
1. Introduction
The atmosphere above the Southern Ocean has often been described as a pristine environment for studying aero-
sols due to its remote location, meaning that anthropogenic influences are minor (Hamilton et al., 2014; McCoy 
et al., 2020). Aerosols over the Southern Ocean derive from natural sources: sea spray aerosol (SSA) is injected 
into the atmosphere via the breaking of waves and air bubbles bursting, forming the main source of primary 
aerosol. Secondary aerosols such as sulfate aerosol originate from dimethyl sulfide (DMS) oxidation, with the 
DMS originating from biological activity in the surface ocean. SSA and sulfate aerosols are important in several 
ways, for example, they are the dominant contributors to cloud condensation nuclei over the Southern Ocean 
(Humphries et al., 2021). Aerosol loading over the Southern Ocean maximizes annually during summertime, 
which can be attributed to enhanced sulfate aerosol production linked to variations in DMS production. The rate 
of DMS production is linked to marine biology, which is in turn influenced by seasonal changes in ultraviolet 
(UV) light (e.g., Fossum et al., 2018; Korhonen et al., 2008; Vallina et al., 2006).

Over the past few decades, stratospheric ozone depletion has resulted in numerous changes in Southern Hemi-
sphere spring and summer surface climate (e.g., Arrigo, 1994; Farman et al., 1985; Gonzalez et al., 2014; Son 
et al., 2018; Thompson et al., 2011). In particular, fluxes of UV light at high latitudes have changed in recent 
decades owing to springtime ozone depletion over Antarctica. Enhanced surface UV-B fluxes at southern high 
latitudes have impacted the biosphere, for example, the mortality of krill and other marine species has increased 
(Llabrés et al., 2013; Peng et al., 2017). Furthermore, ozone depletion has cooled the stratosphere, leading to 
an indirect intensification and poleward shift in the tropospheric westerly jet by 15%–20% (Son et al., 2018; 
Swart & Fyfe, 2012; Thompson & Solomon, 2002; Thompson et al., 2011). The greatest changes to tropospheric 

Abstract The Southern Ocean is often identified as a pristine aerosol environment, being distant 
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austral summertime aerosol, leading to increases in aerosol optical depth of up to 24% compared with the pre–
ozone hole era. In contrast to previous studies, direct impacts on aerosol from ozone depletion and enhanced 
ultraviolet fluxes are less obvious. Our results show that the Southern Ocean summertime aerosol environment 
cannot be considered to be representative of pre–ozone hole conditions because stratospheric ozone depletion 
has indirectly increased marine aerosol fluxes.

Plain Language Summary Studies performed in the 2000s suggested that the Antarctic 
ozone hole would lead to increased marine biogeochemical activity, increasing the concentration of 
phytoplankton-produced dimethyl sulfide, and therefore sulfate aerosol. Our analysis shows that this feedback is 
not significant in a range of state-of-the-art Earth System Models. However, because the ozone hole influences 
the summertime near-surface westerly jet, the impact of wind-driven aerosol formation has increased by up 
to 24% over the Southern Ocean since stratospheric ozone depletion began. The Southern Ocean is typically 
considered a pristine environment for aerosols, especially during summer months. Our results imply that, 
far from being pristine, the Southern Ocean has experienced significant human-induced change ever since 
Antarctic ozone depletion began.
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winds are seen in austral summer, when Southern Ocean biological productivity is at its greatest (Gillett & 
Thompson, 2003; Ivy et al., 2016; Orr et al., 2012; Swart et al., 2015; Thompson & Solomon, 2002).

Higher wind speeds result in both a higher sea-to-air flux of DMS (e.g., Bell et al., 2013, 2015; Ho et al., 2006; 
Liss & Merlivat, 1986; Yang et al., 2011), and increased production of SSA (Gong, 2003; Grythe et al., 2014; 
Hartery et al., 2020; Jaeglé et al., 2011; Korhonen et al., 2010; L. E. Revell et al., 2019, 2021). Therefore, changes 
in the westerly jet in response to stratospheric ozone depletion might be expected to increase sulfate aerosol 
burden and SSA. Since measurements of Southern Ocean aerosols and their precursors are spatially and tempo-
rally sparse, we investigate the sensitivity of Southern Ocean marine aerosol abundances to Antarctic ozone 
depletion using Earth system model simulations performed for the sixth Coupled Model Intercomparison Project 
(CMIP6) (Eyring et al., 2016).

We investigate the response of Southern Ocean aerosol loading to direct influences of ozone depletion (related 
to UV-induced changes in ocean biogeochemistry and DMS production; Section 3.1) and indirect influences 
of ozone depletion (via the poleward shift and strengthening of the westerly winds over the Southern Ocean; 
Section 3.2).

2. Methods
2.1. Model Description

We analyzed historical (“hist”) simulations performed for the Sixth Coupled Model Intercomparison Project 
(CMIP6; Eyring et al. (2016)). The nine models used in this paper are outlined in Table 1.

Our seasons of interest are austral spring and summer. Spring is when the greatest depletion of total column ozone 
occurs (e.g., Solomon, 1999), which is the focal point of the direct influence on the atmosphere (Section 3.2). 
Summer is when the greatest perturbations in surface climate arising from the ozone hole are experienced, 
primarily via the strengthening and poleward movement of the westerly jet (e.g., Thompson & Solomon, 2002; 
Thompson et al., 2011) (Section 3.1). The models used for the indirect atmospheric perturbation analysis have 
a median total column ozone bias of ±0.86 DU relative to observations (Keeble et al., 2021), and a westerly jet 
speed bias of +0.34 m s −1 relative to the ERA5 reanalysis (T. Bracegirdle, Holmes, et al., 2020). Improvements 
in Southern Ocean winds from previous CMIP5 models mostly occur during summer and spring, with large 
improvements to the westerly jet index (T. Bracegirdle, Holmes, et al., 2020).

Three of the models (UKESM1, MIROC6 and NorESM2) calculate oceanic DMS online via an ocean biogeo-
chemistry scheme. Ocean biogeochemistry from the UKESM1 and MIROC6 models is calculated via empirical 
parameterizations, whereas NorESM2 uses a prognostic approach. Bock et al. (2021) comprehensively evaluate 
oceanic DMS in these models.

Model (ensembles) Reference U10 SSA AOD550 DMS Oceanic DMS

UKESM1 (8) Tang et al. (2019) ✓ ✓ ✓ ✓ ✓

BCC-ESM1 (3) Wu et al. (2018) ✓ ✓ ✓ ✓

GFDL-CM4 (1) Krasting et al. (2018) ✓ ✓ ✓ ✓

HadGEM3-GC3.1-LL (4) Ridley et al. (2019) ✓ ✓ ✓ ✓

MRI-ESM2-0 (5) Yukimoto et al. (2019) ✓ ✓ ✓ ✓

NorESM2-LM (3) Seland et al. (2019) ✓ ✓ ✓ ✓ ✓

GFDL-ESM4 (1) Krasting et al. (2018) ✓ ✓ ✓ ✓

MPI-ESM-1-2-HAM (3) Neubauer et al. (2019) ✓ ✓ ✓ ✓

MIROC-ES2L (27) Tatebe and Watanabe (2018) ✓ ✓ ✓

Note. U10, sea spray aerosol (SSA) and AOD550 represent wind speeds at 10 m above sea level, sea-spray aerosol and aerosol 
optical depth at 550 nm respectively. Surface level oceanic and atmospheric dimethyl sulfide (DMS) is analyzed here. The 
number in brackets depicts the number of ensemble members used from each respective model.

Table 1 
Sixth Coupled Model Intercomparison Project Models Used in This Study
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For the transfer of oceanic DMS into the atmosphere, all models used in this study have a sea-to-air flux param-
eterization dependent on wind speed (Table S1 in Supporting Information  S1). All parameterizations have a 
similar high wind speed dependency at 10 m above sea level (U10; Liss and Merlivat (1986), Wanninkhof (1992), 
Nightingale et  al.  (2000), Wanninkhof  (2014)). SSA production in all models is dependent on wind speed 
and sometimes sea-surface temperature (Table S2 in Supporting Information  S1; Gong  (2003), Mahowald 
et al. (2006), Jaeglé et al. (2011), Long et al. (2011), Sofiev et al. (2011), Salter et al. (2015)).

Gong (2003) is the most commonly used parameterization (3 models) and represents SSA productions only as a 
function of wind speed. The other six models analyzed in this study (GFDL-CM4, GFDL-ESM4, NorESM2-LM, 
MPI-ESM-1-2-HAM, and MIROC-ES2L) also include a sea-surface temperature dependency. L. E. Revell 
et al. (2021) showed that replacing the Gong (2003) SSA parameterization with the Jaeglé et al. (2011) parame-
terization decreased AOD biases relative to MODIS observations over the Southern Ocean.

To assess wind variability at sub-daily temporal resolution (which is unavailable from the CMIP6 data set) and 
its influence on aerosol production, 3 hourly 10 m wind speeds are analyzed from the ERA5 reanalysis (Hersbach 
et al., 2020). This is discussed in greater detail in Section 3.1.

2.2. Simulations

To assess atmospheric changes in response to ozone depletion, we derived a multi-model median climatology for 
the period prior to the onset of stratospheric ozone depletion (1940–1960), as a baseline. Our present-day period 
is a climatology of 1995–2014 commonly used across the literature (e.g., T. Bracegirdle, Holmes, et al., 2020). 
The calculated atmospheric changes (Δ) are the difference between the present-day (1995–2014) and past 
(1940–1960) climatology.

Atmospheric DMS concentrations from the lowermost model level (20 m above sea level) are analyzed, along 
with near-surface westerly wind speeds at 10 m above sea level. Aerosol optical depth (AOD) is analyzed at 
550 nm, as provided to CMIP6 (Table 1). We examine two potential drivers of changes in aerosol loading result-
ing from stratospheric ozone depletion across summer and spring, discussed in Sections 3.1 and 3.2, respectively. 
Sea ice extent is defined here as grid cells with a concentration ≥15%, which is the traditional definition outlined 
by Cavalieri et al. (1991). Model data within the sea ice extent was removed for our calculations. Statistical signif-
icance was calculated using the Student's t-test at the 95% level of confidence in the present-day period relative 
to the baseline period.

3. Results and Discussion
3.1. Indirect Influences of Stratospheric Ozone Depletion on Aerosol During Austral Summer

Because ozone absorption of UV-B radiation heats the stratosphere, springtime ozone destruction causes the 
stratosphere to cool. The resulting cooling influences the Southern Hemisphere stratospheric westerly jet by 
changing the thermal wind balance, with a lagged shift in the tropospheric jet, meaning that the influence of the 
ozone hole on tropospheric winds is observed in austral summer (Son et al., 2018; Thompson & Solomon, 2002). 
The lower tropospheric westerly jet has a significant influence on Southern Hemisphere climate, with changes 
in the jet strength and position leading to changes in air temperature, precipitation and the location and intensity 
of the storm tracks (Son et al., 2009; Thompson et al., 2011). From the mid-1980s onwards, the westerly jet 
strengthened and shifted poleward. CMIP6 simulations show that near-surface (10 m) westerly winds weakened 
by approximately 0.34  m  s −1 at 40°S, and strengthened by 1.14  m  s −1, representative of this poleward shift 
(Figures 1a, and 2a), consistent with observations (Goyal et al., 2021; T. J. Bracegirdle, Holmes, et al., 2020).

As wind is a key driver of marine aerosol emissions, we assess changes in DMS, SSA and AOD (Figures 1b–1d) 
in regions where winds have changed in the summer. Summertime SSA fluxes (Figures 1c, 2c,) increased by 9.7% 
around 60°S, but decreased by 2.6% at 40°S, coinciding with similarly signed latitudinal changes in wind speed. 
SSA at 60°S increased by up to 29% in places. Overall, SSA fluxes across the entire Southern Ocean (40–60°S) 
increased by approximately 3.2%. We therefore see slight reductions in AOD at lower latitudes (Figures  1d 
and 2d), but enhanced aerosol loading at higher latitudes driven primarily by increased SSA fluxes (Figures 1c 
and 2c).

Similar to SSA, changes in Southern Ocean atmospheric DMS (Figure 1b) can be linked to anomalies in wind 
speed through the late 20th and early 21st century due to the DMS sea-to-air flux and its dependency on wind 
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speed (Table S1 in Supporting Information S1). Between 1940–1960 and 1995–2014, near-surface atmospheric 
DMS increased on average by around 3% (8.7 ppt) at 60°S, and increased by more than 15% (40 ppt) in places 
around the 60°S latitude circle during DJF (Figures 1b, 2b, and 2e). Large decreases in DMS of up to 24% (16 
ppt) are simulated at 40°S. Overall, DMS increased by 0.82% over the Southern Ocean.

Sea spray aerosol is the dominant contributor to aerosol mass over the Southern Ocean due to its emission 
into the larger aerosol modes, the accumulation mode (50–500 nm) and coarse mode (>500 nm) (Korhonen 
et al., 2008; Mulcahy et al., 2020). As a result of this large particle size distribution, SSA dominates the propor-
tions which make up AOD. Summertime AOD over the Southern Ocean increased by 5.6% in the CMIP6 
models, but with averages of +11.3% around 60°S. This latitude where regional changes in wind speeds have 
maximized coincides with the maximum localized AOD increase-up to 23.9%, or 0.026 (dimensionless) at 
550 nm (Figure 1d).

Figure 1. Sixth Coupled Model Intercomparison Project multi-model median (a) change in Southern Ocean near-surface westerly winds in December–February (DJF) 
relative to the 1940–1960 DJF climatology. (b–d) As for (a), but showing atmospheric dimethyl sulfide (DMS), sea spray aerosol (SSA) and Aerosol optical depth 
(AOD), respectively. Hatching indicates where the differences are not statistically significant (95% level of confidence, Student's t-test). Vertical dashed lines at 1963, 
1982 and 1991 represent the volcanic eruptions of Mt. Agung, El Chichón and Pinatubo, respectively.
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Figure 3 presents time series of mean and median zonal wind, AOD, SSA and DMS over the Southern Ocean 
simulated by the CMIP6 models. Although there is inter-model variability, the mean and median trends are 
consistent with what would be expected for the Southern Ocean. Both the mean and median show the variability 
between individual models, with the median giving a representation of CMIP6 without including the outliers. 
Individual models are shown in Figure S1 in Supporting Information S1. The indirect influence of stratospheric 
ozone-induced changes on the westerly winds, and therefore Southern Ocean aerosol loading, have resulted in 
significant spatial changes. Recent observations show that strengthening of the westerly jet has slowed down and 
even paused (Banerjee et al., 2020), leading to the question of whether changes in wind-driven marine aerosol 
fluxes over the high latitude Southern Ocean (∼60°S) have yet to reach their maximum. Given westerly jet projec-
tions in the CMIP6 models (Goyal et al., 2021; T. J. Bracegirdle, Holmes, et al., 2020), under the greenhouse gas 
emissions scenario Shared Socioeconomic Pathway (SSP) 245 (Meinshausen et al., 2020), we would expect to 
see a plateau in aerosol loading throughout the 21st century, given that the influence of ozone recovery counter-
acts the effects of greenhouse gas forcing in this scenario. Under the high emissions scenario SSP585, the west-
erly jet is projected to strengthen and move poleward through the 21st century. We would therefore expect to see 
larger increases in aerosol loading at higher latitudes, further perturbing Southern Ocean climate. Greenhouse gas 
induced warming may therefore lead to even greater wind-driven aerosol increases in the future. To some extent, 
direct aerosol-radiation and aerosol-cloud interactions would offset increases in greenhouse gas radiative forcing 
(L. Revell et al., 2022). Furthermore, very large aerosol loading over the Southern Ocean could cause the  jet to 
weaken and move equatorward (L. E. Revell et al., 2021).

Radiative forcing changes over the Southern Ocean presents similar spatial patterns to the changes shown in 
wind, with an increase of 1.27 W m −2 at 60°S and decreases by 0.64 W m −2 at 40 °S (not shown). Southern Ocean 
cloud-radiation interactions has much more profound influence (around 10 times greater magnitudes of change) 
than the aerosol-radiation interaction on the all-sky radiative forcing. Large shifts in radiation have occurred due 
to the shifts in natural aerosol, coinciding with Carslaw et al. (2013) on the importance for understanding pristine 
environments, like the Southern Ocean.

Figure 2. Sixth Coupled Model Intercomparison Project multi-model median (a) Change in Southern Ocean near-surface westerly winds in December–February in 
1995–2014 relative to the 1940–1960 mean. The black solid line represents the 1995–2014 mean sea ice extent, and hatching shows the 1940–1960 sea ice extent, 
defined as grid cells with a sea ice concentration ≥15%. (b–f) As for (a), but showing (b) absolute changes in near-surface atmospheric dimethyl sulfide (DMS) 
concentrations, (c) absolute changes in near-surface sea spray aerosol (SSA) concentrations, (d) absolute changes in aerosol optical depth at 550 nm, (e) relative changes 
in near-surface atmospheric DMS concentrations, (f) relative changes in near-surface SSA concentrations. Hatching indicates where the differences are not statistically 
significant (95% level of confidence, Student's t-test).
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Figure 3. Temporal evolution over approximately 60°S of December–February (a) near-surface westerly winds, (b) atmospheric dimethyl sulfide (DMS), (c) Sea-salt 
aerosol and (d) aerosol optical depth at 550 nm. The 5 year rolling median and mean values are shown by the solid black and dashed black lines, respectively. Individual 
models are labeled in Figure S1 in Supporting Information S1.

 21698996, 2022, 18, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037199 by M
inistry O

f H
ealth, W

iley O
nline L

ibrary on [09/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

BHATTI ET AL.

10.1029/2022JD037199

7 of 13

Sea ice change in CMIP6 simulations in DJF have had some impacts on aerosol loading. For example, the largest 
area of sea ice change, east of the Antarctic Peninsula, correlates strongly with SSA increases (r 2 = 0.91; Figure 
S2f in Supporting Information S1). However, the limited amount of sea ice in summer means that any changes 
connected to sea ice change in this season are limited.

Biases in CMIP6 models may cause further perturbation on climatic changes within this study. CMIP6 simula-
tions have been extensively validated against measurements (e.g., Eyring et al., 2016; Goyal et al., 2021; Keeble 
et  al.,  2021; Séférian et  al.,  2020; Schuddeboom & McDonald,  2021; T. Bracegirdle, Holmes, et  al.,  2020). 
Although the averaged CMIP6 simulations agree well with total column ozone measurements, large inter-model 
variability is present within the CMIP6 ensemble (Keeble et al., 2021). Biases in total column ozone can propa-
gate to biases in the strength and southward progression of the westerly jet (Lin et al., 2017; L. Revell et al., 2022; 
Son et al., 2018).

Korhonen et al. (2010) identified that increased SSA fluxes, CCN concentrations and cloud radiative forcing due 
to increases in Southern Ocean westerly wind speeds may more than double the negative radiative forcing from 
stratospheric ozone loss and represent an important climate feedback. However, model validation and the sparsity 
of observational measurements in this region meant that Korhonen et al. (2010) had difficulties distinguishing 
between the effects of perturbations from westerly wind shifts and model bias. DMS sea-to-air parameterizations 
pose issues with higher levels of uncertainty when wind speeds exceed 13 m s −1 (Blomquist et al., 2017; Krall 
et al., 2019), particularly using the Liss and Merlivat (1986) parameterization which is used in multiple CMIP6 
models, as this is a key threshold (Equation S1 in Supporting Information S1). Blomquist et al. (2017) shows K 
(transfer velocity) for DMS to have a relatively small uncertainty when U10 ≤ 12–13 m s −1, but can reach as high 
as 30%–40% when U10 is 15 m s −1.

T. Bracegirdle, Holmes, et al., 2020 identified the positioning of the westerly jet at 50.92°S, with a climatolog-
ical wind speed at 12.81 m s −1. The CMIP6 models used in this study have wind speed biases as described by 
T. Bracegirdle, Holmes, et al., 2020, but are generally small. We therefore use ERA5 reanalysis hourly surface 
wind speeds between 1995 and 2014 to derive representative probabilities of speeds above 13 m s −1 over the 
latitudinal bands of interest used in this study because of a lack of relevant CMIP6 data (not shown). In particular, 
the occurrence of wind speeds reaching above 13 m s −1 at 40°S is 2% of the time in ERA5, while at 60°S these 
winds occur 5% of the time. Across the entire Southern Ocean, the frequency of wind speeds ≥13 m s −1 is 6%, 
with the most frequent occurrence around 51°S. For wind speeds ≥15 m s −1 the frequency of occurrence is less 
than 2% of the time for both latitudinal bands. Within CMIP6, BCC-ESM1 produces the largest DMS and AOD 
(Figures S2b and S2d in Supporting Information S1) partly as a response to the high biased wind speeds simu-
lated. BCC-ESM1 is a statistical outlier (≥95th percentile) for DMS and AOD across the CMIP6 data set, contain 
the highest westerly jet speed bias (+2.13 m s −1), simulating a climatological westerly jet of 14.94 m s −1. Higher 
BCC-ESM1 wind speeds therefore occur much more frequently than expected from ERA5. As BCC-ESM1 
incorporates the Liss and Merlivat (1986) sea-to-air parameterization (Table S1 in Supporting Information S1), 
much higher volumes of atmospheric DMS would be produced at these higher wind speeds, corresponding to 
higher uncertainty levels (13–15 m s −1). Therefore we suggest that based on the ERA5 representation of diurnal 
wind patterns and the similarity between the median wind speed of ERA5 and the CMIP6 models used in this 
study that the CMIP6 models, with exception of BCC-ESM1, are likely not strongly impacted by uncertainty in 
aerosol loading associated with very high wind speeds.

3.2. Influences of Ozone Depletion on Aerosols in Austral Spring

3.2.1. Direct Influences on Aerosol

Along with changes in wind speed, oceanic and atmospheric DMS are also affected by changes in incoming solar 
radiation which influences ocean biogeochemistry. Figure 4a shows the springtime depletion of total column 
ozone by approximately 140–158 DU over the Antarctic. Top of the atmosphere all-sky and clear-sky radiative 
forcing increased by 2.8 W m −2 and 2.9 W m −2 respectively, over continental Antarctica and the surrounding 
ocean, which agrees with Chiodo et al. (2017) suggesting less shortwave radiation has been absorbed by ozone. 
As downward shortwave radiation increases within the ozone hole area, we might expect to see decreases in 
oceanic DMS production as suggested by Yool et al. (2013, 2020).

Despite previous studies suggesting that enhanced UV-B fluxes due to ozone depletion would reduce marine 
DMS production (e.g., Arrigo, 1994; Erickson III et al., 2000; Larsen, 2005; Smith et al., 1992; Zepp et al., 2007), 
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models shows small changes in springtime oceanic DMS (Figure 4c). The largest changes in oceanic DMS in the 
Southern Ocean occur around 40°S where values range from +1.83 nM to −1.1 nM (Figure 4c). Large proportions 
of these changes coincide with wind perturbations (Figure 4b). Statistically significant increases of up to 88% in 
the oceanic DMS relative to the 1940–1960 climatology are simulated toward the higher latitudes, just outside the 
sea ice zone, west of the Antarctic Peninsula. However, this cannot be clearly attributed to shortwave radia tion 
change given the approximately zonally symmetric distribution of stratospheric ozone depletion (Figure  4a). 
Over continental Antarctica, model output suggests atmospheric DMS has decreased by 0.5 ppt or 30% relative 
to the 1940–1960 climatology (Figure 4d in Supporting Information S1), with the inter-model variability rang-
ing between −70% (0.26 ppt; NorESM2-LM) and −8% (0.5 ppt; MIROC-ES2L) (Figure S3–S5 in Supporting 
Information S1). A. E. Jones and Wolff (2003) suggest the South Pole troposphere is highly oxidizing due to the 
ozone hole, which may have played a role in the removal of DMS. The uncertainty in aqueous-phase chemical 
reactions for DMS oxidation cascades to uncertainty in the cloud droplet number concentration (CDNC) over 
oceanic regions, such as the Southern Ocean (Veres et al., 2020). Additionally, climate models contain simplistic 
DMS oxidation chemistry schemes hindering the full real-world process of DMS to aerosol formation (Hoffmann 
et al., 2016; L. E. Revell et al., 2019). Future work will focus on introducing comprehensive chemistry schemes. 
The strong increase in atmospheric DMS (Figure 4d) which is bounded by the sea ice zone likely reflects sea 
ice melt, prominent within just UKESM1 (Figure S3 in Supporting Information S1), with the role of sea ice 
discussed in Section 3.2.2.

All the models used for understanding the direct influences of ozone depletion on oceanic DMS disagree on how 
the climatology of the Southern Ocean has changed, consistent with Bock et al. (2021). Using the multi-model 
average gives the best representation of the climatology relative to observations as Bock et al. (2021) finds it 
has the lowest root mean square error and highest pattern correlation when compared with observational meas-
urements. Bock et al.  (2021) noted that NorESM2-LM represents oceanic DMS better than the other models 

Figure 4. (a) Change in total column ozone in SON in 1995–2014 relative to the 1940–1960 climatology. The black solid 
line represents the 1995–2014 mean sea ice extent, and hatching shows the 1940–1960 sea ice extent. (b–d) As for (a), 
but showing (b) changes in near-surface (10 m) westerly winds, (c) relative changes in oceanic dimethyl sulfide (DMS) 
concentrations, (d) relative changes in near-surface (20 m) atmospheric DMS concentrations. Hatching indicates where the 
differences are not statistically significant (95% level of confidence, Student's t-test).
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when compared with observational data, but falls shorts of the multi-model average (Figure S4 in Supporting 
Information S1).

3.2.2. Indirect Influences on Aerosol

The westerly jet and SAM have changed significantly during summer, but smaller changes are also observed 
during spring with the westerly jet shifting poleward (Figure 4b). These changes would be expected to produce 
increases in SSA and atmospheric DMS, as in the summer. SSA increases by 3.1% over the Southern Ocean, 
whereas DMS had negligible change (Figures 4d and 5e), coinciding with the general small increase in wind 
speeds (+0.28 m s −1). G. Jones et al. (2020) previously identified a statistically significant negative relationship 
between oceanic DMS and wind speed with an r 2 value of 0.54. Our analysis displays a weak negative relation-
ship which is not statistically significant (r 2 = 0.1; Figure 4) over the entire Southern Ocean. NorESM2-LM 
simulates a stronger negative correlation with oceanic DMS (r 2 = 0.5), consistent with the findings of G. Jones 
et al. (2020), whereas the other models have little to no correlation (r 2 = 0.02 and 0.033). Each model parame-
terization for oceanic DMS does not directly incorporate wind speed, but does so through other mechanisms (see 
Bock et al. (2021)).

Some areas show changes in DMS, SSA and AOD at 60°S which coincide with sea ice extent changes. A small 
region close to Antarctica, located within the contours in Figure 5, displays the region where we believe melt-
ing sea ice may have driven this increase. CMIP6 models show large areas of sea ice melt ≥10% located at the 
boundary of the sea ice extent (Figure 5a). Where areas of large sea ice melt occur, it is expected that marine 
aerosol fluxes will increase. Figure 5 shows the newly opened seawater promoting biogeochemical (Figure 5d) 

Figure 5. (a) Change in Southern Ocean sea ice extent during SON in 1995–2014 relative to the 1940–1960 climatology. Contours show area of sea ice melt ≥10%. (b) 
As for (a), but showing changes in near-surface (10 m) westerly winds, (c) as for (a), but showing relative changes in aerosol optical depth, (d) As for (a), but showing 
relative changes in atmospheric dimethyl sulfide (DMS), (e) as for (a), but showing relative changes to sea-salt aerosol. (f) Percent change in the 5 year rolling mean of 
sea ice, Aerosol optical depth (AOD), dimethyl sulfide (DMS) and sea spray aerosol (SSA) relative to 1940–1960, averaged within the sea ice melt contours shown in 
(a-e). The r 2 values for AOD, DMS and SSA within the contours of sea ice loss are shown.
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and sea-to-air fluxes of DMS and SSA. From the period of 1950 onwards, the AOD within the melt zone has the 
highest temporal r 2 value (0.67) with the reduced sea ice concentration as a result of increased DMS and SSA 
concentrations in these regions, shown in Figure 5f in Supporting Information S1. Outside the melt zone, but 
remaining within the sea ice zone, AOD and sea ice have a poor temporal correlation (r 2 = 0.18), suggesting an 
enhancement of aerosol at these higher latitudes are a response to simulated sea ice melt, during spring. We note 
that although these changes are present in the CMIP6 historical simulations, they do not occur in observations. 
However, they do show that sea ice concentration changes may be an important driver of future aerosol loading 
change.

Most CMIP6 models have a negative Antarctic sea ice bias particularly during spring and summer with reasons 
for such biases differing for each model (Roach et  al.,  2020). For example, Yool et  al.  (2021) show that the 
UKESM1 sea ice bias maximizes during austral winter and spring, as a partial response to a warm bias in the 
Southern Ocean sea surface temperature (Sellar et al., 2019) which in turn can be related to issues in the simula-
tion of cloud (Hyder et al., 2018). Thus, UKESM1 simulates a large increase in atmospheric DMS (up to 52%) 
where sea ice melt is prominent. Generally the simulated aerosol response to sea ice melt is as expected, with 
previous work in Brean et al. (2021) and Yan et al. (2020) identifying that marine phytoplankton and sea ice melt 
have significant roles in new particle formation and elevate H2SO4 and SSA over the Antarctic. Methane sulfonic 
acid (MSA) is an oxidation product of DMS, which would also be enhanced under these conditions, capable 
of growing existing aerosol particles and therefore impacting CDNC concentrations. MSA is included in five 
models where it is mainly used as an inert sink for sulfur; however only in NorESM2-LM does it directly impact 
aerosol formation.

Aerosol loading over the Southern Ocean (40°S–60°S) during the present-day in SON has increased relative to 
the period before ozone depletion by about 7% on average (Figure 5d). Thus, it appears that the indirect influence 
of ozone depletion on winds are more important in terms of changes in aerosol loading than the direct impact 
of shortwave radiation changes on DMS, and therefore sulfate aerosol. In addition, SSA has increased in greater 
concentration than DMS as a response to the increases to the winds, and as a result of sea ice melt.

4. Conclusions
Global model simulations provide the best and potentially only current way to understand how the behavior of 
aerosols may have changed since pre-industrial times in this region, as relevant observations for the pre-industrial 
period do not exist. Our results compare the present day with the pre-ozone hole era of 1940–1960 and therefore 
does not directly represent the changes which occurred from before 1940. Through the use of CMIP6 model 
output, we have shown that natural aerosol formation and loading have likely changed over the Southern Ocean 
as a result of anthropogenic activity.

We evaluated two pathways by which ozone depletion might influence marine aerosols over the Southern Ocean 
by analyzing historical simulations performed for CMIP6. We define direct impacts from ozone depletion as 
those linked with increased downward shortwave radiation impacting oceanic DMS production. Indirect influ-
ences are associated with perturbations in the surface westerly jet which influence marine aerosol emissions.

The summertime westerly wind strengthened between 1.14 and 1.8  m  s −1 at 60°S, and weakened by up to 
0.34 m s −1 near 40°S. The net influence on AOD over the Southern Ocean is an increase of 5.6% (averaged over 
40–60 S), with a maxima of 23.9% at 60°S, suggesting that aerosol loading changes due to ozone depletion are 
primarily controlled by changes in surface winds. Increased wind speeds over the summertime Southern Ocean 
result in increases of 3.2% in SSA and 0.82% in atmospheric DMS on average. At 60°S, larger increases in SSA 
and DMS are seen, of 9.7% and 3%, respectively. As a consequence of Antarctic ozone depletion and its impact 
on wind-driven marine aerosol fluxes, the Southern Ocean can therefore not be considered to be representative 
of a pristine aerosol environment during summertime, as was suggested by Hamilton et al. (2014). Future studies 
using the Southern Ocean as a proxy for the pre-industrial aerosol environment should therefore account for the 
anthropogenic influence on aerosols during austral summer due to the ozone hole.

The direct influence of the ozone hole enhancing shortwave radiation does not have a discernible impact on 
oceanic DMS in spring, possibly because of the obscuring effect of changes in the tropospheric westerly jet which 
dominate. Oceanic and atmospheric DMS in spring is also strongly influenced by areas of sea ice reduction. 
Future Southern Ocean aerosol will not only be controlled by changes to the westerly jet, but as the Antarctic 
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sea ice melts, much greater volumes of aerosol could be produced (Brean et al., 2021; Yan et al., 2020). Given 
that the Antarctic ozone hole is showing early signs of recovery Solomon et al. (2016), future changes Southern 
Ocean aerosol loading via the westerly jet will also be influenced by ozone recovery and greenhouse gas forcing.

Data Availability Statement
CMIP6 model data used in this study are available from https://esgf-node.llnl.gov/search/cmip6/ for the 
UKESM1, BCC-ESM1, GFDL-CM4 and GFDL-ESM4, HadGEM3-GC3.1-LL, MRI-ESM2-0, NorESM2-LM, 
MPI-ESM-1-2-HAM and MIROC-ES2L. The respective raw data used in this study can be obtained from the 
above url with each model reference found in Table 1 and corresponding doi located below.
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