining both contributions explains 76%
(80%after inclusion ofmineral dust aerosols) of the simulated variance.
Inclusion of mineral dust processes may potentially be important
because emissions are known to respond to North-Atlantic-driven
changes in Sahel rainfall, and thus represent an important positive
feedback on NASSTs in the real world12. The lack of a multidecadal
dust signal (Supplementary Information) inHadGEM2-ES simulations
suggests that we are likely to be underestimating the magnitude of the
forced Atlantic response.
The volcanic influence on Atlantic variability has been demon-

strated previously12,22. We focus on the anthropogenic aerosol com-
ponent of the shortwave changes identified here as driving the model’s
multidecadal NASST variability. Aerosol concentration changes influ-
ence the spatial response (Fig. 3) of NASST as well as its temporal
evolution. Prevailingwinds advect aerosols emitted in industrial North
America in a band across the North Atlantic that mixes with polluted
air masses over Europe before being transported by trade winds south
and west. The large-scale pattern of shortwave change is explained by
the effect of cloud microphysical response to these changes in aerosol
concentration. The shortwave variability largely occurs where aerosol
changes coincide with large-scale cloud distribution. On a regional

ERSST and CMIP3 SSTs

1880 1920 1960 2000
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6 1950–1975 trend
ERSST: –0.37 ± 0.07 

ENS1: –0.05 ± 0.02
ENS2: –0.09 ± 0.04

CMIP3 aerosol complexity

1880 1920 1960 2000
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6
1950–1975 trend
ERSST: –0.37 ± 0.07 

Direct: –0.03 ± 0.03
Interact: –0.16 ± 0.04

ERSST and HadGEM2-ES Atlantic response

1880 1900 1920 1940 1960 1980 2000
–0.6

–0.4

–0.2

0.0

0.2

0.4

0.6
1950–1975 trend
ERSST: –0.37 ± 0.07
Model: –0.43 ± 0.08

Te
m

pe
ra

tu
re

 7
.5

–7
5°

 W
, 0

–6
0°

 N
 (°

C
)

Year

a

b

c

Figure 1 | Atlantic surface temperatures. Comparison of the area-averaged
North Atlantic SSTs (defined as 7.5–75uW and 0–60uN), relative to the 1901–
1999 average, of an observational estimate (the US National Oceanic and
Atmospheric Administration’s Extended Reconstructed SST27 (ERSST), black)
and two published6,9 CMIP3 model composites (ENS1, blue; ENS2, green;
a); the HadGEM2-ES model (orange; shading represents 1 s.d. of the model
ensemble spread; b); and two recomposites from CMIP3, the first with models

that represent only direct aerosol (mean of five contributing models, red) and
the second with models representing both indirect effects interactively (three
models, blue) (c). In all panels, trends between 1950–1975 (K per decade) are
shown. The error estimates are based on the s.d. of the 25 trends between a 5-yr
period (1948–1952) at the start of this interval and a 5-yr period (1973–1977) at
the end. All data have been latitude-weighted when calculating area averages.
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scale, coupled processes, such as temperature feedbacks, can lead to an
enhanced local response (Supplementary Information). The same
horseshoe-shaped signature is seen in shortwave andNASST variability
(Fig. 3). The map of NASST change between warm and cold phases of
multidecadal variability is consistent with the observed variations in
SSTs (Fig. 3).
So far consistent spatial and temporal changes between aerosol

burden, shortwave and NASST have been presented. It is not clear,
however, whether these changes are externally forced by aerosols or are
mediated by ocean circulation. Here we present a parallel simulation of
the historical period, driven by identical emission and concentration
changes, but with the SSTs explicitly fixed at their 1860 climatological
values. The shortwave changes arising in this parallel experiment share
the temporal structure and magnitude of the shortwave changes from
our standard historical simulations (Fig. 4a). By explicitly removing
any feedback from SST change on shortwave, we demonstrate that
simulated historical shortwave variability arises directly from aerosol
and volcanic forcing of the surface radiation and is not mediated by
ocean circulation change.
One of the reasons why the role of aerosols in driving multidecadal

variability has not previously been identified is the level of aerosol
physics represented in climate models at the time of the CMIP3multi-
model comparison project (Supplementary Table 2). Although all the
CMIP3 models represented the direct effect of aerosols on shortwave
radiation, most omitted or only partly represented the indirect aerosol
effects23.

Recently, albedo differences in CMIP3 aerosol representation have
been shown to be important for simulating SST changes23: models that
represent indirect aerosol effects capturemore of the observedAtlantic
interhemispheric change than those that do not. Recompositing the
models used in Fig. 1a into those with only direct aerosols effects, and
those that also include the first indirect effect interactively, shows some
evidence of multidecadal variability (Fig. 1c), illustrating that aerosol–
cloudmicrophysical processes have a role even in previous-generation
models. These models do not, however, reproduce the magnitude of
the multidecadal NASST of HadGEM2-ES.
In HadGEM2-ES, the aerosol indirect effects account for 80% or

more of the total aerosol forcing in the North Atlantic region (Fig. 4b
and Supplementary Fig. 1). Although there is some discussion of the
magnitude of the indirect effects28,29, omission of these processes will
lead to an underestimation of the modelled aerosol impact on the
NASST. Looking at the relative roles of the first and second indirect
effects (using changes in optical depth and cloud effective radius as
respective metrics for these effects; Fig. 4c), we see a more pronounced
response to early-twentieth-century variations for the indirect effect
(effective radius) due to higher sensitivity of cloud albedo changes to
changes in aerosol number in cleaner conditions3. In all, the inclusion
of aerosol indirect effects in HadGEM2-ES magnifies the shortwave
and, hence, the NASST response to aerosols, as well as influencing the
spatial and temporal character of the historicalmultidecadal variability.
We also note that although some climate models (such as HadGEM2-
ES) reproduce the observed sensitivity of cloud albedo to changes in
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Figure 2 | External forcing of surface temperature and surface shortwave
radiation linked to aerosol and volcanic changes. a, Ensemble-mean NASST
(7.5–75uW and 0–60uN) simulated by the HadGEM2-ES model considering all
available external climate forcings (red/blue), and all forcings except
anthropogenic aerosol emissions (black). b, Ensemble-mean shortwave (SW)
radiation entering ocean (red/blue) alongside reconstruction of this shortwave
radiation based on a linear relationship with total anthropogenic aerosol and

volcanic optical depth changes (green). The linear model explains 79% of the
simulated variance. c, Change in total (red/blue shading) and individual species
(coloured lines) of anthropogenic aerosol optical depth (degree of absorption/
scattering) over the North Atlantic. d, Volcanic optical depth from ref. 30 as
implemented in HadGEM2-ES simulations. In a–c, red and blue shading
represents values aboveorbelow (or vice versa) a least-squares linear fit to thedata.
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AMOC strengthens with increasing aerosol in CMIP6

2. Methods

We compare the evolution of the AMOC in historical simulations from CMIP5 and CMIP6. We also use
historical simulations from the Detection and Attribution Model Intercomparison Project (DAMIP)
(Gillett et al., 2016), which discriminate external forcing variability in greenhouse gases (GHGs;
hist‐GHG), anthropogenic aerosols (hist‐aer), natural forcing (hist‐nat), and changes in stratospheric ozone
(hist‐stratO3). The data we use are obtained from the relevant CMIP archives. The models included in this
study are summarized in supporting information Table S1. We have used 39 models (totaling 128 members)
from CMIP5, 25 (133 members) for CMIP6 and seven (45 members) for the CMIP6‐DAMIP (counting only
those models that have multiple ensemble members including at least both the “hist‐GHG” and “hist‐aer”
experiments, at the time of writing). For CMIP5 analysis that extends after the end of the CMIP5 historical
simulations we use scenario data from RCP8.5. When computing multimodel ensemble means as in
Figure 1, we first compute the ensemble mean for each model (averaging over all realizations), before
combining these into the grand ensemble mean, that is, 1‐model, 1‐vote. Averaging over all ensemble
members and models simultaneously yields similar conclusions (i.e., 1‐simulation, 1‐vote, not shown).

In many cases, the variable used to store the Atlantic meridional overturning circulation stream function
was not uploaded to the CMIP archives. As such, to increase our ensemble size, we instead use the oceanic
meridional velocities and calculate the overturning stream function directly for each model. Where both
meridional stream function and oceanic meridional velocities exist, the correlation between indices of
annual AMOC variability at 35°N and 1,000 m depth are greater than r = 0.96 in all cases, giving us confi-
dence in our approach (Figure S1). For consistency of approach, in all cases we use the stream function cal-
culated from the meridional velocities. In many of the models, the velocity data do not exist on a regular
latitude/longitude grid but becomes increasingly curved toward the North Pole. As such, we focus on
35°N as a balance between a northerly latitude and one where the true latitudes of the velocity grid lines

(a)

(b)

Figure 1. Historical AMOC change in CMIP. (a) AMOC time series in CMIP5 (blue, comprising 39 models and 128
ensemble members) and CMIP6 (red, comprising 25 models and 133 ensemble members) multimodel ensembles. Also
shown is the subset of seven CMIP6 models with DAMIP experiments (purple). Shading highlights one standard
deviation of the multimodel (anomaly) ensemble. (b) AMOC time series in DAMIP experiments. Lines show annual
mean (thin) and 11‐year running mean (thick). Note the non‐linear y‐axis for clarity. Thin purple lines in panels (a) and
(b) are identical. Vertical dashed lines highlight endpoints of meaning periods (1850–1880) and trends (1940 and 1985)
discussed in the main text.
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Decadal variability in the Atlantic 
Meridional Overturning Circulation 
(AMOC) is influenced by changes in 
anthropogenic aerosol, but the extent 
and mechanism of influence is 
uncertain. 

Differences between CMIP5 and CMIP6 
attributed to differences in the strength 
of the aerosol forcing. We will come 
back to this! 

Menary et al., 2020
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Lots of processes involved in the North Atlantic response to aerosol changes

Sutton et al., 2018

Emissions of 
precursor gases

Transport and oxidation to 
form aerosols

Aerosol-cloud 
interactions

Surface radiation 
impacts temperatures

Coupled changes in ocean and 
atmosphere circulation

Impacts on the 
cryosphere

F��. 1. Schematic illustration of the chain of processes via which anthropogenic emissions lead to the generation

of atmospheric aerosols and subsequent forcing of the climate system. This figure is adapted from figures first

presented in Sutton et al. (2018). The sea-ice extent figure is from the National Snow and Sea Ice Data Centre.
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1. Introduction15

Since the industrial revolution levels of anthropogenic aerosols (AA) in the atmosphere have16

undergone large amplitude variations (*refs*), and there is strong evidence that these variations17

have exerted significant impacts on both global and regional climate (??). Furthermore, evidence18

suggests that the impacts of anthropogenic aerosol changes on the North Atlantic region have been19

particularly important (Booth et al. 2012; Menary et al. 2020). Increases in aerosol precursor20

emissions, especially sulfur dioxide, from North America and Europe led to increases in North21

Atlantic AA until around 1970-80, after which emissions declined quite rapidly (?). The pathways22

via which these changes in emissions influence climate are complex, involving both chemical23

and physical processes, and likely including changes in clouds, radiation, surface temperatures,24

atmospheric and oceanic circulation, and possibly also changes in Arctic Sea-Ice (Figure 1). This25

complexity is an important factor in the large uncertainty surrounding understanding the role of26

AA in North Atlantic climate change (?).27

3

Complexity an 
important factor in 
the uncertainty 
surrounding the role 
of aerosol in North 
Atlantic climate 
change

Motivation for the 
recently ended 
ACSIS project, 
which funded much 
of the research 
shown in this 
seminar
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Outline

Overview of the process chain in CMIP6-generation models 
• Historical
• DAMIP
• AerChemMIP
• UKESM1 and HadGEM3-GC3.1

Mechanisms for the AMOC response to aerosol changes in CMIP6
• Ensemble mean results
• Model differences to understand processes contributing to uncertainty
• Constraint 

A quick look at uncertainties 
• Roles for process representation and model sensitivity
• The importance of model resolution 
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Formation of aerosol and cloud condensation nuclei - the role of oxidants

Wilcox et al., in prep.

Formation of sulphate aerosol depends on the emission of aerosol precursors, and oxidants such as ozone

Different oxidants have different effects, e.g.:
• SO2 interaction with O3 increases the sulphate content of existing particles
• Gas phase reactions with OH result in new particle formation

histSST simulations enable the effect of different chemical species to be compared, without the effects of different background 
states (such as cloud distributions)

F��. 2. (a): Tropospheric column ozone from transient UKESM1 AerChemMIP simulations, averaged over

20N-60N and 75W-0W . All simulations prescribe SSTs from the CMIP6 historical experiment. The blue line

shows the histSST in which all anthropogenic forcings vary with time. Other colours show simulations in which

specified forcings have been held at their 1850 levels (see legend). (b): As for panel (a), but for the concentration

of the hydroxl radical at 1 km altitude.

284

285

286

287

288

is clearly shown in results from the histSST-piAer and histSST-piNTCF. Both of these simulations296

fix aerosol precursor emissions to their 1850 levels (in the case of histSST-piNTCF anthropogenic297

methane and tropospheric ozone precursors are also fixed at 1850 levels), and show no change in298

CDNC between 1850 and 2014. However, Figure 3 also highlights the role of oxidant changes.299

While most AerChemMIP experiments that include changing aerosol precursor emission closely300

follow the time evolution of CDNC in histSST, histSST-piO3 has markedly reduced North Atlantic301

CDNC from 1910 to 2014, indicating that past emissions of ozone precursors, and resulting changes302

on OH described above, have increased North Atlantic CDNC by 1e7 m-3, approximately 10%,303

during this period. Also of note is that North Atlantic CDNC does not decline as rapidly from its304

peak in the 1970s in the histSST-piCH4 simulation as in the histSST simulation, indicating that305

recent changes to atmospheric CH4, and by extension OH, have also played a role in North Atlantic306

CDNC trends in recent decades.307

3. Cloud and radiation responses to aerosols316

Solar radiation is a fundamental energy source for the Earth-atmosphere system and it plays a317

critical role in driving surface temperatures, large-scale atmospheric circulation, and the global318

and local hydrological cycle (Allen et al. 2013; Wild 2016; Allan et al. 2020). Clouds contribute319

13
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Formation of aerosol and cloud condensation nuclei - the role of oxidants

Tropospheric column ozone:
• piNTCF and piO3 show the importance of emissions of ozone precursors to ozone trends 
• CH4 also plays an important role
• No influence from aerosol precursors of N2O, while the effects of stratospheric ozone depletion can be seen in 1950HC 

Hydroxl radical: 
• Similar clustering to tropospheric ozone
• OH rises rapidly when CH4 is held fixed as the OH sink through reaction with CH4 is lost
• When ozone precursors are held fixed, OH concentrations decrease. No ozone increases means that CH4 increases

F��. 2. (a): Tropospheric column ozone from transient UKESM1 AerChemMIP simulations, averaged over

20N-60N and 75W-0W . All simulations prescribe SSTs from the CMIP6 historical experiment. The blue line

shows the histSST in which all anthropogenic forcings vary with time. Other colours show simulations in which

specified forcings have been held at their 1850 levels (see legend). (b): As for panel (a), but for the concentration

of the hydroxl radical at 1 km altitude.
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is clearly shown in results from the histSST-piAer and histSST-piNTCF. Both of these simulations296

fix aerosol precursor emissions to their 1850 levels (in the case of histSST-piNTCF anthropogenic297

methane and tropospheric ozone precursors are also fixed at 1850 levels), and show no change in298

CDNC between 1850 and 2014. However, Figure 3 also highlights the role of oxidant changes.299

While most AerChemMIP experiments that include changing aerosol precursor emission closely300

follow the time evolution of CDNC in histSST, histSST-piO3 has markedly reduced North Atlantic301

CDNC from 1910 to 2014, indicating that past emissions of ozone precursors, and resulting changes302

on OH described above, have increased North Atlantic CDNC by 1e7 m-3, approximately 10%,303

during this period. Also of note is that North Atlantic CDNC does not decline as rapidly from its304

peak in the 1970s in the histSST-piCH4 simulation as in the histSST simulation, indicating that305

recent changes to atmospheric CH4, and by extension OH, have also played a role in North Atlantic306

CDNC trends in recent decades.307

3. Cloud and radiation responses to aerosols316

Solar radiation is a fundamental energy source for the Earth-atmosphere system and it plays a317

critical role in driving surface temperatures, large-scale atmospheric circulation, and the global318

and local hydrological cycle (Allen et al. 2013; Wild 2016; Allan et al. 2020). Clouds contribute319
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CDNC increased until the 
1970s, before declining 

Primarily influenced by 
emissions of aerosol and other 
near-term climate forcers

Smaller but marked effect of 
ozone 

F��. 3. Cloud liquid droplet number concentration at 1 km altitude from transient UKESM1 AerChemMIP

simulations, averaged over 20N-60N and 75W-0W. All simulations prescribe SSTs from the CMIP6 historical

experiment. The blue line shows the histSST in which all anthropogenic forcings vary with time. Other colours

show simulations in which specified forcings have been held at their 1850 levels (see legend). Map panels show

the 2000-2014 climatological anomalies for (a): histSST - histSST-piCH4; (b): histSST - histSST-piO3; and (c):

histSST - histSST-piAer; showing the e�ects of historical increases in atmospheric methane, ozone precursor

emissions, and anthropogenic aerosol precursor emissions respectively on North Atlantic CDNC. Shading shows

results that are significant at the 95% confidence level based on a Student’s t-test.
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312

313

314

315

to Earth’s radiation budget through their impacts on shortwave and longwave radiation (Stephens320

et al. 2012) and therefore a�ect weather and climate (Boucher et al. 2013). Aerosols can a�ect321

solar radiation directly by radiative absorption and scattering (aerosol-radiation interactions, ARI)322

and indirectly by changing cloud characteristics like albedo and lifetime, through their role as323

cloud condensation nuclei (aerosol-cloud interactions, ACI) (Albrecht 1989; Boucher et al. 2013).324

Variations in the location and type of aerosol sources as well as their relatively short lifetime give325

them a high spatiotemporal variability. Consequently, a change in regional aerosol emissions is326

expected to a�ect the local cloud properties and therefore solar radiation through both ARI and327

ACI.328
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Formation of aerosol and cloud condensation nuclei - the role of oxidants

Wilcox et al., in prep.
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Influence of oxidants on 
aerosol optical depth is less 
clear 

F��. A1. AOD timeseries
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Effective radiative forcing

Aerosol cloud interactions are the main 
component of aerosol forcing over the North 
Atlantic. Aerosol radiation interactions more 
important over Europe and Africa 

Deconstructing ACI forcing shows 
contributions from cloud droplet number 
concentration and liquid water path to be 
more important in the northern North 
Atlantic, while cloud fraction changes are 
more important in the south 

Low altitude clouds account for most of the 
surface forcing

Grosvenor and Carslaw, 2020

F��. 4. Surface aerosol E�ective Radiative Forcings (ERFs; top row) from anthropogenic present-day aerosols

(relative to pre-industrial aerosols) and the decomposition of the aerosol-cloud interactions (ACI) ERF (bottom

row) from the nudged UKESM1 atmosphere-only simulations of Grosvenor and Carslaw (2020). (a) Time-mean

⇢'��'� (forcing from aerosol radiation interactions in clear-sky conditions); (b) ⇢'��⇠� (forcing from aerosol-

cloud interactions). The bottom row shows the estimated contribution to the surface ⇢'��⇠� from changes in:

(c) cloud droplet concentration (#3); (d) in-cloud liquid water path (!,%82); and (e) low-altitude cloud fraction

( 52).
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Shortwave trends

F��. 5. An examination of the historical FSWTOA flux timeseries in the UKESM1 and HADGEM3 climate

models and what controls it, along with insights from observed trends. a) Timeseries of annual mean FSWTOA

from the UKESM1 model spatially averaged over the north Atlantic region (18-60o N, 0-75o W; ocean-only

gridpoints with sea-ice regions excluded). The blue shading denotes ±2 times the intermodel standard deviation

across the ensemble for UKESM1 only. b) Changes in FSWTOA from the proxy greenhouse gas-only and

aerosol-only AerChemMIP experiments, along with the all-emissions experiment for the two time periods of

interest. Estimates of the contributions to the all-emissions ��(,)$� from the total aerosol e�ective radiative

forcing (ERF) and from climate feedbacks are also shown. c) FSWTOA trends from the Deep-C dataset and

from the UKESM1 16 member ensemble (box and whisker plot; whiskers show the ensemble minimum and

maximum, box edges are the 25th and 75th percentiles, the line within the box is the median and the filled circle

is the mean) over the period of available observations (1985-2014).
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Shortwave fluxes and surface temperature follow the temporal evolution of AOD and CDNC

CDNC, liquid water path, and cloud fraction also show similar patterns - difficult to determine the relative importance 
of driving factors 

Grosvenor et al., 2022
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Shortwave trends
Consider two periods: 1850-1970, 1971-2014

Competition between aerosol and GHG prior to 
1970, with most forcing due to aerosol

Competition results in small temperature 
changes, and small cloud changes and 
feedbacks

Grosvenor et al., 2022
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Shortwave trends
Consider two periods: 1850-1970, 1971-2014

Competition between Aerosol and GHG 
prior to 1970, with most forcing due to aerosol

Competition results in small temperature 
changes, and small cloud changes and 
feedbacks

Aerosol and GHG push in the same 
direction post 1971

Temperature mediated cloud feedbacks are 
the dominant driver of shortwave trends 

Grosvenor et al., 2022
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Shortwave trends
Consider two periods: 1850-1970, 1971-2014

Competition between aerosol and GHG prior 
to 1970, with most forcing due to aerosol

Competition results in small temperature 
changes, and small cloud changes and 
feedbacks

Aerosol and GHG push in the same 
direction post 1971

Temperature mediated cloud feedbacks are the 
dominant driver of shortwave trends 

Recent shortwave trend is overestimated in 
UKESM1

Grosvenor et al., 2022
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Changes in the North Atlantic atmosphere

Decadal variability in US temperature 
follows decadal variability in US AOD

Suggestion of similar variability in the 
North Atlantic jet, but the trend is small 
compared to variability

F��. 6. Timeseries of JJA-mean anomalies in (a): US-mean aerosol optical depth, (b): US-mean near-surface

temperature, and (c): 850hPa North Atlantic [ADD LONGITUDES HERE] jet latitude due to aerosol and

precursor emission changes. Lines show the AerChemMIP mean di�erence between the historical hist-piAer

experiments FOR THE MODELS LISTED IN TABLE XX. Shading shows the mean plus and minus one inter-

model standard deviation. Panel (d) shows the 5-year running mean of the normalised anomaly for each quantity.

Shading shows the inter-model standard deviation of the normalised values.
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Wilcox et al., in prep.
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Changes in the North Atlantic atmosphere

Decadal variability in US temperature 
follows decadal variability in US AOD

Suggestion of similar variability in the 
North Atlantic jet, but the trend is small 
compared to variability

For analysis of linear trends, focus on:
1850-1985, 1985-2014

F��. 6. Timeseries of JJA-mean anomalies in (a): US-mean aerosol optical depth, (b): US-mean near-surface

temperature, and (c): 850hPa North Atlantic [ADD LONGITUDES HERE] jet latitude due to aerosol and

precursor emission changes. Lines show the AerChemMIP mean di�erence between the historical hist-piAer

experiments FOR THE MODELS LISTED IN TABLE XX. Shading shows the mean plus and minus one inter-

model standard deviation. Panel (d) shows the 5-year running mean of the normalised anomaly for each quantity.

Shading shows the inter-model standard deviation of the normalised values.
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Circulation changes in the North Atlantic: model experiments

Wilcox et al., in prep.

Simulated global mean changes119

Figure 1: (a) Scaled global SO2 emissions used in the ensemble. OC and BC were similarly scaled but
are not shown. (b) Historical e↵ective radiative forcing time series for each of the aerosol scalings. (c)
Global mean temperature time series for each of the simulations, colour coded by the scaling factor
applied to anthropogenic aerosol emissions. The thick lines represent the linear trend fitted to each
4-member ensemble mean for the periods 1951-1980 and 1981-2010 respectively. (d) September Arctic
sea-ice extent in each ensemble member.

As expected, the evolution of global mean surface temperatures is highly sensitive to the scaling factor120

applied to anthropogenic aerosol emissions, with low aerosol simulations warming more rapidly than121

simulations with high aerosol forcing (Figure 1c). Global temperatures start to diverge around the122

1880s. The evolution of GMST closely follows that of the radiative forcing time series. The period123

from the 1950s to the late 1970s is highly sensitive to the magnitude of aerosol forcing, which coincides124

with the rapid increase of SO2 emissions over Europe and North America during that period, before125

peaking in the late 1970s (Figures 1a and S1). This period is followed by a period of rapid warming126

from the 1980s onwards for all scaling factors, suggesting that temperatures are driven primarily by127

greenhouse gas forcing from this period onwards, consistent with findings from previous studies [Wilcox128

et al., 2013]. Feedbacks in high latitudes mean that changes in sea-ice are likely to be important in129

explaining the pattern of temperature changes. Sea-ice extent is strongly a↵ected by aerosol forcing130

and associated temperature changes (Figure 1d). In the 0.2 scaling ensemble, the decline in September131

6

sea-ice begins in the early 1900s. In the 1.5 scaling ensemble, Arctic sea-ice steadily increases until the132

1960s when the increase in sea-ice accelerates for a decade or two, after which sea-ice starts to decline133

in these simulations as well, coinciding with the period of rapid warming discussed above. It is worth134

noting that the 0.2 scaling ensemble is nearly ice-free by the end of the simulations. These changes in135

sea-ice may be important in explaining the pattern of temperature changes discussed later.136

Figure 2: 31-year running trends are shown for each scaling factor, indexed to the central year of the
31-year trend. Two observational datasets (Cowtan and Way [2014] and GISTEMP v4 [Lenssen et al.,
2019]) are shown in black. Panel f) shows the simulated trends for each scaling over four di↵erent time
periods. Crosses indicate the ensemble mean trend while the horizontal bar corresponds to observations
from Cowtan and Way [2014].

Comparing 31-year running trends in GMST to observations reveals that all simulations overestimate the137

observed warming after approximately the 1980s (trends ending in 2000s), regardless of aerosol scalings138
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Scaling ERF (W/m2)
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SMURPHS
HadGEM3-GC3.1 with scaled aerosol emissions
Aerosol-forced response from (1.5x and 1.0x) - (0.4x and 0.2x)
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Wilcox et al., in prep.

SMURPHS
HadGEM3-GC3.1 with scaled aerosol emissions
Aerosol-forced response from (1.5x and 1.0x) - (0.4x and 0.2x)

AerChemMIP
Multimodel mean (6 models) 
Aerosol-forced response from historical - historical-piAer 

UKESM1
9 member ensemble 
Aerosol-forced response from historical - historical-1975Aer

Circulation changes in the North Atlantic: model experiments
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Atmospheric trends: JJA, 1850-1985

Shortwave reductions in aerosol 
emission regions, and cloudy regions 
downstream 

Temperature trends largely follow 
shortwave

Sea level pressure increases at high 
latitudes

European response is very model 
dependent

F��. 7. Linear trends (1850-1985) in (a): downwelling shortwave radiation at the surface (W/decade), (b):

near-surface temperature (C/decade), and (c): sea level pressure (Pa/decade) due to changes in aerosol and

precursor emissions. In the first column, these are calculated from the di�erence between the 1 and 1.5x scalings

and 0.2 and 0.4x scalings from the SMURPHS ensemble. The second column shows the AerChemMIP mean

di�erence between the historical and hist-piAer experiments. Regions where the trend is not significant (? < 0.05)

are stippled white.
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Atmospheric trends: JJA, 1985-2014

F��. A5. Linear trends (JJA, 1985-2014) in (a): downwelling shortwave radiation at the surface (W/decade),

(b): near-surface temperature (C/decade), and (c): sea level pressure (Pa/decade) due to changes in aerosol and

precursor emissions. In the first column, these are calculated from the di�erence between the 1 and 1.5x scalings

and 0.2 and 0.4x scalings from the SMURPHS ensemble. The second column shows the AerChemMIP mean

di�erence between the historical and hist-piAer experiments. The third column shows the di�erence between a

9-member UKESM historical experiment, and an experiment with aerosol and precursor emissions fixed at their

1975 values.
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Shortwave trends largely reversed, but 
note the subtropical trends in UKESM

Temperature trends still largely follow 
shortwave trends in AerChemMIP and 
UKESM, but not so clear in SMURPHS

Strong European warming appears 
model dependent  

Sea level pressure trends not really 
significant, and not robust  
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Changes in the North Atlantic ocean

F��. 8. Timeseries of annual-mean anomalies in (a): US-mean aerosol optical depth, (b): AMOC at 45�N, and

(c): mean sea ice concentration (between 45 and 80�N and 0 and 65�W) due to aerosol and precursor emission

changes. Lines show the AerChemMIP mean di�erence between the historical hist-piAer experiments. Shading

shows the mean plus and minus one inter-model standard deviation. Panel (d) shows the 5-year running mean of

the normalised anomaly for each quantity. Shading shows the inter-model standard deviation of the normalised

values.
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Decadal variability in AMOC and 
sea ice extent follow US AOD, but 
with a lag 

Suggestion of decline in sea ice 
extent as aerosols decrease, which 
isn’t seen in AMOC 
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Oceanic trends: Ann, 1850-1985

F��. A6. Linear trends (Ann, 1850-1985) in (a): sea surface temperature (C/decade), (b): turbulent heat fluxes

(sensible plus latent) (W/decade), and (c): sea ice concentration (fraction/decade) due to changes in aerosol and

precursor emissions. In the first column, these are calculated from the di�erence between the 1 and 1.5x scalings

and 0.2 and 0.4x scalings from the SMURPHS ensemble. The second column shows the AerChemMIP mean

di�erence between the historical and hist-piAer experiments.
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General cooling in response to aerosol 
increases…

…except for a few patches of warming 
that are related to increases in 
turbulent heat fluxes, and a spin up 
of the AMOC
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Oceanic trends: Ann, 1985-2014

Turbulent heat flux trends reversed as 
local aerosols are reduced 

All approaches show negative trends 
over the sub polar gyre, but these are 
weaker in AerChemMIP, reflecting model 
diversity 

Sea ice decline is stronger over the 
Labrador Sea

F��. 9. Linear trends (1985-2014) in (a): sea surface temperature (C/decade), (b): upward turbulent (sensible

plus latent) surface heat fluxes (W/decade), and (c): sea ice concentration (fraction/decade) due to changes in

aerosol and precursor emissions. In the first column, these are calculated from the di�erence between the 1

and 1.5x scalings and 0.2 and 0.4x scalings from the SMURPHS ensemble. The second column shows the

AerChemMIP mean di�erence between the historical and hist-piAer experiments. The third column shows the

di�erence between a 9-member UKESM historical experiment, and an experiment with aerosol and precursor

emissions fixed at their 1975 values. Regions where the trend is not significant (? < 0.05) are stippled white.
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Outline

Overview of the process chain in CMIP6-generation models 
• Historical
• DAMIP
• AerChemMIP
• UKESM1 and HadGEM3-GC3.1

Mechanisms for the AMOC response to aerosol changes in CMIP6
• Ensemble mean results
• Model differences to understand processes contributing to uncertainty
• Constraint 

A quick look at uncertainties 
• Roles for process representation and model sensitivity
• The importance of model resolution 
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How does the AMOC respond to aerosol changes?

Menary et al., 2020; Hassan et al., 2021

Stronger AMOC response to aerosol in CMIP6 vs. 
CMIP5. Attributed to stronger aerosol forcing. 

Rapid shortwave and temperature responses to 
aerosol, but the AMOC response lags by about a 
decade 

2. Methods

We compare the evolution of the AMOC in historical simulations from CMIP5 and CMIP6. We also use
historical simulations from the Detection and Attribution Model Intercomparison Project (DAMIP)
(Gillett et al., 2016), which discriminate external forcing variability in greenhouse gases (GHGs;
hist‐GHG), anthropogenic aerosols (hist‐aer), natural forcing (hist‐nat), and changes in stratospheric ozone
(hist‐stratO3). The data we use are obtained from the relevant CMIP archives. The models included in this
study are summarized in supporting information Table S1. We have used 39 models (totaling 128 members)
from CMIP5, 25 (133 members) for CMIP6 and seven (45 members) for the CMIP6‐DAMIP (counting only
those models that have multiple ensemble members including at least both the “hist‐GHG” and “hist‐aer”
experiments, at the time of writing). For CMIP5 analysis that extends after the end of the CMIP5 historical
simulations we use scenario data from RCP8.5. When computing multimodel ensemble means as in
Figure 1, we first compute the ensemble mean for each model (averaging over all realizations), before
combining these into the grand ensemble mean, that is, 1‐model, 1‐vote. Averaging over all ensemble
members and models simultaneously yields similar conclusions (i.e., 1‐simulation, 1‐vote, not shown).

In many cases, the variable used to store the Atlantic meridional overturning circulation stream function
was not uploaded to the CMIP archives. As such, to increase our ensemble size, we instead use the oceanic
meridional velocities and calculate the overturning stream function directly for each model. Where both
meridional stream function and oceanic meridional velocities exist, the correlation between indices of
annual AMOC variability at 35°N and 1,000 m depth are greater than r = 0.96 in all cases, giving us confi-
dence in our approach (Figure S1). For consistency of approach, in all cases we use the stream function cal-
culated from the meridional velocities. In many of the models, the velocity data do not exist on a regular
latitude/longitude grid but becomes increasingly curved toward the North Pole. As such, we focus on
35°N as a balance between a northerly latitude and one where the true latitudes of the velocity grid lines

(a)

(b)

Figure 1. Historical AMOC change in CMIP. (a) AMOC time series in CMIP5 (blue, comprising 39 models and 128
ensemble members) and CMIP6 (red, comprising 25 models and 133 ensemble members) multimodel ensembles. Also
shown is the subset of seven CMIP6 models with DAMIP experiments (purple). Shading highlights one standard
deviation of the multimodel (anomaly) ensemble. (b) AMOC time series in DAMIP experiments. Lines show annual
mean (thin) and 11‐year running mean (thick). Note the non‐linear y‐axis for clarity. Thin purple lines in panels (a) and
(b) are identical. Vertical dashed lines highlight endpoints of meaning periods (1850–1880) and trends (1940 and 1985)
discussed in the main text.

10.1029/2020GL088166Geophysical Research Letters

MENARY ET AL. 2 of 10

5828 T. Hassan et al.: Anthropogenic aerosol forcing of the AMOC and the associated mechanisms in CMIP6 models

Figure 2. The 1950–2020 lead–lag AMOC correlations based on the ensemble mean annual mean all forcing Coupled Model Intercomparison
Project phase 6: (a, c, e, g, i, k, m) the subpolar North Atlantic (a) aerosol optical thickness at 550 nm (AOT) vs. net downward surface
shortwave radiation (SW), (c) surface temperature (TS) vs. SW, (e) surface wind (SFWD) vs. sea level pressure gradient (dPSL), (g) SFWD
vs. surface density flux (SDF), (i) dPSL vs. SDF, (k) March mixed-layer depth (MMLD) vs. SDF, and (m) sea surface density (SSD) vs.
SDF. (b, d, f, h, j, l, n) The Atlantic meridional overturning circulation (AMOC) vs. the subpolar North Atlantic (b) SW, (d) TS, (f) SDF,
(h) SFWD, (j) dPSL, (l) MMLD, and (n) SSD. The maximum correlation is denoted by the text in the blue box. Blue-filled circles denote
correlations that are significant at the 95 % confidence level. The corresponding offset in years is denoted by the vertical dashed red line.

3.1.3 Regression decomposition into aerosol-forced and
AMOC feedback components

To further investigate these AMOC relationships, we perform
a regression analysis and decompose the 1940–2020 North
Atlantic climate response into an anthropogenic aerosol-

forced component and a subsequent AMOC-related feed-
back. The negative of the net downward subpolar North
Atlantic surface shortwave radiation time series (�1 · SW)
is used as a proxy for changes in anthropogenic aerosols
(Sect. 2.4). Figure 4a shows the expected negative sensitivity
(regression slope) between SST and the subpolar North At-

Atmos. Chem. Phys., 21, 5821–5846, 2021 https://doi.org/10.5194/acp-21-5821-2021
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The effect of ‘strong’ and ‘weak’ aerosol forcing on the AMOC

b) AMOC at 35ON
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F��. 1. Simulated inter-hemispheric imbalance in absorbed solar radiation (ASR_HD) and AMOC. a) shows

anomalies of ASR_HD index for the multi-model mean (MMM, black), and for the sub-ensembles for ‘strong’

and ‘weak’ aerosol forcing (red and blue, respectively). Thick lines show the ensemble mean and grey shading

or dotted lines indicate the 1f spread. Dashed vertical lines indicate the 1965–1985 time-period. Anomalies

are relative to an 1850–1879 climatology. b) shows the same but for the AMOC at 35�N. c) diamonds show a

scatter plot of changes in ASR_HD vs AMOC over 1850–1985 for each models ensemble mean. Changes are

computed by fitting a linear trend to individual model ensemble-mean time series to compute change per year and

then multiplying by the number of years (e.g. 136). Red or blue indicate ‘strong’ and ‘weak’ models. Crosses

indicate MMM (black) and ‘strong’ (red) and ‘weak’ (blue) sub-ensemble means, respectively.
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ASR_HD: SH - NH net solar radiation at the top of the atmosphere 
-> positive values indicate less radiation absorbed by NH

Strong models have a linear change in ASR_HD between 1850 and 1985 
greater than 1.5 Wm-2

-> 9 strong models and 8 weak models 

Increase in both ASR_HD and the AMOC from 1850–1985 with the 
fastest increase over ∼1940–1985

Strong models have 4x larger anomaly in ASR_HD, and 8x larger 
anomaly in AMOC, vs. weak models for 1965-1985 relative to 
1850-1879. 

ASR_HD and AMOC are correlated
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a) SHF 1965-1985 : MMM b) SHF 1965-1985 : STRONG c) SHF 1965-1985 : WEAK d) SHF 1965-1985 : DIFF
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F��. 2. Comparison of annual-mean surface fluxes anomalies in CMIP6 Historical simulations over the period

1965–1985 relative to 1850–1979. a) shows the MMM anomalies of total surface heat flux (SHF, negative

anomalies is cooling). b) and c) show the same but for the ‘strong’ and ‘weak’ models, respectively. d) shows

the di�erence between ‘strong’ and ‘weak’ ensembles (i.e. ‘strong’ – ‘weak’). e)–h) shows the same, but now

for precipitation minus evaporation (PmE, negative is reduced freshwater). For panels a)–c) and e)–g) stippling

shows where the anomalies are significantly di�erent to climatology at the p0.05 level based on a Student’s

t-test. For panels d) and h) (i.e., the di�erence) stippling shows where the anomalies of ‘strong’ and ‘weak’

are significantly di�erent to each other at the p0.05 level based on a Student’s t-test. Black box on panel d)

indicates the region defined as the SPNA (45-65�N, 80-0�W).

Nevertheless, the di�erence in PmE anomalies over the SPNA are large, with a significant reduction

in PmE only seen in the ‘strong’ models.

As the di�erences in surface fluxes are dominated by changes over the SPNA, and as we expect

changes in surface fluxes over the SPNA to drive AMOC (Delworth and Zeng 2016; Xu et al.

2019), we focus on this region for the remainder of this paper. Figure 3 summarises the time

series of changes in SHF (fig. 3a) and PmE (fig 3c) averaged over the SPNA region. Fig 3a

shows negative (i.e. increased heat loss) from ⇠1900, before a larger decrease from ⇠1940–⇠1985.

However, the MMM SHFs are dominated by changes in the ‘strong’ models over this time period.

In contrast, there is a small initial cooling in ‘weak’ models in ⇠1900, but the SHF anomalies
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SHF: net surface heat flux into the ocean
-> blue indicates increased heat loss from 
the ocean

SHF anomalies dominated by strong 
models 

Changes in surface fluxes over the 
subpolar North Atlantic expected to drive 
AMOC

PmE: precipitation minus evaporation

Subpolar reduction in PmE only seen in 
strong models 

Subtropical reduction in PmE due to 
increased evaporation

Robson et al., 2022

The effect of ‘strong’ and ‘weak’ aerosol forcing on surface fluxes
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a) SPNA SHF
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F��. 3. Comparisons of annual-mean surface heat and freshwater fluxes and equivalent surface density fluxes

averaged over the SPNA (45-65�N, 80-0�W). a) shows the total surface heat flux (SHF) and b) shows the implied

density flux due to changes in heat fluxes (in 10�6 kg m�2 s�1) - see section 2b for details. c) and d) shows the

same but for the precipitation minus evaporation (PmE). Thick lines show the multi-model mean (MMM, black)

and ‘strong’ (red) and ‘weak’ (blue) sub-ensembles, respectively. The 1f spread of the means is shown in grey

shading for the MMM, and with thin dashed red and blue lines for the strong and weak models, respectively.

Dashed vertical lines indicate the 1965–1985 time-period. All time-series are smoothed with a 10-year running

mean.

However, figure 4 shows that the divergence in SHF between ‘strong’ and ‘weak’ ensembles is

not driven by changes in sNetSW. Instead, changes in turHF dominate the spread. In terms of the

sub-ensemble means, we find ‘strong’ models have turHF cooling of -2.5 W m�2 by the 1965–1985
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SHF anomalies dominated by strong models 

SHF dominates the overall surface density flux 
anomalies

AMOC anomalies in CMIP6 are consistent with the 
evolution of SPNA surface heat fluxes, and their 
impact on surface density fluxes, driving the 
AMOC in the ‘strong’ models

PmE decreases due largely to increased evaporation 

PmE anomalies diverge after 1940 
-> Anomalous evaporative cooling likely contributing 
to SHF anomalies in this period

Robson et al., 2022

The effect of ‘strong’ and ‘weak’ aerosol forcing on surface fluxes
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Breakdown of surface heat flux
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F��. 4. Time series and trends of annual-mean surface flux anomalies averaged over the SPNA. a) shows the

net surface heat flux anomalies (SHF, W m�2) for the multi-model mean (black), and the ‘strong’ and ‘weak’

sub-ensembles (red and blue, respectively). Gray shading and coloured dotted lines shows 1f ensemble spread.

Vertical dotted lines highlight 1965–1985 - note this is the same index shown in fig. 3a. b) - d) show the same, but

for the turbulent heat fluxes (turHF), the net surface shortwave (sNetSW) and the net surface longwave (sNetLW).

All anomalies are made relative to the 1850–1879 mean. f) shows a scatter plot of linear trends in total heat flux

(SHF) compared to trends in AMOC. All trends are computed over 1850–1985, and value shows the total change

over that period computed from the linear fit. All time series are smoothed with a 10-year running mean.

mean, whereas ‘weak’ models have a net warming of 1.5 W m�2 (i.e. a di�erence of -4 W m�2).

In contrast, the di�erence between the sNetSW and sNetLW between ‘strong’ and ‘weak’ models

for the 1965–1985 mean is -0.7 W m�2 and -0.4 W m�2, respectively. The importance of turHF

is also evident when we explore linear trends for individual models; figure 4 bottom row shows

that there is a strong relationship between trends in SHF and AMOC in individual models over

1850–1985 due to the trends in turHF (correlation of -0.92 and -0.82, respectively). In contrast,

the relationship between sNetSW and AMOC is substantially weaker at -0.25. Note, we also find

a correlation of -0.50 between sNetLW and AMOC, but the magnitudes of the sNetLW anomalies

are small in comparison. Although we focus on annual-mean SHFs for brevity, we also note that

di�erences in SPNA turHF anomalies are largely dominated by increased winter heat loss due to
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turHF: turbulent heat flux
sNetSW: surface net shortwave
sNetLW: surface net longwave

MMM SHF dominated by sNetSW

Differences in SHF anomalies 
between strong and weak models 
are dominated by differences in 
turHF

Relationship between AMOC and 
SHF is due primarily to turHF

Robson et al., 2022
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Increased aerosol results in a colder, drier atmosphere
a) SAT_HD
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F��. 7. shows key time-series of surface temperature and surface humidity. a) and b) shows the inter-

hemispheric di�erence in surface air temperature and surface specific humidity (SAT_HD and huss_HD, respec-

tively). Both are computed as SH–NH. c) and d) shows surface air temperature and surface specific humidity

averaged over the North American continent (115–80�W, 32.5–50�N, see purple box on fig. 5i, SAT_NAm and

huss_NAm respectively). Solid thick lines show the ensemble means for the MMM (black), ‘strong’ (red) and

‘weak’ (blue). 1f spread of the MMM is shown in grey shading, and thin red and blue dashed lines for the strong

and weak respectively. Vertical dashed lines show the period 1965–1985 period. All time-series are smoothed

with an 10-year running mean.

and humidity. In other words, the cool and dry continental anomalies were advected over the North

Atlantic, and this drove increased turbulent heat flux cooling of the SPNA. Such a hypothesis
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The atmosphere is colder and drier relative to the sea 
surface in models with strong aerosol forcing

Cooler, drier atmosphere over the subpolar North 
Atlantic consistent with larger Northern Hemisphere and 
North American cooling in strong models 

Cooling and drying over North America played an 
important role in shaping the subsequent evolution of 
the externally-forced AMOC through its impact on the 
air-sea contrast in temperatures 
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Ocean feedbacks strengthen the AMOC response to aerosol 

Robson et al., 2022

Changes in SST due to forced 
changes in AMOC act as a 
positive feedback
-> warm SST increases 
atmosphere-ocean contrasts 
and turbulent heat flux cooling

Salinity changes also 
consistent with strengthened 
AMOC 

Salinification of the subpolar 
North Atlantic drives an 
increase in surface density 
-> positive feedback on AMOC
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F��. 5. same as figure 2 but now for surface pressure (CMIP6 variable psl, a-d), near surface wind speed

(CMIP6 variable sfcWind, e-f), surface air temperature (SAT (CMIP6 variable tas), i-j) sea surface temperature

(SST (CMIP6 variable tos), m-p) and sea surface salinity (SSS (CMIP6 variable sos), q-t).
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Proposed mechanism for the AMOC response to aerosol 

-ve SAT 
anomalies 

over 
N. America

-ve SAT 
anomalies 
over SPNA

-ve Turbulent 
Heat flux 

anomalies 
over SPNA

+ve Density 
anomalies 

in SPNA

+ ve AMOC 
anomalies 

AA forcing

Ocean advection

Hypothesized mechanism for the AMOC response to anthropogenic aerosol

Red outlines indicates where positive 
feedbacks are active

SST 
anomalies in 

SPNA

SSS 
anomalies in 

SPNA

Cooling and
salinification 

Warming and
salinification 

+ve surface water 
transformation of 

AMOC-related water 
classes 

-ve
downwelling 

SW anomalies

-ve SW Heat 
flux anomalies 

over SPNA

F��. 11. Schematic of proposed mechanism explaining the response of AMOC to anthropogenic aerosol

forcing in CMIP6 historical simulations on decadal timescales. Arrows with red outlines indicate pathways

where positive feedbacks are active e.g. on SPNA density through salinity advection, or through the impact of

SPNA SSTs on turbulent heat fluxes. Negative heat flux anomalies indicates increased cooling of the ocean.

Note that although downwelling SW anomalies also impact on SST anomalies in the SPNA, we have shown that

this process does not dominate SPNA heat budget on these timescales (i.e., 1850–1985); hence, we show this

link as a thinner arrow. Also note that, for simplicity, we only show one arrow representing oceanic heat and

freshwater transport, but we acknowledge that these are not necessarily in phase at all time-scales and that such

di�erences could be important in shaping the response.

a salinification of the SPNA which leads to increased surface density. In the framework of

surface water mass transformation (i.e., Walin (1982)), increased surface density would increase

the outcropping area of isopycnals in winter associated with the lower-limb of the AMOC that can

be transformed by the surface fluxes (Petit et al. 2021).

b. Constraining the historically forced AMOC changes

So far we have shown that the evolution of externally-forced AMOC variability in CMIP6

historical simulations over 1850–1985 shows a wide spread that is related to strength of the AA
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Constraining forced AMOC changes
a) SST anomaly

ObsweakstrongMMM

Obs
weak
strong
MMM

1850 1900 1950 2000
Time [years]

-0.7

-0.4

-0.1

0.2

0.5

0.8

1.1

SS
T 

an
om

al
y 

[O
C]

e) SST trend 1900-1985

0 5 10 15
Model number [arbitrary]

-4

-3

-2

-1

0

1

2

3

4

SS
T 

tre
nd

  [
O
C]

b) SSS anomaly

1850 1900 1950 2000
Time [years]

-0.2

-0.1

0.0

0.1

0.2

0.3

SS
S 

an
om

al
y 

[g
/k

g]

f) SSS trend 1900-1985

0 5 10 15
Model number [arbitrary]

-1.0

-0.4

0.1

0.7

1.2

SS
S 

tre
nd

 [g
/k

g]

c) SAT_NAm anomaly

1850 1900 1950 2000
Time [years]

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

SA
T 

an
om

al
y 

[O
C]

g) SAT_NAm trend 1900-1985

0 5 10 15
Model number [arbitrary]

-3

-2

-1

0

1

2

3

SA
T 

tre
nd

 [O
C]

d) ST_NH anomaly

1850 1900 1950 2000
Time [years]

-0.5

0.0

0.5

1.0

1.5

TS
 a

no
m

al
y 

[O
C]

h) ST_NH trend 1900-1985

0 5 10 15
Model number [arbitrary]

-1.0

-0.2

0.5

1.2

2.0

ST
 tr

en
d 

[O
C]

F��. 12. Shows the comparison of historical simulations with observations for key metrics. a) shows anomalies

for SPNA sea surface temperature (SST) relative to 1850-1899, for the MMM (black), strong (red) and weak

(blue) ensembles and observations (purple, ERSSTv5). 1f spread of the individual models ensemble-means is

shown by the black shading or red and dotted lines for MMM and strong and weak models respectively. Black

dot-dash line shows the 5–95% confidence interval of the MMM ensemble mean based on all the individual

members. b), c) and d) shows the same for SPNA sea surface salinity (SSS), North American surface air

temperature (SAT_NAm), and Northern Hemisphere surface temperature (ST_NH, e.g., SAT and SST combined

and averaged over 0–60�N). Observations are given by the ‘Anually binned Sea Surface Salinity’ data set from

Reverdin et al. (2019) for b), and BEST for c) and d). Note anomalies for SSS are computed over 1900-1950

due to shorter observations. Note also that panel c) shows the same time-series as shown in figure 7c, but now

for the 1850–1900 climatological period. e) shows the comparison of observed and simulated linear trends of

SPNA sea surface temperature (SST) computed over 1900-1985 for each member of each model (small dots show

each member, and large dot shows the ensemble mean for each model). Error bars show the 5–95% confidence

interval for the model ensemble means computed by using the individual model members. Horizontal purple

line shows the observed trend computed over the same time period. Triangles at the top of the plot shows where

observations are outside the 5–95% confidence interval. f)-h) shows the same as e) but now for SSS, SAT_NAm,

and TS_NH.
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Subpolar SST is a weak constraint

Increased salinity in strong models 
inconsistent with observations 

North American cooling, and weak 
trends in Northern Hemisphere 
temperature are inconsistent with 
observations 

Forced AMOC strengthening in 
strong models not consistent with 
observations 
-> aerosol forcing, or the response 
to it, is too large in strong models  
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Outline

Overview of the process chain in CMIP6-generation models 
• Historical
• DAMIP
• AerChemMIP
• UKESM1 and HadGEM3-GC3.1

Mechanisms for the AMOC response to aerosol changes in CMIP6
• Ensemble mean results
• Model differences to understand processes contributing to uncertainty
• Constraint 

A quick look at uncertainties 
• Roles for process representation and model sensitivity
• The importance of model resolution 
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HadCRUT4

Models with a representation of  the 
indirect effect of sulphate (SA)

Models with a representation of 
the direct effect only (SD)

• CMIP5 contained an unprecedented number of models with 
a representation of the indirect effect

• These models give a better reproduction of historical trends 
due to greater aerosol cooling

Global near-surface temperature

5 
 

regressed out). This residual can then be interpreted as due to differences in the albedo 117 

of clouds between the historical and hist-piAer, and will be called the "cloud-albedo 118 

term". Note that this method of calculation implies that purely albedo effects cannot 119 

be distinguished from general residual terms that result from the linear approximation 120 

made.  121 

Note that our decomposed ACI does not correspond exactly to the definitions of 122 

“first” and “second” aerosol indirect effects. For example, the first indirect effect is 123 

properly defined as variations of aerosol forcing when cloud droplet number 124 

concentration varies at a constant value of the cloud liquid water path. This effect 125 

cannot be isolated from the available CMIP6 output.  126 

 127 

3. The "pot-hole" bias in CMIP6 ESMs 128 
 129 

 130 
 131 
Figure 1. (a) Historical near-global mean (60oS to 65oN) surface air temperature (TAS) anomalies 132 
from HadCRUT5 (thick black line), the multi-member ensemble mean for each ESM (MMM, 133 
solid color lines), and their ensemble (MME, dashed red line). (b) is the same as (a), but for the 134 
lower-complexity models. The baseline is from 1850 to 1900. Units: oC. Value in bracket is the 135 

•Earth system models cool too much in the mid-
twentieth century

• Linked to large sensitivity to aerosol changes in these 
models

How we represent aerosol processes in models can influence multi-decadal variability

Wilcox et al. (2013)

Zhang et al. (2021)
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Global temperature trends, 1950:1975
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• Larger cooling in models with larger aerosol forcing and more complex representation of aerosol-cloud interactions
• Larger cooling in models with online tropospheric chemistry 
• Slightly larger cooling in models with high ECS 

• Qualitatively similar to the global picture Wilcox et al., also in prep
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North Atlantic temperature trends, 1950:1975

• Larger cooling in models with larger aerosol forcing and more complex representation of aerosol-cloud interactions
• Larger cooling in models with online tropospheric chemistry 
• Slightly larger cooling in models with high ECS 

• Qualitatively similar to the global picture (note expanded x-axis) Wilcox et al., also in prep
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Influence of aerosol process representation: temperature trends, 1950-1975 

•Different groups produce trends with 
different magnitude and pattern

•Differences between groups are 
significant…

•…but comparable in magnitude to the 
inter-model standard deviation

•Difficult to attribute differences in the 
pattern of trends to specific physical 
processes

•Similar picture is seen for other periods 
and variables

Wilcox et al., also in prep
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Influence of horizontal resolution: idealised experiments in HadGEM3-GC3.1 

Ramp up, ramp down experiments 
designed to capture the magnitude of 
historical aerosol changes

Run with two identical versions of 
HadGEM3-GC3.1 at N96 Orca 1 and N216 
Orca 0.25

Lai et al., in prep
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Influence of horizontal resolution: idealised experiments in HadGEM3-GC3.1 

Slightly larger AOD and cloud fraction changes in N96

Larger interhemispheric imbalance in TOA shortwave in N96

Lai et al., in prep
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Influence of horizontal resolution: idealised experiments in HadGEM3-GC3.1 

Larger aerosol and flux changes in N96, 
but the ocean response is much stronger 
in N216 

Difference related to differences in sub 
polar North Atlantic buoyancy forcing and 
sea ice growth in the Labrador Sea 

Greater ice growth in N96 inhibits air-sea 
interaction and anomalous density fluxes

Differences reflect model climatology: 
N96 is cooler with more sea ice

Lai et al., in prep
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•Large AMOC response to anthropogenic aerosol in CMIP6 historical simulations  
• Large spread related to the spread in the strength of aerosol forcing 
•Multi-model mean response is dominated by models with strong aerosol forcing 

•Relationship between aerosol and AMOC less clear in last 40 years  
•Complicated by GHGs, cloud feedbacks, remote aerosol changes 

•Surface density fluxes due to surface heat flux cooling over the subpolar North Atlantic dominate the simulated 
increase in AMOC 

•This can be sensitive to model resolution 

•Differences in downwelling shortwave radiation do not explain the different evolution of AMOC in models  
•Turbulent heat fluxes dominate the spread in AMOC responses 
•Aerosol does not act directly on the AMOC through changes in the radiation balance alone  

•AMOC is primarily driven by a colder and drier atmosphere 
•Anomalies in turbulent heat flux are dominated by changes in temperature and humidity, rather than wind speed  

•Strong models cool too much compared to observations, so the AMOC increase is likely to be overestimated  
•Difficult to attribute differences in sensitivity in CMIP6 to specific physical processes due to model complexity 

Summary
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Sutton et al. (2018): https://journals.ametsoc.org/view/journals/bams/99/2/bams-d-16-0266.1.xml  
Grosvenor and Carslaw (2020): https://acp.copernicus.org/articles/20/15681/2020/  
Grosvenor et al. (2022): https://acp.copernicus.org/preprints/acp-2022-583/  
Menary et al. (2020): https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020GL088166  
Robson et al. (2022): https://journals.ametsoc.org/view/journals/clim/35/20/JCLI-D-22-0124.1.xml  
Dong et al. (2022a): https://link.springer.com/article/10.1007/s00382-022-06438-3  
Dong et al. (2022b): https://www.nature.com/articles/s41467-022-28816-5 

More details

https://journals.ametsoc.org/view/journals/bams/99/2/bams-d-16-0266.1.xml
https://acp.copernicus.org/articles/20/15681/2020/
https://acp.copernicus.org/preprints/acp-2022-583/
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020GL088166
https://journals.ametsoc.org/view/journals/clim/35/20/JCLI-D-22-0124.1.xml
https://link.springer.com/article/10.1007/s00382-022-06438-3
https://www.nature.com/articles/s41467-022-28816-5


www.met.reading.ac.uk/~laura/home
l.j.wilcox@reading.ac.uk

Atmospheric trends: DJF, 1850-1985

F��. A3. Linear trends (DJF, 1850-1985) in (a): downwelling shortwave radiation (W/decade), (b): near-

surface temperature (C/decade), and (c): sea level pressure (Pa/decade) due to changes in aerosol and precursor

emissions. In the first column, these are calculated from the di�erence between the 1 and 1.5x scalings and 0.2

and 0.4x scalings from the SMURPHS ensemble. The second column shows the AerChemMIP mean di�erence

between the historical and hist-piAer experiments.
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Wilcox et al., in prep.

Weaker shortwave trends in winter

Strong cooling, especially over Hudson 
Bay, Labrador Sea, and Nordic seas

Warming sub polar gyre due to AMOC 
spin up

Limited significance in sea level 
pressure trends 
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Atmospheric trends: DJF, 1985-2014

F��. A4. Linear trends (DJF, 1985-2014) in (a): downwelling shortwave radiation at the surface (W/decade),

(b): near-surface temperature (C/decade), and (c): sea level pressure (Pa/decade)due to changes in aerosol and

precursor emissions. In the first column, these are calculated from the di�erence between the 1 and 1.5x scalings

and 0.2 and 0.4x scalings from the SMURPHS ensemble. The second column shows the AerChemMIP mean

di�erence between the historical and hist-piAer experiments. The third column shows the di�erence between a

9-member UKESM historical experiment, and an experiment with aerosol and precursor emissions fixed at their

1975 values.
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Wilcox et al., in prep.

Shortwave trends largely reversed, but 
no clear/significant picture from 
SMURPHS

Temperature and sea level pressure 
trends largely insignificant and not 
robust across models/methods
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‘Strong’ and ‘weak’ aerosol forcing in CMIP6
a) turHF
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g) huss
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F��. 8. Longitude-time plots of di�erences (i.e., ‘strong’–‘weak’) in surface heat fluxes and their drivers

averaged over the SPNA (50–65�N) between 60–0�W and atmospheric anomalies over the North American

Continent (115–80�W, 32.5–50�N (i.e., the box on fig. 5i). a) shows anomalies in turbulent heat flux (turHF)

[W m�2], where negative anomalies is increased cooling of the Ocean. b), c), d) and e) show the same as a) but

now for sensible heat flux (hfss), surface air temperature (SAT), sea surface temperature (SST) and deltaT (e.g.

SAT minus SST), respectively. f)-i) shows the same as b)-e) but now for latent heat flux (hfls), specific humidity

(huss), surface saturated humidity (satH), and �H (e.g. huss minus satH). satH is computed as in equation 4 from

Large and Yeager (2009). Specifically, B0C� = 0.98d�1640380(:6<�13)4�5107.4/(() where d is the density of

air and assumed to be 1.22 kg m�3 (Large and Yeager 2009). Note that for SAT and huss, values west of 60�W

are averaged over North American Continent. Black contours show where the di�erences are significant at the

p0.05 level. Bottom shows the same, but for the humidity and latent heat flux terms. Note that IPSL-CM6 and

NESM3 have been removed from panels f)-i) due to problems with humidity data.
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The cooling and drying of the 
atmosphere over the North American 
continent is substantially larger than 
the cooling and drying over the SPNA 

Continental cooling leads the 
atmospheric cooling over the 
SPNA

Anomalous heat fluxes are first seen 
in the western SPNA, especially in 
the sensible heat fluxes, and then in 
the East

-> initial anomalies in the west 
consistent with cold advection
-> later anomalies in the east 
consistent with intensification of 
cold dry signal over North America, 
and the expected warming from an 
intensified AMOC 



www.met.reading.ac.uk/~laura/home
l.j.wilcox@reading.ac.uk

The atmosphere is the main driver of turbulent heat flux anomalies 

Robson et al., 2022

a) Annual drivers ΔT
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F��. 9. Atmospheric and oceanic contributions to air-sea contrasts in temperature and humidity (e.g., �T

and �H) averaged over the SPNA (50–65�N and 70–0�W - note the smaller latitudinal area used is chosen to

represent the region of positive SST anomalies in figure 5). a) shows the di�erence in annual-mean �T (e.g. SAT

minus SST, black), SST (orange), and SAT (purple) between the ‘strong’ and ‘weak’ ensemble (e.g., ‘strong’

minus ‘weak’). b) shows the same but now for �H (e.g. huss minus satH), surface specific humidity (huss),

and saturated humidity (satH) computed from SST. B0C� = 0.98d�1640380(:6<�3)4�5107.4/(() where d is the

density of air and assumed to be 1.22 kg m�3(Large and Yeager 2009). Note that IPSL-CM6 and NESM3 have

been removed from panel b) due to problems with humidity data. Purple horizontal bars in a) approximately

indicates where the negative tendency in SAT is larger than for SST, and so indicates where the atmosphere is

driving the ocean rather than the other way round.
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ΔT mainly from decreases in air temperature

ΔH mainly from changes in surface specific 
humidity 

Consistent with surface heat fluxes driving 
AMOC, and not vice versa

But… SST changes broaden and delay the 
peak in turbulent heat flux cooling 
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Surface density increases dominated by salinity changes

Robson et al., 2022

a) Surface Rho
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F��. 10. Evolution of SPNA annual-mean surface density anomalies in CMIP6 historical simulations, and the

role of salinity and temperature. a) shows the surface density anomalies in CMIP6 MMM (black), and ‘strong’

(red) and ‘weak’ (blue) sub-ensembles respectively. Grey shading and thin coloured lines show the ± 1f spread.

b) shows the same as a) but now for the contribution of salinity, e.g. by using climatological SST (see text for

details). c) shows the same as b), but now for the role of temperature by using climatological SSS. All timeseries

are smoothed with a 10-year running mean.

time periods. However, it is clear that the overall influence of SST on ocean surface density trends

was small.

At first glance, these changes in surface density due to salinity are consistent with previous work

that explore the impact of AA on AMOC via analysis of surface density anomalies (e.g. Delworth

and Dixon (2006) and Menary et al. (2013)). However, we argue that these salinity driven surface

density anomalies are primarily a feedback onto AMOC and not an initial driver of the AMOC.

For example, PmE only diverges between ‘strong’ and ‘weak’ after ⇠1940 (see fig. 3), but surface

density diverges around ⇠1900. Furthermore, we also find that the initial divergence in surface

density appears to be due to surface temperature, whereas the surface density anomaly due to

salinity only diverges at about ⇠1915 (see fig 10). Similarly, lagged correlations computed using

the whole time-series 1850–2014, shows that the maximum correlation is found when AMOC leads

the surface density anomalies due to salinity by a few years (not shown). For models where data

is available, we also find that ocean freshwater flux divergence anomalies dominate the full-depth

salinity budget in the SPNA and that the freshwater flux divergence in ‘strong’ and ‘weak’ models

diverge in ⇠1900, consistent with changes in the AMOC (not shown).
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F��. 10. Evolution of SPNA annual-mean surface density anomalies in CMIP6 historical simulations, and the

role of salinity and temperature. a) shows the surface density anomalies in CMIP6 MMM (black), and ‘strong’

(red) and ‘weak’ (blue) sub-ensembles respectively. Grey shading and thin coloured lines show the ± 1f spread.

b) shows the same as a) but now for the contribution of salinity, e.g. by using climatological SST (see text for

details). c) shows the same as b), but now for the role of temperature by using climatological SSS. All timeseries

are smoothed with a 10-year running mean.

time periods. However, it is clear that the overall influence of SST on ocean surface density trends

was small.

At first glance, these changes in surface density due to salinity are consistent with previous work

that explore the impact of AA on AMOC via analysis of surface density anomalies (e.g. Delworth

and Dixon (2006) and Menary et al. (2013)). However, we argue that these salinity driven surface

density anomalies are primarily a feedback onto AMOC and not an initial driver of the AMOC.

For example, PmE only diverges between ‘strong’ and ‘weak’ after ⇠1940 (see fig. 3), but surface

density diverges around ⇠1900. Furthermore, we also find that the initial divergence in surface

density appears to be due to surface temperature, whereas the surface density anomaly due to

salinity only diverges at about ⇠1915 (see fig 10). Similarly, lagged correlations computed using

the whole time-series 1850–2014, shows that the maximum correlation is found when AMOC leads

the surface density anomalies due to salinity by a few years (not shown). For models where data

is available, we also find that ocean freshwater flux divergence anomalies dominate the full-depth

salinity budget in the SPNA and that the freshwater flux divergence in ‘strong’ and ‘weak’ models

diverge in ⇠1900, consistent with changes in the AMOC (not shown).
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Surface density changes in 
the subpolar North Atlantic 
match the evolution of the 
AMOC 

Long-term increase in density 
prior to 1970 is dominated 
by increased salinity 

SPNA warming post-1970 
causes a fast decrease in 
surface density anomalies 



www.met.reading.ac.uk/~laura/home
l.j.wilcox@reading.ac.uk

Atmospheric circulation anomalies 

a) 1965-1985: psl MMM b) 1965-1985: psl STRONG c) 1965-1985: psl WEAK d) 1965-1985: psl DIFF

-1.5 -1 -0.5 -0.3 -0.1 0.1 0.3 0.5 1 1.5
hPa

e) 1965-1985: sfcWind MMM f) 1965-1985: sfcWind STRONG g) 1965-1985: sfcWind WEAK h) 1965-1985: sfcWind DIFF
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i) 1965-1985: SAT MMM j) 1965-1985: SAT STRONG k) 1965-1985: SAT WEAK l) 1965-1985: SAT DIFF
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m) 1965-1985: SST MMM n) 1965-1985: SST STRONG o) 1965-1985: SST WEAK p) 1965-1985: SST DIFF
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q) 1965-1985: SSS MMM r) 1965-1985: SSS STRONG s) 1965-1985: SSS WEAK t) 1965-1985: SSS DIFF
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F��. 5. same as figure 2 but now for surface pressure (CMIP6 variable psl, a-d), near surface wind speed

(CMIP6 variable sfcWind, e-f), surface air temperature (SAT (CMIP6 variable tas), i-j) sea surface temperature

(SST (CMIP6 variable tos), m-p) and sea surface salinity (SSS (CMIP6 variable sos), q-t).
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Increased meridional pressure gradient 
and strengthened westerly winds

Circulation response dominated by strong 
models

Does the stronger circulation response 
account for the stronger AMOC response? 
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Linear decomposition of turbulent heat flux drivers

Robson et al., 2022

Turbulent heat fluxes are driven by 
changes in wind speed, and contrasts in 
temperature (ΔT) and humidity (ΔH) at the 
air-sea interface 

ΔTsfcWind is strongly correlated with 
sensible heat flux, ΔHsfcWind is strongly 
correlated with latent heat flux

Simple linear decomposition of the form:

Thermodynamic changes drive the 
anomalies turbulent heat fluxes, and the 
difference between strong and weak 
models 

However, although they are significant, it is important to note that the changes in atmospheric

circulation reported here (and in Hassan et al. (2021)) are relatively small compared to the total

variance. For example, the di�erence in the total change in North Atlantic pressure gradients

over 1850–1985 (computed by scaling the linear fit by the total number of years) is only ⇠0.5hPa

between ‘strong’ and ‘weak’ for winter means (i.e., where turbulent heat flux anomalies dominate,

not shown). Furthermore, turHFs are not just driven by changes in wind speed; contrasts in

temperature and humidity at the air-sea interface (i.e. the ’thermodynamic’ terms) are key drivers

of turHF alongside wind speed (see Large and Yeager (2009)). We denote these terms �T and �H,

where�T is computed as the di�erence in surface air temperature and sea surface temperature (e.g.,

SAT minus SST) and �H is computed as the di�erence in surface specific humidity (e.g., CMIP6

variable huss, but henceforth huss) and saturated specific humidity computed from SST (e.g., huss

minus satH), respectively. Exploring these terms further, we also find that there are concurrent

di�erences in anomalies of �T and �H that are consistent with the di�erences in turHF anomalies

seen between ‘strong’ and ‘weak’ models (not shown, but see figure S1 in supplementary material).

To explore the drivers further, we perform a linear decomposition of the turHF and find that the

thermodynamic changes are driving both the anomalous turbulent heat fluxes and the di�erence

between ‘strong’ and ‘weak’ models. Figure 6 shows a simplified linear decomposition of the

annual-mean turHF. Specifically, it shows the multiplication of the air-sea contrasts (e.g., �T and

�H) by sfcWind in order to generate �T sfcWind and the �H sfcWind terms and the subsequent

linear decomposition terms. In other words, we compute �⌫ = �0[⌫] + [�]⌫0+ �0⌫0, where A is

either �T or �H, B is sfcWind, 0 indicates deviation from the climatology, and [ ] indicates the

1850–1879 climatological mean. These terms are computed for each grid-point from monthly-

mean data before making the annual and spatial averages. The turbulent heat fluxes are proportional

to these terms (e.g., see Large and Yeager (2009)), and we find that the SPNA-mean time-series

correlate highly with the sensible and latent heat flux terms on decadal time-scales (see numbers in

fig. 6a and d). Figure 6 shows that the evolution of these terms are dominated by the anomalies in

the ‘thermodynamic’ air-sea contrasts (e.g., �T0 [sfcWind] and �H0 [sfcWind]; see fig. 6b and e).

In contrast, the role of the anomalous wind anomalies (e.g., [�T] sfcWind0 and [�H] sfcWind0; see

fig. 6c and f) is small throughout most of the time period. Note that we do not show the covariance

terms (e.g., �0⌫0) as they are small throughout.
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F��. 6. Shows the linear decomposition of the turbulent heat flux drivers. a) shows anomalies in the air-sea

temperature contrast multiplied by surface windspeed anomalies (i.e., �TsfcWind). Numbers inset show the

correlation of this term with the sensible heat flux (hfss). b) and c) shows anomalies due to air-sea temperature

contrasts (�T0[sfcWind]) and anomalous wind speed ([�T]sfcWind0) respectively. Here the 0 indicates anomalies

relative to the time-mean climatology and square-brackets indicate the time-mean climatology. All climatologies

are relative to 1850–1879 and time-series are smoothed with a 10-year running mean. d) to f) shows the same,

but for the �H terms and correlations are with the latent heat terms (hfls).

5. Continental origin of thermodynamic anomalies?

In the previous section we concluded that increased turbulent heat fluxes in the ‘strong’ models

arises primarily due to increased thermodynamic contrast between the atmosphere and the SPNA.

In other words, relative to the sea surface, the atmosphere is colder and drier in models with

stronger AA forcing. Figure 7 shows that this cooling and drying of the atmosphere over the

SPNA is consistent with the broad impact of external forcing on the inter-hemispheric di�erence
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Complex picture post 1985

Historical

Fixed aerosol

F��. 10. Timeseries of (a): Annual mean AMOC at 45�N; (b): JJA mean US-mean downwelling shortwave;

(c): JJA mean US-mean near-surface temperature; (d): JJA mean latent heat flux at the surface over the sub-polar

gyre; and (e): JJA mean sensible heat flux at the surface over the sub-polar gyre. Solid black and grey lines

show the ensemble mean and 9 ensemble members respectively from a UKESM1-0-LL historical experiment,

dashed black and blue lines show the a UKESM1-0-LL historical experiment with global aerosol and precursor

emissions fixed at their 1975 values (UKESMfix75).
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Wilcox et al., in prep.


