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Abstract

The causes of decadal variations in global warming are poorly understood, however it is widely understood that variations in
ocean heat content are linked with variations in surface warming. To investigate the forced response of ocean heat content
(OHC) to anthropogenic aerosols (AA), we use an ensemble of historical simulations, which were carried out using a range of
anthropogenic aerosol forcing magnitudes in a CMIP6-era global circulation model. We find that the centennial scale linear
trends in historical ocean heat content are significantly sensitive to AA forcing magnitude (-11.0$\pm$0.2 x10$"{19}$ (J m$"{-
1}$ century$~{-1}$)/(W m$"{-2}8), R$"2$=0.99), but interannual to multi-decadal variability in global ocean heat content
appear largely independent of AA forcing magnitude. Comparison with observations find consistencies in different depth ranges
and at different time scales with all but the strongest aerosol forcing magnitude, at least partly due to limited observational
accuracy. We find broad negative sensitivity of ocean heat content to increased aerosol forcing magnitude across much of the
tropics and sub-tropics. The polar regions and North Atlantic show the strongest heat content trends, and also show the
strongest dependence on aerosol forcing magnitude. However, the ocean heat content response to increasing aerosol forcing
magnitude in the North Atlantic and Southern Ocean is either dominated by internal variability, or strongly state dependent,
showing different behaviour in different time periods. Our results suggest the response to aerosols in these regions is a complex

combination of influences from ocean transport, atmospheric forcings, and sea ice responses.
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Key Points:

 Climate model analysis shows centennial trends of historical global ocean heat con-
tent depend on anthropogenic aerosol forcing strength.

 Increased aerosol forcing leads to general cooling of the global ocean, but with sig-
nificant regional and decadal variations.

e The strongest responses to aerosol forcing coincide with the strongest ocean heat
content trends, in the Polar and upper Pacific oceans.
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Abstract

The causes of decadal variations in global warming are poorly understood, however it

is widely understood that variations in ocean heat content are linked with variations in
surface warming. To investigate the forced response of ocean heat content (OHC) to an-
thropogenic aerosols (AA), an ensemble of historical simulations were carried out using
a range of anthropogenic aerosol forcing magnitudes in a CMIP6-era global circulation
model. We find that the centennial scale linear trends in historical ocean heat content
are significantly sensitive to AA forcing magnitude (-40.540.7 x1022 (J century~!)/(W
m~2), R?2=0.99), but interannual to multi-decadal variability in global ocean heat con-
tent appear largely independent of AA forcing magnitude. Comparison with observa-
tions find consistencies in different depth ranges and at different time scales with all but
the strongest aerosol forcing magnitude, at least partly due to limited observational ac-
curacy. We find broad negative sensitivity of ocean heat content to increased aerosol forc-
ing magnitude across much of the tropics and sub-tropics. The polar regions and upper
Pacific show the strongest heat content trends, and also show the strongest dependence
on aerosol forcing magnitude. However, the ocean heat content response to increasing
aerosol forcing magnitude in these regions is either dominated by internal variability, or
strongly state dependent, showing different behaviour in different time periods. Our re-
sults suggest the response to aerosols in these regions is a complex combination of in-
fluences from ocean transport, atmospheric forcings, and sea ice responses.

Plain Language Summary

As well as emitting greenhouse gases that warm the planet, throughout the indus-
trial era humans have also released substances known as aerosols into the atmosphere.
In general, these aerosols reflect heat arriving at the surface of the planet and cause cool-
ing, however we don’t have a good idea how changes in the amounts of these aerosols
changes ocean warming. Most of the heat that has built up in the climate system has
gone into the ocean, so this is important to understand. We use a large computer model
to look at how the ocean would have warmed with different levels of aerosols from hu-
mans in atmosphere, keeping other things like greenhouse gases the same. We find that
the amount of aerosols in the atmosphere strongly affects the warming of the global ocean
on timescales of many decades to hundreds of years. Whilst most of the ocean cools when
more aerosols are added, the Polar oceans and the upper Pacific ocean show different be-
haviour. What is going on in these regions is probably the result of many things, such
as changes in ocean currents, in sea ice, as well as in the amount of aerosols and where
they are being emitted.

1 Introduction

Anthropogenic aerosols are a well known source of decadal variability in rates of
global surface warming (Dittus et al., 2020; Ekman, 2014; Jones et al., 2013; Wilcox et
al., 2013; Fyfe et al., 2016). However, the magnitude of the historical effective radiative
forcing due to anthropogenic aerosols (AAs) remains highly uncertain (Forster et al., 2021;
Bellouin et al., 2020; Smith et al., 2020). Reducing the uncertainty in the radiative forc-
ing due to AAs would lead to better predictions of future warming, and a better under-
standing of the sources of decadal variability in historic warming.

Variations in ocean heat uptake have also been robustly linked with decadal vari-
ations in the rate of surface warming (Marshall et al., 2015; Meehl et al., 2011). In par-
ticular, changes in ocean heat uptake in the Pacific have been linked with the early 2000’s
slow-down in global surface warming (England et al., 2014; Kosaka & Xie, 2013; Oka &
Watanabe, 2017; Stolpe et al., 2021), although Chen and Tung (2014) instead link the
so-called ‘hiatus’ with changes in heat transport in the Atlantic and Southern Oceans.
Yin et al. (2018) also link the Pacific with the subsequent jump in global surface warm-
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Table 1. SMURPHS ensemble Anthropogenic Aerosol (AA) forcing factors and 2014 effective
radiative forcing (ERF).

AA Scaling factor 2014 ERF

0.2 -0.38 Wm 2
0.5 -0.60 Wm 2
0.7 -0.93 Wm 2
1.0 -1.17 Wm™2
1.5 -1.50 Wm™2

ing in 2014-2016. Variability in AAs have been found to be an important source of changes
in ocean heat content (Delworth et al., 2005; Fiedler & Putrasahan, 2021), along with
variability in green-house gases, volcanic aerosols, and internal variability.

We utilise a climate model ensemble specifically designed (as part of the UK SMURPHS
project) to sample a wide range of historical aerosol forcings. Using the SMURPHS en-
semble allows us to investigate the link between aerosol forcing and decadal variations
in ocean heat uptake, assessing the forced response of ocean heat content to the mag-
nitude of AA forcing in a CMIP6 generation model, using multiple ensemble members
to improve statistical robustness. Whilst studies such as (Collier et al., 2013; Cai et al.,
2006) looked at the effects of AA on ocean heat content (OHC) and circulation by com-
paring GCMs with and without AA forcing, we are not aware of any previous studies
looking at the effects of changing AA forcing strength on OHC.

This paper is laid out as follows: we first give background on the simulations and
observations used in this study in section 2, and then describe our findings in section 3.
This is broken up into analysis of changes in volume integrated OHC on a centennial scale
(section 3.1), spatial patterns of integrated ocean heat content on multi-decadal scales
(section 3.2), and sensitivity of these patterns to aerosol forcing magnitude (section 3.3).
We finish by discussing the implications of our results in section 5.

2 Simulations and Observations

All results are from an ensemble of historical scaled aerosol emissions simulations,
conducted with the HadGEM3-GC3.1-LL global climate model, as describe in detail in
Dittus et al. (2020). The SMURPHS ensemble was designed to sample a plausible range
of historical aerosol forcing (Booth et al., 2018), with 2014 (the end of the historical sim-
ulation) AA effective radiative forcing (ERF) ranging from —0.38 to —1.50 Wm 2, which
spans most of the 95% confidence interval presented in IPCC AR5 (Boucher et al., 2013).
The effective radiative forcings were calculated using a series of fixed SST runs as de-
scribed in (Dittus et al., 2020). The negative sign of the ERF indicates the addition of
further AAs tends to cool the earth’s surface.

The targeted aerosol forcings were achieved by applying a constant scaling factor
in space and time to the standard historical CMIP6 AA and precursor emissions (Hoesly
et al., 2018), see Dittus et al. (2020) for further details. Five scaling factors were used
(table 1), each with five ensemble members spanning the full historical period 1850-2014,
giving a total of 25 ensemble members. The 1.0 forcing case is the standard CMIP6 his-
torical emissions scenario.

Hobbs et al. (2016) demonstrate that de-drifting ocean heat content (OHC) in CMIP5
models closes the time-varying energy budget on decadal scales. Assuming similar be-
haviour in CMIP6 models, all calculations of OHC in this work were de-drifted using the
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linear trend in the same OHC calculation from the first 500 years of the HadGEM3-GC3.1-
LL pre-industrial control run. This was carried out for each integral of heat content sep-
arately, so at each depth range, in each basin, and at each latitude-longitude or latitude-
depth point. The offset of the starting points of each ensemble member was also accounted
for. Following the advice of Dittus et al. (2020), we advise caution in interpreting data
from before 1900 due to the impacts of any possible small shocks introduced by the abrupt
change in AA forcing at 1850 (1900 has been marked with a dashed line in all time se-

ries plots).

Ocean basins were defined using the standard masks for this ocean model config-
uration. A proxy volcanic activity time series was generated by summing the time se-
ries of long-wave absorption due to volcanic aerosols over latitude, atmospheric model
level, and wavelength. Qualitatively similar time series were produced summing any of
the other volcanic forcing fields.

From section 3.2.2 on, we concentrate on two 30-year time periods: 1960-1991 and
1980-2011. We choose to focus on these in particular for two reasons: firstly, they over-
lap with the observational time series, and secondly, because they cover the period of in-
creasing OHC trends (see section 3.2.1).

The observations used in this study come from two datasets. First, from the TAP
Ocean Gridded Product (Cheng et al., 2017), referred to as IAP17, we use the monthly
0-700m and 0-2000m time series, downloaded from http://159.226.119.60/cheng/ in
January 2021. Secondly, from the World Ocean Atlas 2018 (Boyer et al., 2018), referred
to as WOA1S, we use the yearly 0-700m and pentadal 0-2000m Global Ocean Heat Con-
tent time series and associated standard error, downloaded from https://www.ncei.noaa
.gov/products/world-ocean-atlas in July 2021.

3 Results
3.1 Simulated Ocean Heat Content

Ocean Heat Content (OHC) was calculated from the model potential temperature
fields (0) as follows:

OHC = cppo/ﬁ dv, (1)

where ¢, is the heat capacity of sea water (taken to be 3,850 J/(kg C)), po is a reference
density (taken to be 1.027x10% kg/m?), and V is the volume considered, which can be
the global ocean, a given basin, and/or a given depth range. Whilst the volume of the
model ocean is allowed to vary in time in response to effects such as thermal expansion,
the impact this has on the OHCs presented here is at maximum a few percent, and so
we use a fixed volume for simplicity.

Comparing global OHC anomalies (with respect to the 1850-1900 ensemble mean)
from different ensemble members (figure 1a), the effect of different AA emissions scale
factors becomes apparent at around 1950, with a spread on the order of 100x10%% J be-
tween the 0.2 and 1.5 experiments by the end of the simulations in 2014 (figure 1a). The
0.2 ensemble members warm rapidly, with a close to linear increase in time, as the weaker
AA forcing enhances GHG-induced warming. The 1.5 ensemble members cool until ap-
proximately 2000, as the stronger AA forcing more than offsets the GHG-induced warm-
ing.

Considering contributions to global OHC from each of the four main ocean basins,
it is apparent that the sensitivity of OHC to AA forcing factor is not spatially uniform
(figures 1b-e). The Pacific shows the most divergence between forcing ensembles by the
end of 2014, whereas the Indian ocean shows considerable overlap between ensembles for
much of the 20** century. Additionally, the form of the time series varies by basin - re-
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Ocean Heat Content, all runs wrt 1850-1900 ensemble mean
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Figure 1. The sensitivity of ocean heat content to AA forcing factor varies by basin (column)
and depth range (row). Each line represents the ocean heat content of a single ensemble member,
relative to the 1850-1900 ensemble mean, with the AA forcing factor indicated by the colour (see
legend). The four basin columns sum to the global column, and the four depth range rows sum to

the full depth row.
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Table 2. Linear correlations between changes in Ocean Heat Content 20 year means, from
1850-1870 to 1995-2015, and present day aerosol forcing magnitude, split by depth range and
basin. R? indicates the square of the Pearson correlation coefficient, with bold indicating
statistical significance at the 99% level. Slope indicates the slope of the linear fit, in units of
10%2J /century /(W m™2).

‘ Global H Atlantic Pacific Southern Indian

Full Depth R? 0.99 0.94 0.98 0.96 0.95
Slope | —40.5+0.7 || —9.84+05 —156+0.5 —-83+04 —4.94+0.2
0-300m R? 0.98 0.99 0.96 0.86 0.96
Slope | —=15.0£0.5 || —4.34+0.1 —-624+03 -224+02 -1.9+0.1
300-700m  R? 0.97 0.97 0.94 0.87 0.87
Slope | —14.8+05 || =5.3+0.2 —-514+03 —-254+02 —-14+0.1
700-2000m R? 0.94 0.71 0.95 0.70 0.86
Slope | —=10.2+0.5 || =2.7+04 -354+02 —-1.74+02 —-1.54+0.1
2km-+ R? 0.04 0.69 0.45 0.74 0.27
Slope | —0.6+0.6 25+03 —0.7£02 —-19+02 -024+0.1

gardless of AA forcing factor, Atlantic OHC exhibits clear multi-decadal variability around
an overall warming trend. The Pacific and Indian OHC anomalies become negative in

the latter half of the 20*" century in the 1.0 and 1.5 simulations. Spatial variations in
sensitivity to AA forcing magnitude are explored further in section 3.3.1

Considering contributions to global OHC by depth range, it is also apparent that
the influence of AA forcing factor varies by depth. By 2015, the largest spread in global
OHC anomalies at is at mid-depths (700-2000m, figure 1k, on the order of 30x10%2J),
and the lowest is in the deep ocean (2km+, figure 1u, on the order of 4x1022J), where
there is overlap in ensemble members for the entire simulation.

Greater OHC sensitivity to AA forcing factor at mid-depths is also found when con-
sidering OHC by basin (figures 1g-j,1-0,q-t,v-y). As with full-depth OHC, the Atlantic
and Pacific basins show the most sensitivity at upper and mid-depths, but the Atlantic
and Southern oceans show the most deep ocean sensitivity, even if there is still consid-
erable overlap between ensemble members. The depth dependence of the sensitivity of
OHC to AA forcing magnitude is discussed more in section 3.3.2.

3.1.1 Centennial scale changes: linear analysis

Centennial scale changes in OHC in all basins and all depth ranges (apart from global
2km+ OHC) are significantly linearly correlated with the 2014 ERF. Table 2 gives the
squared Pearson correlation coefficient (R?) and slope of the linear fit for linear corre-
lations between changes in 20 year mean OHC from 1850-1870 to 1995-2015 for all 25
ensemble members and the magnitude of the 2014 ERF strength given in table 1. We
use the magnitude of the 2014 ERF's rather than the signed values in order that a neg-
ative correlation indicates stronger AA forcing leads to an decrease in OHC, which is more
intuitive. Cooling at the surface of the ocean is expected when aerosols increase due to
their radiative effects in the atmosphere (both through scattering and absorption of so-
lar radiation and aerosol-cloud interactions), resulting in less shortwave radiation reach-
ing the surface (Booth et al., 2012; Delworth et al., 2005).
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As outlined in appendix Appendix A, we expect changes in globally integrated OHC
to reflect the sensitivity of Ocean Heat Uptake (OHU) to anthropogenic aerosol forcing
magnitude and any feedback effects on other forcings (equation A2). The R? of 0.99 for
the linear dependence of centennial changes in OHU on AA forcing magnitude indicates
that the impact of feedback effects and non-linear sensitivities are negligible on a glob-
ally integrated, centennial scale.

We expect changes in OHC for individual basins and depth ranges to reflect the
sensitivity of ocean circulation to forcing magnitude, as well as changes in OHU and feed-
backs (equation A4). Thus the slopes of the fit indicate the combined impact of OHU
changes and circulation changes. The lower R? values for the individual basins and depth
ranges indicate the relative importance of non-linear impacts, feedbacks on other forc-
ings, and internal variability, on OHU and transport for these sub-domains.

The strength of the relationship (indicated by the slope of the linear fit) is strongest
for the Pacific at all depths above 2000m, with the Atlantic slope overlapping in mag-
nitude in the 300-700m range. In the deep ocean (2km+), the Atlantic and Southern OHC
fits are similar in strength but opposite in sign — the 2km+ Atlantic OHC is the only vol-
ume to show a positive relationship between OHC and AA 2014 ERF magnitude, indi-
cating increased AA forcing increases deep Atlantic OHC. This is linked with changes
in the Atlantic Meridional Overturning Circulation (AMOC), as discussed in section 3.2.3.
The Global deep ocean shows no significant linear relation with AA 2014 ERF on a cen-
tennial timescale, due to the Southern OHC, and, to a lesser extent, the Indian and Pa-
cific OHC, which have negative linear relations with AA 2014 ERF magnitude, acting
in combination to offset the Atlantic relation of the opposite sign.

While the linear fits show that the magnitude of trends in OHC on centennial scales
are sensitive to aerosol forcing magnitude, there is considerable non-linear behaviour in
many basins and at many depth ranges at decadal scales (figure 1). This is investigated
further in the following section.

3.1.2 Centennial scale changes: non-linear analysis

In order to assess the sensitivity of multi-decadal variability in OHC to AA forc-
ing magnitude, we fit a polynomial to the full-depth global and basin-wise OHC anomaly
time series (figures la-e). The degree of polynomial was chosen by experimenting with
different degrees and choosing the lowest order fit (to favour simplicity and avoid over-
fit) that provided a relatively small residual (at least one order of magnitude smaller than
the fit). A fourth order polynomial fits these criteria well for global OHC and basin-wise
OHCs (figures 2a-e), with multi-decadal variability captured by the polynomial fits and
residuals an order of magnitude smaller (figures 2f-k).

To determine the dependence of the multi-decadal variability on AA forcing mag-
nitude, we perform a principle component analysis over the multi-ensemble dimension
of the 25 polynomial time series shown in figures 2a-e. The form of the first and second
principle components for the global and basin-wise polynomial fits are shown in figures 2k-
0. The analysis indicates differences in multi-decadal linear trends between ensemble mem-
bers is driven almost entirely by differences in aerosol forcing magnitude: The first PCs
(blue lines) take the form of multi-decadal linear trends, explain 99% of the global vari-
ance (and at least 92% in the basins), and the weights of the first PCs are extremely sig-
nificantly correlated with AA forcing magnitude for all basins and globally (R?;0.95).
Indeed the form of the first PC resembles the form of the effective radiative forcing time
series, which shows an increasing positive trend towards the end of the time period (Dittus
et al., 2020). The ERF time series includes all forcings, with the prominent increase in
the ERF time series primarily due to GHGs. The overall shape of PC1 mainly reflects
the impact of GHG forcing, while the fact that the weights are highly correlated with
the AA ERF indicates that the time series is modulated by AA.
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Figure 2. Multi-decadal linear trends are sensitive to AA factor, but annual to decadal vari-
ability is largely independent of AA forcing magnitude. Panels a-e show 4" order polynomial
fits to ocean heat content anomalies w.r.t. 1850-1900 ensemble means, globally and by basin
(figures la-e), for all ensemble members. Colours indicates the AA forcing factor (see legend).
Panels f-j show the residual ocean heat content, calculated by subtracting the 4th order fits (a-e)
from the same ocean heat content anomalies, and smoothed with an 18 month low-pass Butter-
worth filter. The green line is a proxy for volcanic forcing, which is the same for all ensemble
members, see text for details. Panels k-o show the form of the first and second principle com-
ponents of the 4th order fits in a~e. The explained variance (Evr) and correlations of the PC
weights with AA ERF (R?) are shown in each panel.
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Differences in multi-decadal non-linear variability, represented by the second PC
(orange lines in figures 2k-0), are responsible for very little of the differences between the
OHC time series, explaining maximum 4% of the variance, and the weights of the sec-
ond PC are not significantly correlated with AA forcing magnitude (R? ~ 0). This in-
dicates that AA forcing magnitude does not drive differences in multi-decadal non-linear
variability in large scale OHC, and therefore differences in multi-decadal non-linear vari-
ability are driven by other forcing factors (kept constant in these ensembles).

Differences across the scaling ensembles in the residuals (figures 2f-k) are small, in-
dicating that sub-decadal OHC variability (as defined here by the residuals of the 4"
order polynomial fit) is not primarily driven by differences in AA forcing magnitude in
this model. Small/some differences on these timescales may exist (e.g. following volcanic
eruptions) but are not investigated further here.

Sharp drops in OHC are associated with spikes in volcanic activity (figures 2, thick
green lines), consistent with Church et al. (2005); Gleckler et al. (2006). Additionally,
there is a circa 70 year periodic feature in the global OHC residual, also apparent in the
Atlantic and Pacific OHCs to lesser degrees. These could be the result of a fitting arte-
fact, or indicative of residual modes of multi-decadal internal variability such as the At-
lantic Multidecadal Oscillation (AMO) (Deser et al., 2010) and/or the Interdecadal Pa-~
cific Oscillation (Parker et al., 2007), although it should be noted that Mann et al. (2021)
argue that the AMO is entirely driven by volcanic forcing and not internally generated.
The amplitude of the periodic feature is small compared with the multi-decadal variabil-
ity in the polynomial fits, so we have not investigated further.

3.2 Ocean Heat Content Trends

Time series of Ocean Heat Content trends were calculated from the OHC as de-
fined in equation 1s as follows: At each time series point, a centred 30 year linear regres-
sion was calculated. For the model OHC, we used the linregress function from the scipy
python library (Virtanen et al., 2020). For the observed OHC, we used the WLS func-
tion from the statsmodels python library (Seabold & Perktold, 2010), with the weights=1/0%,
where o is the standard error provided with the observations. Both functions provided
a standard error in the linear slope, as well as the slope itself.

3.2.1 Ocean Heat Content trends vs observations

In order to compare our modelled OHC with those from observations (WOA18 and
TAP17, see section 2 for details), we calculated OHC trends for 0-700m and 0-2000m. Ab-
solute values of simulated OHC are less likely to match observations, and the uncertainty
in observations increases at earlier times due to measurement sparsity, whereas trends
have relatively lower uncertainty, even when taking the uncertainty at individual times
into account. The standard error provided with the observational datasets do not take
into account all sources of uncertainty (Wang et al., 2018; Carton & Santorelli, 2008),
and so we show two different products to indicate the magnitude of additional uncer-
tainty.

The time series of simulated OHC trends (coloured lines, figures 3a-j) and observed
trends (black solid and dashed lines, figures 3a-j) have standard errors one or two orders
of magnitude (respectively) smaller than the OHC trends themselves, and so are not shown.

Both 0-700m and 0-2000m simulated OHC trends drop to a local minimum at around
1965 (representing the trend for 1950-1981), even becoming negative for the larger forc-
ing factors, indicating ocean heat loss from these depth ranges to either the atmosphere
or greater depths. This corresponds to the period with the greatest increase in aerosols(Dittus
et al., 2020). From 1965 on, OHC trends for both depth ranges increase for all forcing
factors, peaking at the end of the simulation. This is consistent with the form of the GMST



0-700m Global Heat Content trends 0-2000m

1880 1900 1920 1940 1960 1980 2000 1880 1900 1920 1940 1960 1980 2000
5 1.2{3) o.2/scaling 1.2 {b) |
> 0384 1 0.8 1 o
I 0.4 | =7=="" 0.4 | =
S 0.0 0.0 1
< —0.4 1 | 40.4 4 |
E e : . . . . 1, : . . . . .
3 0384 1 0.8 1 -
=oal o] i
S 00 0.0 =
T 041 ! +0.4 1 H
T 1209 ; . . . . a0 ; . . . . .
1] I 1
> 0.8 1 Z 0.8 1 1 oig
= 04 : T (041 i ="
S 0.0 + 0.0 y
X 041 I 10.4 4 !
é 1.2{9) 1, 0/scaling 1.2{h) |
> 0381 1 . 0.8 1 ~
I 0.4 H =" l0.44 H — =,
S 0.0 0.0 §
X —0.41 ! 40.41 !
§ 1241 1.5:scaling 1.2
> 0384 [ . |08 --- WOA18
T 0.4 H =27~ |0.4
S 0.0 0.0
X —0.4 H 10.4
k) Summary of 0-700m Trends 1) Summary of 0-2000m Trends
1. {1940-1970 1960-1990 1980-2010 1955-2014 |7 » | 1940-1970 1960-1990 1980-2010 1955-2014
g 081 o 081 _8 e
= oal ¥ o] g 8 E
% e p— ¥ ——— ) §
— () - o
< 0.0 y : S 0.0 &
= ix o¥ “
-04{® 104 ¥
OOANNY OOANVUYY OHOOANRNY HOA VWY HOIANYNY OHOANRNY HOA NN HOA wAN
NNORRT NNORR ANORR NN NNOOR AN AN NN
Experiment Scaling Experiment Scaling

Figure 3. Observations of OHC trends are inconsistent with the 1.5 forcing factor for the
period 1980-2010, and with both 1.0 and 1.5 for the periods 1940-1970 and 1960-1990. Panels a-j
show OHC trends over time, by ensemble member (colour) and depth range — 0-700m (a,c,e,g,i)
or 0-2000m (b,d,f,h,j). The black solid lines are derived from ocean heat content observations
from TAP17, the black dotted lines from WOA18. Panels k and 1 summarise the upper panels

by taking data points from three, 30-year periods (1940-1970, 1960-1990, 1980-2010), as well as
for one 70-year period covering 1955-2014. Coloured dots indicate ensemble members, coloured

crosses ensemble means, and black lines observations as before.
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time series in Dittus et al. (2020), which show faster than observed warming from 1990
onwards. Dittus et al. (2020) suggest this could indicate a possible warm bias in the tran-
sient climate response (TCR) of the model.

The observational OHC trends vary less than the simulated OHC trends: both are
relatively flat until around 1970-1990, when they begin to increase, with the TAP17 dataset
beginning to rise before the WOA18 dataset in both depth ranges (figures 3a-j). The 0.4
and 0.7 scaling trends show the most similarity to one or other of the observations for
many decades in both depth ranges. The 0.2 and 1.0 scaling trends show some similar-
ity at the start or ends of the observational time series. The 1.5 scaling trends are the
only to not match observations in any time period or depth range. This is summarised
in figures 3k and 1, which show the linear trends for 1940-1970, 1960-1990, 1980-2010,
and a single 70-year trend for 1955-2014.

Overall, the observations imply a scaling of 0.2-0.7 for the periods 1940-1980. From
1980 onwards, the 0-700m observations imply a scaling of 0.4-1.0, and the 0-2000m ob-
servations imply a scaling of 0.2-0.7. This is consistent with the results of (Dittus et al.,
2020), who also find the 0.4 and 0.7 scaling simulations match observations of global mean
surface temperature, even when accounting for the warm bias in the model’s TCR.

Anthropogenic aerosols are not evenly distributed around the planet (Stern, 2006),
thus changes in the forcing factor will amplify/dampen regional differences and the re-
sultant impacts on OHC. To further investigate the regional sensitivity of ocean heat con-
tent to aerosol forcing magnitude, we look at spatial patterns in both latitude/longitude
(section 3.2.2) and latitude/depth (section 3.2.3).

3.2.2 Depth-integrated Ocean Heat Content trends

To investigate the spatial distribution of OHC trends in the SMURPHS ensemble,
we calculate trends in full-depth integrated OHC using linear regression as in section 3.2.1
at every latitude and longitude point for the 30 year periods 1960-1990 (figure 4a) and
1980-2010 (figure 4b). Globally, the simulations show relatively low OHC trends in 1960-
1990, and relatively high OHC trends in 1980-2010 (as in figure 3). Figure 4 shows the
global ensemble mean trends, regional plots of the trends in the North Atlantic and South-
ern Ocean for each ensemble member can be found in figures S1 and S2.

The dipole of OHC trends in the North Pacific and broad North Atlantic warm-
ing in 1980-2011 is consistent with observations of trends in 0-300m OHC in from ocean
state estimates (Meyssignac et al., 2019). The strong OHC trends in the Southern Ocean
is consistent with observations of strong abyssal warming at 2000m+ in the Southern
Ocean (Desbruyeres et al., 2016; Purkey & Johnson, 2010).

The 1.0 and 1.5 factor simulations show significant regions of negative OHC trends,
covering large areas in 1960-1990, then mostly confined to the tropical Pacific in 1980-
2010, indicating that heat is being lost and/or redistributed from these regions and time
periods.

Overall, the spatial patterns of OHC trends can be seen to depend on time period,
AA forcing factor, and on ensemble member (ensemble member standard deviation is
shown by the grey contours in figure 4). The sub-polar North Atlantic, in particular, shows
extremely large variability between ensemble members, with variability peaking around
the path of the Gulf Stream. During 1960-1991, different ensemble members with the
same forcing factor show opposite-signed patterns of OHC trends (Figure S1). In 1980-
2011 the pattern is slightly less variable, with broad warming and a cold hole, which ap-
pears most often south of Iceland, but there are still large variations in the pattern size
and location.
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a) Ensemble Mean Ocean Heat Uptake, 1960-1991
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Figure 4. Spatial patterns of depth-integrated OHC trends vary by ensemble member, by
AA forcing factor, and time period. Colours indicate the ensemble mean depth-integrated OHC
for each forcing factor for (a) 1960-1991 and (b) 1980-2011. Grey contours indicate the ensemble
standard deviation, at 0.1, 0.2 and 0.3 J/year.
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Figure 5. Patterns of zonally-integrated OHC vary by ensemble member, by AA forcing fac-
tor, and time period: Colours indicate the ensemble mean zonally-integrated OHC trends for
each forcing factor for (a) 1960-1991 and (b) 1980-2011. Grey contours indicate the ensemble
standard deviations at 2, 3.5, and 5 J/m?/year (a) and 2, 4, and 6 J/m?/year (b). Note that

depth intervals are not constant, and colour axis limits in b) are twice those in a).

3.2.3 Zonally integrated Ocean Heat Content trends

Looking at how OHC trends vary with latitude and depth (figure 5), we see up-
per 200m warming dominates, especially in 1980-2011. Warming extends deeper in the
Southern Ocean and in the Northern mid-latitudes for 1980-2011. Surface cooling is present
in the 1.5 forcing scenario in places during 1960-1991, but is confined to 200m+ in all
other scenarios and in 1980-2011. Figure 5 shows ensemble mean trends, figures S3-S6
show the trends by ensemble member for each basin.

The near-surface warming is stronger in the Northern Hemisphere for all forcings
and both time periods. This asymmetric warming is also seen in observations (Zanna
et al., 2019) and other models (Collier et al., 2013; Cai et al., 2006). This is due to the
asymmetric forcing of AA, which is stronger in the Northern Hemisphere, cooling the
surface more and inducing an increased transport of heat northward across the equator.

The pattern of OHC trends in the upper 700m are dominated by the contributions
from the Pacific and Atlantic (see figures 1g,h, S3, S4), and are characterised by near-
surface warming, and subsurface cooling in tropics, either north or south of the equa-
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Ocean Heat Uptake regression on AA forcing
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Figure 6. Ocean heat content trends are linearly sensitive to AA forcing magnitude in the
tropics and east-basin sub-tropics: Colours indicate the regression of a) 1960-1991 or b) 1980-
2011 OHC trends on 2014 AA ERF magnitude for all 25 ensemble members. Stippling indicates

where the trend is statistically significant using the student T-test.

tor depending on time period. The strength of these warming and cooling signals is de-
pendent on AA forcing magnitude.

At mid-depths (700-2000m) the Southern Ocean and Atlantic dominate, but there
is considerable ensemble member variability in the 1960-1991 period (see figure 1q,s). Dif-
ferent ensemble members show opposite-signed zonally-integrated OHC trends in the same
time periods (see figures S3,56), as do patterns of depth-integrated OHC trends (see sec-
tion 3.2.2).

3.3 Sensitivity of OHC trends to Anthropogenic Aerosol Forcing Fac-
tor

3.3.1 Depth-integrated OHC trend sensitivity to Aerosol Forcing Fac-
tor

In order to more robustly assess the impact of changing AA forcing factor on the
OHC trends calculated in section 3.2.2, we regress the depth-integrated OHC trends for
all 25 ensemble members against the AA effective radiative forcing magnitude for each
experiment (table 1) at each latitude-longitude point. Figure 6 shows (in colour) the slopes
of this regression for 1960-1990 and 1980-2010, with stippling showing where the regres-
sion is significant according to the student T-test.

In other words, the impact of increased aerosol forcing magnitude on OHC trends
across all ensemble members is shown, independent of other forcings (which are iden-
tical across all experiments). As it is a linear regression, this will not reflect non-linear
effects. Such effects might include processes or regions that are in some way saturated
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with respect to OHC, such that increasing the radiative forcing beyond a certain mag-
nitude does not result in an increase in OHC trends, but decreasing radiative forcing re-
sults in a decrease in OHC trends, or the converse. Additionally, regions where the vari-
ability in OHC trends is large compared to the dependence on anthropogenic aerosol forc-
ing magnitude within the bounds tested in these simulations will fail the significance test.

There is broad negative linear sensitivity of OHC trends to aerosol forcing mag-
nitude across much of the tropics and sub-tropics, indicating increasing the forcing mag-
nitude results in a reduction in OHC trends in these regions, with a magnitude of 2-5x10~°
[J year=!]/W in both time periods, with peaks in dependence at high latitudes. There
are a few patches of positive linear sensitivity, notably in the sub-polar (1960-1991) or
polar (1980-2011) North Atlantic, and close to Antarctica.

The sub-polar North Atlantic and Southern Ocean show regression patterns that
differ between the two time periods, and both show large regions without statistical sig-
nificance, likely because these regions have strong internal variability (figure 4). The strongest
dependence on forcing magnitude is found in a dipole pattern centred over Iceland, which
does show statistical significance and is of opposite signs in the two different time pe-
riods. The depth-dependence of the regression of OHC trends on aerosol forcing mag-
nitude is discussed in section 3.3.2, and possible links with the overturning circulation
are discussed in section 4.

The North Pacific is another region where the regression differs between 1960-1991
and 1980-2011. Similarly to the North Atlantic and Southern Oceans, the North Pacific
is an OHC trend hotspot and a region of strong internal variability in 1980-2011 (figure 4b),
and not linearly dependent on AA forcing magnitude by our test (figure 6b). Overall,
the patterns of OHC trend regression on forcing magnitude in the North Pacific are very
similar to the patterns of surface air temperatures (SAT) regressions from 1951-1980 and
1981-2012 (see Dittus et al. (2022) their figure 8).

The SAT regression in 1981-2012 resembles a negative Pacific Decadal Oscillation,
and this link is investigated in Dittus et al. (2022) in both the SMURPHS ensemble and
other CMIP6 GCMs. They conclude that AA can induce an increase in North Pacific
sea-level pressure (SLP) which promotes a negative PDO in this time period. This in-
troduces a relative cooling in the North Pacific surface air temperature in the same re-
gions where we find significant OHC trend regression on forcing magnitude. They also
note a high level of internal variability in the North Pacific SLPs in the SMURPHS en-
semble and other GCMs, consistent with the high OHC trend variability in this region
that we find in the SMURPHS ensemble.

Overall Pacific SATs in the SMURPHS ensemble warm in 1981-2012 in all but a
few patches, due to stronger GHG forcing than AA forcing in this time period (see Dittus
et al. (2022) figure 4) which is reflected in the warming of the upper 200m of the ocean
in the same time period (figure 1). However, both the 1.0 and 1.5 scaling ensembles shows
overall negative OHC trends for large parts of the Pacific (figure 4b), which is due to neg-
ative OHC trends in mid-depths (figures 1m,r, S3). The depth-dependence of the OHC
trends regression on aerosol forcing magnitude is addressed in the next section.

3.3.2 Zonally-integrated OHC trend sensitivity to Aerosol Forcing Fac-
tor

Regressing the zonally-integrated OHC trends against the 2014 AA ERF, as in sec-
tion 3.3.1, indicates how the impacts of aerosol forcing strength vary with depth, figures 7a-
d. The regressions are generally negative outside of the polar regions and above ~1500m
for both 1960-1991 and 1980-2011. However, the strength of the regression varies with
depth, time period, and basin. As before, where there is no stippling (indicating statis-
tical significance of the linear regression), then either internal variability is dominant,
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Figure 7. The sensitivity of Ocean Heat Content trends to aerosol forcing magnitude varies
with basin, depth, and time period: Colours indicate the regression of a) 1960-1991 or b) 1980-
2011 zonally-integrated OHC trends on 2014 AA ERF magnitude for all 25 ensemble members.
Stippling indicates where the trend is statistically significant using the student T-test. Note that
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there is non-linear dependence on aerosol forcing magnitude, or another forcing term is
dominant.

The Pacific (figure 7b) shows the strongest magnitude dependence on aerosol forc-
ing magnitude above ~500m, and dominates the overall global pattern (not shown) at
these depths. There are strong subsurface patches of negative sensitivity in the tropics
either to the south (1960-1991) or north (1980-2011) of the equator. There are also sub-
surface patches where the regression is positive but not significant in both time periods.
The latitudes of these patches coincide with the latitudes of non-significant patches in
depth-integrated Pacific OHC trends (see figure 6).

The high-latitude Atlantic and Southern Oceans (figures 7a and c respectively) show
stronger dependence on aerosol forcing magnitude at depths of ~1000m+ than in other
basins. Both regions show a dipole structure at depth, where negative sensitivity switches
to positive sensitivity below ~1500m, indicating increased aerosol forcing magnitude is
resulting at deep warming.

The dipole of positive and negative sensitivities centred on Iceland seen in the depth-
integrated OHC regression (figure 6c¢,d) can be seen to extend to depth in the zonally-
integrated OHC trend regressions (figure 7a,b). There is no significance in the zonally-
integrated regression in the positive patch at ~50N in 1960-1991, whereas there is in
the depth-integrated OHU regression, likely because this patch of significance is limited
to the east of the sub-polar North Atlantic.

Similarly to the Atlantic, in the Southern Ocean, increased aerosol forcing coun-
teracts the effects of GHG, leading to less heat convergence at 40S, an effect that is most
pronounced in 1960-1991 (figure 7e,f). There increased loss of Antarctic sea ice extent
in the model in 1981-2011 in both summer and winter (see figure S8), which is slowed
by increased aerosol forcing when considering the ensemble means, although there is large
internal variability. Increased sea ice cover leads to relative cooling at the surface close
to the continent and warming at depth as the production of dense water is slowed (fig-
ure 7f).

4 Discussion
4.1 Large-scale changes
4.1.1 Multi-decadal variability

We find that aerosol forcing magnitude is responsible for changes in multi-decadal
global ocean heat content linear trends at global and basin-wide scales (R? > 0.92), but
that interannual to multi-decadal variability is relatively insensitive to forcing magni-
tude.

The reason we do not see changes in multi-decadal non-linear variability in our en-
semble may be because the overall ERF time series (including all forcings) does not show
a lot of multi-decadal variability, instead showing large interannual variability and long-
term linear trends. It also may be that the impacts of multi-decadal variability are con-
fined to near the surface, and don’t impact on depth-integrated OHC. This would be con-
sistent with the results of Qin et al. (2020) who find multi-decadal variations of volcanic
aerosols and AA are responsible for multi-decadal variations in SSTs in all three major
ocean basins, using models and observations.

4.1.2 Comparison with observations

Trends in 0-700m ocean heat content are most consistent with observations for the
0.4-1.0 scaling experiments, consistent with Dittus et al. (2020), who find the 0.4 and

—17—



458

459

460

461

463

464

466

467

468

469

470

471

472

474

475

476

477

479

480

481

482

484

485

486

487

488

489

490

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

0.7 scaling experiments most consistent with GMST observations. Trends in 0-2000m
ocean heat content are most consistent with observations for the 0.2-0.7 experiments.
This inconsistency between the different depth ranges is likely due to a combination of
factors. First, discrepancies in the model’s representation of reality, both in terms of im-
pacts of anthropogenic aerosols on OHU and circulation changes. Secondly, as discussed
in section 3.2.1, uncertainties in observations of OHC are not fully quantified and so it
may be that the true uncertainty in observations spans the same forcing factors.

4.2 Regional Changes

Regional changes in OHC due to changes in aerosol forcing are due to a combina-
tion of changes in ocean heat uptake and ocean transport. Increased aerosols in the at-
mosphere decreases shortwave radiation which leads to a relative cooling at the surface
of the ocean which can then be transported into the interior. Indeed we find over large
parts of the ocean, particularly the tropics and sub-tropics, that the impact of increased
aerosol forcing magnitude is a fairly uniform linear cooling of depth-integrated ocean heat
content (figure 6).

Changes in ocean heat transport can be caused by direct changes in radiative forc-
ing and subsequent changes in winds and fresh water forcings. Even if anthropogenic aerosols
were spatially uniformly distributed, the impact of changes would not be spatially uni-
form due to the impacts of ocean circulation. The impact of ocean circulation changes
can be seen most clearly in the polar regions, where the vertical limbs of the global merid-
ional overturning circulation are located. Zanna et al. (2019) demonstrate that up to 50%
of the increase in ocean heat stored in the mid-latitude Atlantic is due to transport changes.
The impacts of increased aerosol forcing magnitude on depth-integrated OHC in these
regions contains regions of warming, and are stronger than in other regions (especially
in the Atlantic), and highly variable (figure 6), all likely due the additional impacts of
heat convergence/divergence. The increased vertical transport in these regions leads to
a stronger impact of aerosol forcing changes at depths (figure 7).

Thus, while we expect the impact of aerosols on ocean heat content to be non-uniform
spatially, we might expect that the impact is similar at different times. In fact, we find
that the regional impacts can vary significantly with time period. We focus in this pa-
per on two 30-year periods near the end of the historical simulation (1960-1991, 1980-
2011), both because they are the time periods with most observations and because the
model behaviour is different in both periods - 1980-2011 sees a strong acceleration of global
warming with subsequent impacts on cryosphere (Dittus et al., 2020; Andrews et al., 2020),
shows a reversal in the trend in Atlantic Multidecadal Variability (AMV) (see Andrews
et al. (2020) and figure S7), an increase in the trend of equivalent radiative forcing from
all sources (Dittus et al., 2020), although there are significant regional variations (Dittus
et al., 2022) and the overall AA forcing is stable in this period. Indeed, Andrews et al.
(2020) link the change in AMV (and AMOC) trend sign in the standard historical forc-
ing simulation (our 1.0 forcing case) with regional variations in aerosol forcing. We now
discuss the differences between the two forcing periods and how they compare with lit-
erature for the three basins that show the largest trends in OHC and largest sensitiv-
ities to AA ERF magnitude: the Atlantic, Pacific and Southern Oceans.

4.2.1 Atlantic

The deep warming at 2000m+ response to increased AA ERF scaling in both time
periods (figures 6a,b) is indicative of the vertical limbs of the meridional overturning cir-
culation at the poles bringing the impacts of changing aerosols deeper. This is confirmed
by the aerosol dependence of the AMOC strength, see figure S7, showing stronger aerosol-
induced cooling strengthens the AMOC and relatively warms the depths. This is con-
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sistent with the results of Collier et al. (2013); Cai et al. (2006), who similarly find a strength-

ening AMOC in response to aerosol forcing in other GCMs.

Whilst we find a link between increased AA forcing factor and AMOC strength in
both time periods, there appears to be a different link between AA forcing factor and
AMOC trends - for forcing factors 0.2-1.0, we see an increase in AMOC trend with in-
creasing AA forcing factor in 1960-1991 (although this doesn’t hold for the 1.5 forcing
case, see figure S7). In 1980-2011, the opposite relationship is found - increasing the AA
forcing factor leads to a decreasing AMOC trend i.e. an increasingly negative trend (R? =
0.22). So the effect of increasing AA forcing strength seems to be state dependent and
highly variable. We hypothesise there is an AA-driven increase in the AMOC in the pe-
riod 1960-1991, on a background of aerosol increasing. Then, in 1980-2011, there is a GHG-
driven decline, with the strength of decline being modulated by aerosol in the experi-
ments.

During the period 1960-1981, the pattern of depth-integrated OHC sensitivity to
aerosol forcing magnitude (figure 6a) strongly resembles the pattern of depth-integrated
temperature trend response to aerosols in historical low-resolution gcm simulations up
to the year 2000 in Cai et al. (2006) (their figure 4), with strong warming south of Green-
land and cooling in the south Atlantic. They attribute this to an increase in the AMOC
in response to aerosol forcing, which we also find (figure S7). Collier et al. (2013) look
at projected Atlantic changes out to 2100 in a gcm, and find a similar pattern of increased
SSTs south of Greenland due to a strengthened AMOC.

During the period 1980-2011, we still see relatively strong cooling in the south At-
lantic in response to increased AA forcing magnitude, but we no longer see warming south
of Greenland (figure 6b). Instead, the regression in this region resembles the pattern of
OHC trends in the simulations (figure 4), with a ‘warming hole’ south of Greenland, linked
in Liu et al. (2020) to a slowing of the AMOC, consistent with the dependence of AMOC
trend on AA forcing magnitude (figure S7). We still see an increase in warming at depth
in the north Atlantic (figure 7b) but the upper ocean heat content response to increased
aerosols appears to be under the influence of multiple interacting and possible compet-
ing processes - a strengthened but decreasing AMOC, a strong slowing in the loss of Arc-
tic sea ice (Dittus et al., 2020), and changes in NH aerosol composition with North Amer-
ican and European emissions dropping against a background of increasing Asian emis-
sions (Dittus et al., 2022).

4.2.2 Pacific

In the Pacific, Cai et al. (2006) find the inclusion of aerosols in historic gem sim-
ulations induce a cross-equatorial overturning circulation, with northward transport at
the surface and southward transport down to circa 800m depth, inducing warming north
of the equator and cooling south of it. This is resembles the pattern of OHC sensitiv-
ity to aerosol forcing magnitude in 1960-1981, both depth-integrated (figure 6a) and zon-
ally integrated (figure 7c). In 1980-2011 the Pacific regression pattern is instead dom-
inated by a PDO-like signal, linked by Dittus et al. (2022) to a surface pressure response
to increased aerosol forcing, possibly triggered by a Rossby wave response to increased
Asian aerosol emissions since the 1980s.

4.2.3 Southern Ocean

The warming at depth to the north of the Southern Ocean in both time periods
in response to increased AA ERF magnitude is likely linked to the slowing of the global
meridional overturning circulation, as indicated by the changes in the AMOC discussed
above.
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In the Southern Ocean in 1960-1991 (figure 7e), we see a strong cooling pattern that
is the opposite of the GHG-induced trends in Southern ocean heat storage (Liu et al.,
2018) - strong surface cooling north of 558 and a concentration of strong cooling at 40S-
45S in the upper 1000m due to weakening of the overturning circulation. This is con-
sistent with a negative SAM-like pattern in the regression of SLP against aerosol forc-
ing found in this time period in Dittus et al. (2022) (although not statistically signifi-
cant), implying decreasing zonal winds. However, Steptoe et al. (2016) find a similar neg-
ative response in the SAM to AA changes in CMIP5 models is not robust and model-
dependent.

In 1980-2011, we instead see a concentration of surface cooling at 60N, and less rel-
ative cooling in the interior. This could be due to the contribution of warming at these
latitudes in the Indian sector (figure 6b). This may also be influenced by the positive
SAM-like response to aerosol forcing in this time period (Dittus et al., 2022), which acts
to increase the wind-induced overturning circulation, strengthening the GHG induced
effects and relatively warming the interior, although there is still a cooling effect of aerosol
forcing overall. Additionally, there is an increased dependence of Antarctic sea ice ex-
tent on aerosol forcing magnitude in 1980-2011 compared to 1960-1991 (figure S8), lead-
ing to statistically significant effects close to the continent due so slowed sea ice loss (sur-
face cooling and warming at depth).

5 Summary

Using a unique ensemble of 25 simulations of the historical climate with five dif-
ferent anthropogenic aerosol forcing time series, we have been able to determine the in-
fluence of aerosol forcing magnitude on ocean heat content in a CMIP6-era gcm. We find
that the 20" century global ocean heat uptake sensitivity to anthropogenic aerosol forc-
ing magnitude is -40.540.7 x10?2 (J century~!)/(W m~2) for the HadGEM3-GC3.1-LL
model. Centennial changes in the OHC of the major ocean basins and globally integrated
depth ranges above 2000m also show significant linear dependence on AA forcing mag-
nitude (R? >0.94), indicating that the impact of non-linear effects and feedbacks from
other forcings are negligible. We find that aerosol forcing magnitude is responsible for
changes in multi-decadal global ocean heat content linear trends at global and basin-wide
scales (R? > 0.92), but that interannual to multi-decadal variability is relatively insen-
sitive to forcing magnitude.

Trends in 0-700m ocean heat content are most consistent with observations for the
0.4-1.0 scaling experiments, consistent with Dittus et al. (2020), who find the 0.4 and
0.7 scaling experiments most consistent with GMST observations. Trends in 0-2000m
ocean heat content are most consistent with observations for the 0.2-0.7 experiments.

We find significant the responses to increased anthropogenic aerosol strength is sig-
nificantly dependent on region and time period. In general, the strongest responses are
found in the regions where there are the strongest trends in OHC, specifically the North
Atlantic, Southern, and upper Pacific Oceans. The responses in these regions are sum-
marised in figure 8.

The difference in aerosol sensitivity in the different time periods implies a strong
state dependence of the aerosol impacts on OHU, such that the impact of aerosols forc-
ing changes on OHU is different depending on a combination of some or all of: the ocean,
atmosphere, and cryosphere state; the magnitude and distributions of other forcings (GHGs,
volcanic, natural aerosols); the magnitude of the aerosol forcing itself (the ERF is gen-
erally higher and increasing for all forcing factor experiments in 1980-2011 compared with
1960-1991, see Dittus et al. (2020) figure 1b).

Our results give, for the first time, a well-constrained estimate of the dependence
of historic global ocean heat uptake on aerosol forcing magnitude. Our results suggest
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Figure 8. Schematic outlining the impacts of increasing anthropogenic aerosol forcing magni-

tude on historic ocean heat content in a CMIP6-era global climate model.

that ocean heat content could potentially be used to constrain the estimate of the true
aerosol forcing magnitude, but that accurate and sustained measurements would be re-
quired.

We find show that there is significant regional and decadal variability in the sen-
sitivity of ocean heat content to aerosol forcing magnitude in regions of high ocean heat
uptake. The strong state dependence means that careful process based studies are re-
quired to disentangle the various mechanisms at play that determine the overall regional
impact of aerosol forcing in different time periods.

6 Appendix
Appendix A Drivers of Changes in Ocean Heat Content

Ocean heat uptake (OHU) is defined as the globally integrated ocean temperature
trend, i.e. the trend in global OHC. In a climate at equilibrium, time-integrated OHU
would tend to zero. A non-zero time-integrated OHU is therefore due, at first order, to
changes in the major climate forcings - green-house gases (GHGs), anthropogenic aerosols
(AA), volcanic and other natural aerosols (NA) - as well as internal variability (IV) and
feedbacks proportional to atmospheric temperatures T:

OHU = f(AGHG) + g(AAA) + h(ANA) + IV — AT, (A1)

where f, g, h are functions representing the impact of the relevant processes on OHU, and
A the strength of temperature feedbacks. If we hold GHG and NA levels constant (as

in the SMURPHS ensemble), and look at sufficiently long timescales, then we can es-
timate the linear sensitivity of OHU to AA:

AOHU  A(Global OHC)
AAA AAA

neglecting higher order terms, where averaging over ensemble members removes the im-
pact of internal variability.

~ ¢’ + feedback effects, (A2)
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However, if we look at trends of OHC over a sub-domain, for example a single basin
or depth range, or integrated in one or two spatial dimensions only, then the trend in
OHC (sometimes termed ocean heat storage, OHS) has contributions from both OHU
and the convergence or divergence of ocean heat transport:

0
aOHC = OHU — V.OHT, (A3)
Thus, changes in the OHC of sub-domains are not solely determined by climate forcings
and their feedbacks, but also depend on ocean circulation changes in response to AA.
Again, if looking at sufficiently long timescales and neglecting higher order terms,:

AOHU _, @
AAA 9T DAA

where g, represents the regional impact of AA on OHU.

(V.OHT) + feedback effects (A4)
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Figure S1. Example of Pre-Industrial Control drift in OHC: Global OHC anomalies from the
Pre-Industrial Control Run, scaled by volume as outlined in main text (grey line), linear fit used
to de-drift (black line), and locations of initialisations for each ensemble member of the historical

simulations (blue crosses). De-drifting involved removing the 500-yr linear trend (black line) and

accounting for the separation of the initialisations (different crosses).
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a) Ocean Heat Content trends, 1960-1991
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Figure S2. Colours indicate the North Atlantic depth-integrated OHC trends by ensemble

member (column) and by AA forcing factor (row) as labelled, for (a) 1960-1991 and (b) 1980-2011.
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Figure S3. As in figure S1, but for the Southern Ocean
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a) Atlantic Ocean Heat Content trends, 1960-1991
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b) Atlantic Ocean Heat Content trends, 1980-2011
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Figure S4. Colours indicate the zonally-integrated Atlantic OHC trends for each ensemble
member (column) and each forcing factor (row) for (a) 1960-1991 and (b) 1980-2011. Note that
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Figure S5. As in figure S3, except for the Pacific Ocean.
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a) Indian Ocean Heat Content trends, 1960-1991
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Figure S6. As in figure S3, except for the Indian Ocean.
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Ensemble mean AMOC at 45N relative to 1850-1900 mean
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Figure S8. Panels a-e show the AMOC at 45N relative to the 1850-1900 mean, for each
forcing factor as labeled. Thin lines are individual ensemble members and thicker lines are
ensemble means. Straight thick lines indicate ensemble-mean linear trends over 1960-1991 and
1980-2011. Linear trends for all ensemble members are shown in panels f and g, plotted against

AA ERF. R? and p are shown for the linear correlation of the trends against ERF magnitude.
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Figure S9. March and September Southern Hemisphere sea ice extent for each forcing factor

as labelled. Thin lines are individual ensemble members and thicker lines are ensemble means.
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