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Abstract Marine aerosol production is influenced by wind speed, particularly over the Southern
Ocean which is the windiest region on Earth year-round. Using climate model simulations with artificially
enhanced sea spray aerosol (SSA), we show that Southern Ocean wind speeds are sensitive to SSA via
surface cooling resulting from enhanced aerosol concentrations. The near-surface westerly jet weakens,
therefore reducing SSA production. Comparing coupled and atmosphere-only simulations indicates
that SSA partially regulates its own production via a feedback between the atmosphere and ocean. The
decrease in radiative forcing in the coupled model is approximately one-quarter of that simulated by the
atmosphere-only model, and the extent of the feedback also depends on the SSA source function used.
Our results highlight the importance of understanding SSA emissions and their parameterization in
climate models. Including a temperature dependence in SSA parameterizations can play a large role in the
climate feedback, but further investigation is needed.
Plain Language Summary

Atmospheric aerosols can have a cooling influence on Earth's
climate by scattering sunlight and seeding cloud formation. Over oceans, aerosols often contain a high
fraction of sea spray, and their abundance is strongly dependent on wind speed. High wind speeds cause
wave breaking and bubble bursting, which emit sea spray aerosol (SSA). Previously SSA has been shown
to have a cooling influence on surface climate. We show that when we artificially enhance SSA emissions
in a coupled Earth system model that about half of the cooling influence is offset by the ocean response;
more SSA emitted from the ocean leads to surface cooling, and therefore wind speeds weaken and produce
less SSA. This is particularly important over the Southern Ocean which is the windiest region on Earth
year-round. We show that, in a climate model, the strength of the feedback depends on how SSA emission
is represented by the model. Therefore in a warmer, windier climate, simulating SSA accurately will be
critical for understanding natural versus human influences on climate.

1. Introduction
Sea spray aerosol (SSA) is emitted from the world's oceans primarily at high wind speeds when waves break
and bubbles burst. SSA has a cooling influence on climate via scattering of solar radiation—the direct aerosol effect—and via activation to cloud condensation nuclei (CCN) around which cloud droplets can form
(Murphy et al., 1998). Clouds perturbed by aerosols tend to consist of more but smaller droplets and are
optically brighter, therefore they scatter more solar radiation (Twomey, 1977) and may have a longer lifetime (Albrecht, 1989); together these comprise the indirect aerosol effect. Latham and Smith (1990) suggested that enhanced SSA fluxes would exert a negative climate feedback and, in a warmer windier climate,
enhanced SSA concentrations could be “sufficient to compensate for predicted levels of global warming.”
Decades later, our understanding of how marine aerosol emissions and cloud formation will change as the
world's oceans warm is still unclear (Brooks & Thornton, 2018; Quinn & Bates, 2011).
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An important region of SSA production is the Southern Ocean, where wind speeds are high year-round,
especially a region of peak westerly wind speed in the lower troposphere referred to as the midlatitude
near-surface jet, or westerly jet, centered around 52°S (Karpechko & Maycock, 2018). The westerly jet affects Southern Hemisphere climate by influencing surface temperature and the variability of storm tracks
(Thompson & Solomon, 2002; Yin, 2005). Between 1985 and 2018 near-surface (10 m) wind speeds across
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the Southern Ocean increased by 6 cm s−1 year−1 (Young & Ribal, 2019). In part, increasing wind speeds are
due to stratospheric ozone depletion and the associated positive phase of the Southern Annular Mode (Son
et al., 2008; Thompson & Solomon, 2002).
Numerous studies have documented the sensitivity of SSA production to wind speed (Gong, 2003; Grythe
et al., 2014; Hartery et al., 2020; Jaeglé et al., 2011; Monahan et al., 1986). Korhonen et al. (2010) showed
that increasing wind speeds between 50° and 65°S since the early 1980s increased SSA concentrations in the
boundary layer, causing fractional increases in CCN similar in size (22%) as the reduction in CCN seen in
the Northern Hemisphere over the same period resulting from air pollution mitigation. An analysis of SSA
emissions in the Coupled Model Intercomparison Project (CMIP) phase 3 models showed that increases in
the near-surface wind speed of 2% through the 21st century caused coarse-mode SSA to increase by 6%–18%
over the Southern Ocean (Struthers et al., 2013).
Previously, it was postulated that marine phytoplankton could regulate climate via a feedback involving
dimethyl sulfide (DMS), activation of DMS-derived sulfate aerosol to CCN and cascading effects on cloud
albedo and sea surface temperature (SST)—the CLAW hypothesis (Charlson et al., 1987). However, the coupling between marine biogenic activity and CCN is not fully understood (Green & Hatton, 2014; Quinn &
Bates, 2011). Here, we explore a proposed feedback involving SSA: Enhanced SSA fluxes (e.g., from marine
cloud brightening strategies [Alterskjær et al., 2013; Kravitz et al., 2013]) could increase CCN and cloud
albedo via the direct and indirect aerosol effects, similar to the CLAW hypothesis. Instead of considering
the effects of changes in cloud albedo and SST on marine phytoplankton, we hypothesize that a SSA-induced decrease in incoming solar radiation (via the direct and indirect aerosol effects) would decrease SST.
Since wind speeds over the Southern Ocean respond to changes in the meridional temperature gradient, a
decrease in SST would reduce wind speeds and affect the position of the westerly jet. As a result, SSA fluxes
at the latitude of the westerly jet would be suppressed, forming a negative feedback between the ocean and
atmosphere.

2. Computational Methods
Simulations were performed with a coupled model, the United Kingdom Earth System Model UKESM1
(Sellar et al., 2019), and an atmosphere-only model, the Hadley Centre Global Environmental Model HadGEM3-GA7.1 (Mulcahy et al., 2018; Walters et al., 2019). Both models have N96 horizontal resolution, corresponding to grid cells of 1.875° × 1.25° and 85 levels in the atmosphere between the surface and 85 km.
The HadGEM3-GA7.1 configuration used here differs from the standard configuration in several ways as
documented by Revell et al. (2019), and Southern Ocean aerosols in this configuration were evaluated in the
same study. Essentially, the configuration is very similar to UKESM1's atmosphere model except that seasalt
density is increased in UKESM1 compared with HadGEM3-GA7.1 which leads to higher SSA emissions
in UKESM1 (Mulcahy et al., 2020). To account for this difference, we compare relative changes in pairs of
simulations rather than absolute differences between the atmosphere-only and coupled models.
In both models, aerosol evolution, growth and deposition are handled with the Global Model of Aerosol
Processes (GLOMAP-mode, Mann et al., 2010; Mulcahy et al., 2020). Sources of marine aerosol include
SSA, DMS, and primary marine organic aerosol (PMOA). SSA emissions are calculated online via a windspeed-dependent parameterization (Gong, 2003), hereafter G03 (Equation 1):
 B2
dF
3.41  A
(1)
r (1  0.057r 3.45 )  101.607 e
 1.373u10
dr

The exponential terms A and B are defined by Equations 2 and 3:
1.44

(2)

A 4.7(1  Θr )0.017r
(0.433  log(r ))
B
(3)
0.433
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Table 1
Model Simulations Performed
Model

SSA scaling

SSA source
function

A1_G03

Atmosphere-only

1

G03

A2_G03

Atmosphere-only

2

G03

A10_G03

Atmosphere-only

10

G03

C1_G03

Coupled

1

G03

C2_G03

Coupled

2

G03

C10_G03

Coupled

10

G03

A1_J11

Atmosphere-only

1

J11

A10_J11

Atmosphere-only

10

J11

C1_J11

Coupled

1

J11

Experiment name

10.1029/2020GL091900

where r is the particle radius at a relative humidity of 80%, Θ is an adjustable parameter that controls the shape of the size distributions (set
to 30 in this model), and u10 is the scalar horizontal wind speed at 10 m
above the surface. SSA is emitted in the accumulation mode (particle radii 50–250 nm) and coarse mode (250–5,000 nm) (Mulcahy et al., 2020).
Aerosol particles are activated into cloud droplets following the scheme
of Abdul-Razzak and Ghan (2000). A complete description of how aerosol-cloud interactions are handled in the model is given by Mulcahy
et al. (2018), Revell et al. (2019) and Mulcahy et al. (2020).
Greenhouse gas concentrations were based on observations. Emissions of
NOx, CO, and volatile organic compounds were prescribed based on the
year 2000 (Lamarque et al., 2010). SSTs and sea ice concentrations were
based on observations in the atmosphere-only model (Rayner et al., 2003)
and were calculated online in the coupled model.

To test the model responses to SSA forcing, simulations were performed
with the SSA flux multiplied by 2 and 10 (Table 1). The annual-mean
Abbreviation: SSA, sea spray aerosol.
increase in cloud droplet number concentration over the Southern Ocean
is 26% when the SSA flux is doubled, and 141% when the SSA flux is
multiplied by 10. In contrast, the “G4cdnc” experiment requested for GEOMIP requires the cloud droplet number concentration to be increased by 50% over the ocean (Kravitz
et al., 2013). Therefore while perturbing the SSA flux by a factor of 10 is unrealistic, it could be considered
as an extreme geoengineering scenario. Since the 2× scaling did not always yield a clear signal from noise
in all variables examined we focus mostly on the 10× SSA simulations. These give a clear depiction of how
the model responds to enhanced SSA, permitting the use of shorter simulations.
C10_J11

Coupled

10

J11

Simulations were started from a spun-up state in 1988 and ran until 1999. Southern Ocean SST decreased
by 1.3 K over the first 7 years of the coupled simulation with perturbed SSA before stabilizing; hence only
the last 3 years of all simulations were analyzed. Results were tested for statistical significance at the 95%
confidence level using a t-test for independent samples. To justify the use of short 3 year simulations, we
also examine the 1,100 year-long piControl UKESM1 simulation performed for CMIP6 (Eyring et al., 2016;
Tang et al., 2019), which is useful for assessing natural variability in climate models (Parsons et al., 2020;
Richter & Tokinaga, 2020). Figures S1 and S2 confirm that the magnitude of the simulated SST and wind
speed response is outside the model's natural variability.
To test the sensitivity of our results to the choice of SSA source function and explore the impact of SST on
SSA production, a set of simulations were performed using the source function of Jaeglé et al. (2011) (hereafter J11), which includes SST as input along with scalar wind speed (Equation 4):
 B2
dF
3.41  A
(4)
r (1  0.057r 3.45 )  101.607e
 (0.3  0.1  SST  0.0076  SST 2  0.00021  SST 3 )1.373u10
dr

Finally, radiative forcing (RF) was calculated as the difference in the top-of-atmosphere outgoing radiative
flux between simulations with 1× and 10× SSA scaling (Equation 5). By convention, a negative ΔRF means
that more radiation is leaving the atmosphere and implies surface cooling.
ΔRF 
(ΔSW  ΔLW )
(5)

3. Results and Discussion
3.1. Coupled Atmosphere-Ocean SSA Feedback
Figure 1 shows changes over the Southern Ocean when the SSA flux is perturbed. We focus on austral winter, June to August (JJA), when the Antarctic ozone hole does not influence the westerly jet (Son et al., 2008)
and aerosol over the Southern Ocean consists primarily of SSA rather than biogenic-derived sources such as
DMS and PMOA (Revell et al., 2019). The greatest increase in SSA is observed south of Australia (Figures 1a
REVELL ET AL.
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Figure 1. (a) Change in the surface SSA mass fraction in JJA in the A1_G03 and A10_G03 simulations (i.e., high minus low SSA). See Table 1 for experiment
definitions. Stippling indicates that the difference is not statistically significant at the 95% level of confidence (independent t-test). (b) As for (a) but showing
AOD. (c) CCN concentrations at 800 m (the approximate cloud base). (d) As for (a) but showing the cloud volume fraction at 800 m. (e) The change in SST
in the coupled model simulations (C10_G03 minus C1_G03). (f–i): As for (a–d) but for coupled model simulations. (j) The change in sea ice area fraction in
the coupled model simulations (C10_G03 minus C1_G03). AOD, aerosol optical depth; CCN, cloud condensation nuclei; JJA, June to August; SSA, sea spray
aerosol.

and 1f) where the change in near-surface wind speed is greatest. A similar change is shown in aerosol optical depth (AOD; Figures 1b and 1g). Aerosol particles ≥50 nm in diameter can be “activated” to CCN around
which water vapor can condense and cloud droplets form. Increases in CCN of up to 192 cm−3 can be seen
in the atmosphere-only model when the SSA flux is scaled up by 10 (Figure 1c), while the coupled model
shows a slightly smaller increase of 140 cm−3 (Figure 1h).
The cloud volume fraction increases by up to 0.10–0.15 over the Southern Ocean (Figures 1d and 1i). In the
atmosphere-only simulation the increase is not statistically significant in most regions, although a clear
increase between 40° and 50°S is seen in the coupled model simulation; likely as a result of cooler SSTs
(Figure 1e). Increased scattering/reflection of incoming solar radiation by SSA leads to surface cooling in
the coupled model of 1.7 K on average between 40° and 60°S (Figure 1e). In comparison, the JJA standard
deviation typically does not exceed 0.5 K in the UKESM1 piControl simulation performed for CMIP6 (Figure S1), indicating that the magnitude of SST change shown in Figure 1e falls outside the model's internal
variability over the Southern Ocean. Furthermore, the global-mean interannual variation in SST is typically
much smaller; on the order of 0.2 K (Kuhlbrodt et al., 2018).
SST and sea ice changes are only shown for the coupled model since SST and sea ice are prescribed in the
atmosphere model. A region of decreased cloud volume fraction is seen at approximately 60°S in the coupled model (Figure 1i), which is spatially correlated with an increase in the sea ice area fraction (Figure 1j).
Antarctic sea ice forms mostly around the coast but is then blown north, leaving open water that freezes
to form new ice (Weeks, 2010). Therefore, cooler SSTs may influence sea ice extent not just by promoting
more freezing, but also by inhibiting melting at the northern extent. Increased sea ice cover implies reduced
exchange of water vapor and heat between the air and ocean (Abe et al., 2016), leading to the reduced cloud
cover shown by the coupled model at 60°S. In polar regions, sublimation of saline blowing snow over sea
ice at high wind speeds may also be an important source of SSA (Huang et al., 2018). Blowing snow is not
implemented in our model so is not represented here, but may lead to enhanced SSA concentrations over
regions of increased sea ice in the real world.

REVELL ET AL.
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Figure 2. (a) The difference in the change in 10 m scalar wind speed in JJA when SSA is perturbed in the atmosphere-only and coupled simulations: (C10_
G03−C1_G03) minus (A10_G03−A1_G03). Stippling indicates that the difference is not statistically significant at the 95% level of confidence (independent
t-test). (b) As for (a), but showing the surface SSA mass fraction. (c) The relative increase in the surface SSA mass fraction in the coupled simulations (C10_
G03−C1_G03) compared with the atmosphere-only simulations (A10_G03−A1_G03). (d) The annual-mean 10 m zonal-mean zonal wind speed. Shading
indicates the 1σ standard deviation either side of the annual mean. JJA, June to August; SSA, sea spray aerosol.

We now compare the response of wind speeds and SSA concentrations to increased SSA forcing in the
coupled and atmosphere-only model. The difference in the near-surface wind speed change in these simulations is shown in Figure 2a. The change in the scalar wind speed is weaker in the coupled model than in the
atmosphere-only model by up to ∼2.5 m s−1 at 50°S. Between 30° and 40°S the change is ∼1.5 m s−1 larger in
the coupled model than in the atmosphere-only model, but it is not always statistically significant at the 95%
level of confidence. Shifts in wind speed patterns affect SSA production as shown in Figure 2b, because the
SSA flux is parameterized in the model only as a function of wind speed (Equation 1). Larger surface SSA
concentrations are simulated between 30° and 40°S when SSA is perturbed in the coupled model compared
with the atmosphere-only model due to the region of maximum wind speed moving equatorward.
The SSA feedback dominates over the Southern Ocean (Figure S3), which is where wind speeds are highest
year-round. Figure 2c indicates the strength of the feedback; on average, between 40° and 60°S, the increase
in SSA in the coupled model is 72% of the increase in SSA in the atmosphere-only model. For the 2× SSA
simulations, the increase in SSA over the Southern Ocean is 80% that simulated by the atmosphere-only
model (not shown).
The westerly jet position and strength in the model is compared with the ERA-Interim reanalysis (Dee
et al., 2011) in Figure 2d. The C1_G03 reference simulation agrees with ERA-Interim within ±1σ in the
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region of maximum westerly wind speed (45°–55°S). Lower SSTs resulting from increased SSA forcing
means that the westerly jet weakens and shifts equatorward in the C2_G03 and C10_G03 simulations.
As mentioned in Section 1, the atmosphere-ocean feedback in SSA discussed here is analogous in some
respects to the CLAW hypothesis (Charlson et al., 1987). The main difference is that we are interested in the
effect of SST on winds and wind-driven aerosol production, rather than the effect of SST and cloud albedo
on marine biogenic activity and the production of DMS precursors. We deliberately focus on the JJA period
as this is when DMS and PMOA concentrations are at their minimum (e.g., Mahajan et al., 2015; Mulcahy
et al., 2020). It is expected that the SSA feedback may interact with emissions of DMS and PMOA and related climate feedbacks, for example through changes in SST and wind speed. We anticipate that the effects
would be additive rather than contradictory, although non-linear interactions between sea spray and sulfate
aerosol may occur (Fossum et al., 2020) and should be investigated in future studies.
3.2. Testing the SSA Feedback With an Alternative SSA Source Function
We have shown that perturbing the SSA flux leads to different results in the coupled and atmosphere-only
simulations because of differences in simulated wind speed (related to the ocean response to atmospheric SSA forcing shown in Figure 1). The SSA source function used in our simulations is that of G03 and
depends only on near-surface wind speed (Equation 1). However, SSA may also be influenced by SST via
changes in the surface tension, density and viscosity of water (Grythe et al., 2014; Hartery et al., 2020; Jaeglé
et al., 2011; Mårtensson et al., 2003; Ovadnevaite et al., 2014). To test the influence of including SST in the
SSA source function, we performed simulations with the J11 source function (Equation 4).
AOD at 550 nm is shown for simulations performed with the G03 and J11 SSA source functions and compared with MODIS data in Figure S4. The model exhibits a wintertime bias in AOD over the Southern
Ocean using the G03 SSA source function. This was also shown by Revell et al. (2019), who attributed the
bias to overproduction of SSA via G03, since SSA is the dominant contributor to AOD over the Southern
Ocean during JJA. Using the J11 source function, which is similar to G03 but with a SST term included
(Equation 4), the wintertime bias is reduced over the Southern Ocean (Figure S4d).
We now examine how the SSA feedback changes when using the J11 SSA source function (Figure 3). With
10× SSA scaling, smaller changes are seen in the J11 coupled model simulations compared with the G03
simulations. There are two ways in which the J11 parameterization leads to a weaker feedback: first, the SSA
flux is smaller in J11 compared with G03 over the Southern Ocean due to the SST dependency (Figure S4),
so the magnitude of SSA forcing in the coupled model simulations is smaller. Second, it is apparent from
Equation 4 that lower SSTs will act to weaken the SSA flux and hence weaken the strength of the atmosphere-ocean feedback.
Our results underline the need to understand the physical mechanisms underlying SSA emission. For example, while Equation 4 indicates that lower SSTs will weaken the SSA flux, Zábori et al. (2012) show that
emission of SSA may increase at lower temperatures. J11 and Grythe et al. (2014) both discuss limitations
in the mechanistic understanding of SST influences on SSA fluxes. Even if including SST in the SSA source
function improves the present-day representation of aerosols, without a robust understanding of the underlying physical justification, climate models could give misleading results.
3.3. Changes in Radiative Forcing
Finally, to understand impact of perturbing SSA on radiative forcing over the Southern Ocean, top-of-atmosphere RF changes are shown in Table 2. The magnitude of outgoing radiation increases in all simulations when the SSA flux is perturbed (corresponding to a negative RF and therefore surface cooling),
due to increased scattering and reflection of incoming solar radiation. From comparing the clear-sky and
cloudy-sky ΔRFs, it can be seen that most of the change in SSA RF comes from the direct aerosol effect,
rather than from indirect aerosol-cloud interactions, as the largest changes are seen in the clear-sky RFs.
This is likely linked to the magnitude of SSA scaling applied in our perturbed simulations, but could also
relate to how SSA is parameterized in the model; if too much SSA is emitted in the coarse mode, then it will
be removed from the atmosphere rapidly and not act as an efficient CCN. The clear-sky ΔRF in the coupled
REVELL ET AL.
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Figure 3. (a) CCN at 800 m versus the surface SSA mass fraction averaged over 40°–60°S for JJA. (b–d) show the same but for AOD, SST and scalar wind speed.
Error bars indicate ±1σ either side of the JJA mean. AOD, aerosol optical depth; CCN, cloud condensation nuclei; JJA, June to August; SSA, sea spray aerosol.

G03 simulations (−1.79 W m−2) is approximately one-quarter of that obtained with the atmosphere-only
G03 simulations (−6.64 W m−2) due to the moderating influence of the ocean on the SSA feedback.
This study focuses on rapid feedbacks between the atmosphere and ocean over a decade in response to SSA
forcing. The long-term response is important too; it was recently shown that the dependence of SSA emissions on temperature can influence a model's equilibrium climate sensitivity (Paulot et al., 2020). Together
with our results, this highlights the importance of parameterizing SSA accurately in climate models.

4. Conclusions
Comparing simulations performed with a coupled Earth System Model and an atmosphere-only model, we
show the existence of a negative feedback in SSA production. Over the Southern Ocean where wind speeds
and rates of wind-driven SSA production are high, enhanced SSA fluxes lead to cooling of the sea surface
via scattering of incoming solar radiation and activation to CCN, which increases cloud cover. RF calculations indicate that the feedback is dominated by the direct aerosol effect. As a result of sea surface cooling,
wind speeds decrease and SSA production is weakened. The increase in SSA concentration simulated by
the coupled model during JJA is 72% that of the atmosphere-only model when the SSA emissions flux is
artificially enhanced. The SSA feedback exists regardless of the SSA parameterization used, but is weaker when SST is included. The feedback in
Table 2
SSA production offsets approximately 20%–25% of the decrease in globChange in JJA Radiative Forcing Over the Southern Ocean, ΔRF (W m−2)
al-annual-mean RF when SSA forcing is enhanced.
Comparison

Clear-sky

Cloudy-sky

A10_G03−A1_G03

−6.64

−2.54

C10_G03−C1_G03

−1.79

−2.77

A10_J11−A1_J11

−5.70

−1.77

C10_J11−C1_J11

−1.20

−1.93

Abbreviation: JJA, June to August.
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We conclude that parameterizing SSA production correctly in climate
models is vital for simulating future climate change. In particular, whether or not SST is included in the SSA parameterization could have significant implications. This is critical for the Southern Ocean, where climate
model SST biases are primarily caused by atmospheric model net flux
biases, meaning simulating clouds and aerosols correctly in this region
is essential (Hyder et al., 2018). Finally, because enhanced SSA forcing
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weakens the Southern Hemisphere westerly jet and moves it equatorward, enhanced boundary layer aerosol concentrations—for example, from persistent wildfire smoke or marine cloud brightening geoengineering strategies—could also impact the position and strength of the westerly jet, which in turn influences
Southern Hemisphere midlatitude climate.

Data Availability Statement
Model simulation data are accessible at: https://zenodo.org/record/4008715, https://doi.org/10.5281/
zenodo.4008714.
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