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Natural aerosols provide large uncertainties regarding the
quantification of the climate effects of aerosols, especially those
related to aerosol-cloud interactions [1]. Advancing research on
the interaction of natural aerosols and climate can provide a better
assessment of the climate impacts of anthropogenic activities. As
one of the most dominant natural aerosols, sea salt has the highest
proportion of mass in natural aerosols [2]. Sea salt can be regarded
as a purely scattering aerosol, causing a negative radiative effect
[3] by scattering shortwave solar radiation [4] and acting as cloud
condensation nuclei (CCN) through aerosol-cloud interactions
[5,6]. Future climate change will influence sea salt distribution,
thus modifying the radiative effects of sea salt, which will further
affect the climate. However, few previous studies have explored
the interactions between sea salt changes under warming scenar-
ios and climate change.

Based on a modified Community Earth System Model version 1
(CESM1) model (Text S1 online) and the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) emissions, five fully-coupled sim-
ulations are conducted to investigate the radiative effect and
climate feedback of changing sea salt in a warming climate. Two
simulations are performed with sea salt emission prescribed at
the 2100 level under the SSP1-2.6 scenario and SSP5-8.5 scenario.
Another two coupled simulations are performed with blowing
snow sea salt emission added to the original CMIP6 sea salt emis-
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sions. One simulation at the 2020 level is conducted for the model
evaluation against observations.

Fig. 1a shows the spatial distribution of changes in sea salt
emissions at the end of the 21st century under the SSP5-8.5 sce-
nario compared to the SSP1-2.6. In the warmer future under
SSP5-8.5, sea salt emissions will increase significantly at high lati-
tudes, especially around 60°S in the Southern Ocean and north of
70°N in the Arctic relative to SSP1-2.6, while the opposite change
is observed at mid-latitudes around 40°N and 40°S as predicted
by the CMIP6 models. Increases in sea salt emissions are also
occurring between 10°-20°S over the South Pacific, South China
Sea, parts of Arabian Sea and Central America. The main reason
for the changes in sea salt emissions is the differences in the
near-surface winds between the two climate change scenarios
(Fig. 1b). In the Arctic, the increase in sea salt emissions is due to
the melt of sea ice by more than 40% under the high-forcing sce-
nario, providing more open water areas for emitting sea salt
(Fig. 1c) [7]. Reduction in sea ice cover can also increase the surface
wind speed in the Arctic through weakening the atmospheric sta-
bility and reducing the surface roughness [8]. The changes in sea
salt emissions in other oceanic regions of the globe are driven by
the changes in near-surface winds, which are dominated by the
poleward shift of storm tracks in the warmer climate (Fig. 1d).
The storm track intensity, which is evaluated by comparing with
ERA5 (Text S2, Figs. S1-S2 online), will dramatically increase over
the Southern Ocean at the end of the 21st century in a warmer cli-
mate under SSP5-8.5 relative to SSP1-2.6 and decrease over the
mid-latitude oceans around 40°N and 40°S (Text S3 online), consis-
tent with the changes in sea salt emissions. This poleward shift of
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Fig. 1. Future changes in annual mean sea salt emissions and concentrations and the main driving factors. Spatial distribution and zonal mean of (a) sea salt emissions (kg
m~2 s71), (b) near-surface wind (m s™!), (c) sea ice concentration (%), and (d) storm track activity (pp, hPa?) under the SSP5-8.5 scenario compared to SSP1-2.6 in 2100 from
CMIP6. CESM1-simulated (e) sea salt column burden (mg m~2) and (f) near-surface sea salt concentrations (pig m~>) under the SSP5-8.5 scenario compared to SSP1-2.6 in
2100. The dotted areas in spatial distribution plots indicate statistical significance at the 95% confidence level from a two-tailed Student’s t-test. The shaded areas in the zonal
mean panels denote +1¢. The black contour lines in the left panel of (b) indicate pp in the SSP1-2.6 scenario with contour intervals of 20 hPa? and the pp changes for

individual CMIP6 models are shown in solid gray lines in the right panel of (d).

storm tracks in a warming future was also reported in previous
studies [9].

The simulated future changes in column burdens of sea salt
(Fig. 1e) show a pattern similar to the sea salt emissions. The
increases are located over the Southern Ocean, the Arctic, and
oceans around 15°S, with the maximum zonal mean increase in
sea salt burden more than 2 mg m~2 (more than 20%) around
60°S, while the sea salt burden decreases by less than 2 mg m™—
over 30°-45°S and by about 1 mg m~2 between 30°-40°N (5%-
20%). The maximum increase in near-surface concentrations of
sea salt is located in the Arctic, reaching 10 pg m~ (exceeding
100%), most likely related to the increase in local emissions. It
should be noted that CESM1 overestimated sea salt concentration
compared to the observation (Text S2, Figs. S3-S5 online).

The changes in atmospheric sea salt burden can perturb the
radiation balance of the Earth system through changing total aero-
sol optical properties and cloud microphysics, which further influ-
ence climate. The changes of 550 nm AOD in SSP5-8.5 relative to
SSP1-2.6 show a significant increase in the Southern Ocean and a
decrease in mid-latitude oceans (Fig. S6a online), which are mainly
attributed to the AOD changes from sea salt aerosols (Fig. S6b
online). The cloud droplet number concentrations and liquid water

path also show an obvious poleward shift in SSP5-8.5 compared to
SSP1-2.6, which further perturb the Earth’s energy balance (Fig. S7
online).

Fig. 2 shows the global distributions of aerosol radiative effect
(ARE) as well as the decomposed direct radiative effect (DRE) and
cloud radiative effect (CRE) at the top of the atmosphere due to
the future changes in sea salt emissions in 2100 in SSP5-8.5 rela-
tive to SSP1-2.6. With climate feedback considered, the future
changes in sea salt aerosols will lead to a significant negative
ARE over the Arctic (-0.35 + 0.02 W m™2) and the Southern Ocean
(-0.35 + 0.06 W m~2 over the 50°-60°S), with the maximum of
zonal mean change by about -0.7 W m2 over the Arctic in 2100
under SSP5-8.5 relative to SSP1-2.6 (Fig. 2a). The negative CRE over
the Arctic is more significant in summer, when the cloud shading
effect overwhelms cloud greenhouse effect, while in winter, with
less sunlight, the increase in sea salt produces positive ARE and
CRE (Fig. S8 online). The positive ARE is located over oceans in
30-40°N and 30-40°S and coastal areas of the Antarctic. Both
DRE and CRE show similar spatial patterns as ARE, with the CRE
dominating the ARE at low- and mid-latitudes in all seasons
(Fig. S9 online), emphasizing the importance of sea salt radiative
effect through aerosol-cloud interactions. Interestingly, the posi-
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Fig. 2. Climate changes due to sea salt emissions under a warming future. Spatial distribution and zonal mean of CESM1-simulated annual mean changes in (a) aerosol
radiative effect (ARE, W m~2), (c) direct radiative effect (DRE, W m~2) and (e) cloud radiative effect (CRE, W m™2) at the top of the atmosphere (TOA), (b) surface air
temperature (SAT, K), (d) total precipitation rate (PRECT, mm d~') and (f) sea ice concentration (%) due to changes in sea salt emissions under the SSP5-8.5 scenario compared
to SSP1-2.6 in 2100. The shaded areas indicate statistical significance with 95% confidence from a two-tailed Student’s t-test.

tive ARE over the coastal areas of the Antarctic cannot be explained
by the DRE and CRE, which is related to the transport of warm air
and enhanced snow/ice albedo effect (discussed in more detail
below). Although sea salt emission changes do not change the glo-
bal average ARE (close to 0 W m~2), they largely affect the zonal
distribution of the energy budget and, therefore, impact regional
climate.

At the end of the 21st century, only 0.01 K of the global aver-
aged surface air temperature (SAT) increase is related to the sea
salt redistribution. However, changes in sea salt emissions in a
warmer climate will lead to significant warming at low and mid-
latitudes, especially the North Pacific Ocean, northern North Atlan-
tic Ocean, Indian Ocean, and coastal areas of the Antarctic, and
cooling at high latitudes, especially the Arctic (Fig. 2b). Due to
the poleward shift of the sea salt emissions, the SAT increases
between 50°S-50°N, with maximum warming exceeding 0.2 K,
whereas it decreases by 0.17 K (+ 0.02 K) over the Arctic (north
of 66.5°N). The mechanism for such a strong cooling over the Arctic
is likely associated with the Arctic amplification [10], through
which the Arctic climate becomes more sensitive to external forc-
ings. Due to the strong negative ARE from aerosol-cloud interac-
tions (Fig. 2e), temperature decreases in the Arctic (Fig. 2b),
resulting in an increase in the sea ice fraction by 1%-2% in many

regions of the Arctic (Fig. 2f). The temperature increase in the trop-
ical central-eastern Pacific is linked to the Arctic-tropical telecon-
nection [11]. The tropospheric cooling in boreal winter, resulted
in the cyclonic wind change at 850 hPa over north Pacific and
anomaly westerly wind over the tropical Pacific (Fig. S10 online),
affecting SAT over the Pacific.

Changes in precipitation show a strong zonal fluctuation but the
spatial distribution follows the temperature changes. With a strong
increase in temperature in the tropical central-eastern Pacific,
weakening of the Walker circulation results in increased precipita-
tion in the tropical central-eastern Pacific and decreased precipita-
tion in the tropical western Pacific. Compared to SSP1-2.6,
precipitation in SSP5-8.5 increases in the Indian Ocean and oceans
over the 45°N and 70°S latitudinal bands and decreases in the trop-
ical western Pacific and oceans over the 60°N and 50°S latitudinal
bands (Fig. 2d). The small but significant increases of precipitation
in the Indian Ocean and along 70°S are related to the surface
warming and near-surface wind anomalies (Figs. S2b, S11 online).

The energy imbalance induced by changes in sea salt in the war-
mer future also influences winds (Fig. S11 online). The sea surface
warming due to the decreases in sea salt over the Northern Pacific
Ocean and Indian Ocean produces anomalous anticyclones and
cyclones, respectively, over these two regions (Fig. S11b online).



Y. Yang et al.

The near-surface wind speed shows a significant increase over 60°S
of the Southern Ocean (Fig. S11a online) related to the equator-to-
polar temperature difference and atmospheric circulation change
due to sea salt emission change. The poleward shift of sea salt cools
the polar atmosphere and warms the upper mid-latitude tropo-
sphere (Fig. S12a online), increasing the upper-level temperature
gradient and the zonal wind shear, pushing the eddy kinetic energy
poleward [12] and resulting in the near-surface wind change in the
Southern Hemisphere. The sea ice melts over 60°S results from the
southward transport of warm air in the lower atmosphere from
mid-latitude regions (Fig. S12b online), which is associated with
the cooling along 50°S due to the poleward shift of sea salt. The
southward transport of warm air also induces a temperature
increase in coastal areas of the Antarctic, which is further intensi-
fied by the snow/ice albedo effect.

In the polar regions, blowing snow is also one important source
of sea salt [13], yet most climate models in CMIP6 did not consider
this process [14], which could potentially affect the results shown
above. The fine mode (Aitken and accumulation modes) of sea salt
mass emission from blowing snow calculated with the CMIP6 data
over the Arctic is 0.36 Tg a~! in 2100 under the SSP1-2.6 scenario,
in the same order with 1.0 Tg a~! presented in Huang et al. [15] in
2005 calculated using the GEOS-Chem model. The CMIP6 multi-
model results yield an Arctic open ocean sea salt emission in fine
mode of 2.83 Tg a~', much higher than the blowing snow sources
calculated in this study and Ref. [15]. However, in the warmer
future under SSP5-8.5, fine mode sea salt emission over the Arctic
open ocean increases by 0.24 Tg a~! relative to SSP1-2.6, and this
increase is almost dampened by the less blowing snow source (-
0.22 Tg a~!) (Fig. S13 online).

Taking the decreasing sea salt from blowing snow into account,
the cooling in the Arctic is weakened and the mid-latitude warm-
ing in the Northern Hemisphere is more pronounced (Fig. S14a
online) compared to that without the blowing snow mechanism.
It is attributed to the reduction in sea salt around 60°N due to less
blowing snow in a warmer future (Fig. S13b online). Note that, the
cooling in the Southern Ocean is more significant, mainly due to
the less significant southward transport of warm air with the con-
sideration of blowing snow (Fig. S14b online). The cooling in the
Southern Ocean is more consistent with the substantial increases
in sea salt in this region due to the poleward shift of storm tracks,
indicating that the sea salt from blowing snow should be consid-
ered when investigating sea salt-climate interactions.

This study concluded that CMIP6-predicted sea salt emissions
will increase notably in the Arctic and the Southern Ocean and
decrease over oceans around 40°S and 40°N due to the poleward
shift of storm tracks and a stronger sea ice melt in a warmer cli-
mate. It contributes to mid-latitude warming through aerosol
radiative effects, with regional maxima exceeding 0.2 K, based on
aerosol-climate model simulations. The mid-latitude warming is
further enhanced by the decline in sea salt from blowing snow in
the Arctic. Although the warming due to the sea salt feedback is
much weaker than that induced by other anthropogenic forcings
(Fig. S15 online), it should be considered in future climate projec-
tions. However, we note that the results of sea salt feedback are
based on CESM1 simulations, which could be model- dependent
and require further validation using more aerosol-climate models
in future studies. This study underscores the potential for
enhanced mid-latitude warming attributable to the sea salt feed-
back processes if the greenhouse gas concentrations continue ris-
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ing, providing a novel perspective on the intricate interplay
between natural aerosols and climate change.
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