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Effects of Sea Spray on Large-Scale Climatic Features over the Southern Ocean
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ABSTRACT: The Southern Ocean, characterized by strong westerly winds and a rough sea state, exhibits the most pro-
nounced sea spray effects. Sea spray ejected by ocean surface waves enhances heat and water exchange at the air—sea inter-
face. However, this process has not been considered in current climate models, and the influence of sea spray on the
coupled air-sea system remains largely unknown. This study incorporated a parameterization of the sea spray influence on
latent and sensible heat fluxes into the First Institute of Oceanography Earth System Model version 2.0 (FIO-ESM v2.0), a
climate model coupled with an ocean surface waves component. The results indicate that the spray-mediated enthalpy flux
accounted for over 20%—-50% of the total value. Sea spray promoted ocean evaporation and heat transport, resulting in air
and ocean surface cooling and strengthened westerly winds. Furthermore, a moist and stable atmosphere favored an
increase in cloud fraction over the Southern Ocean, particularly low-level clouds. Increased clouds reflected downward
shortwave radiation and reduced solar radiation absorption at the surface. At present, the climate models participating in
phase 6 of the Coupled Model Intercomparison Project (CMIP6) still suffer notable deficiencies in reasonably reproducing
the climatological features of the Southern Ocean, including warm SST and underestimated clouds biases with more
absorbed shortwave radiation. Our results suggest that consideration of sea spray effects is a feasible solution to mitigate
these common biases and enhance the confidence in simulations and predictions with climate models.

KEYWORDS: Surface fluxes; Sea surface temperature; Cloud cover; Atmosphere-ocean interaction; Climate models;
Southern Ocean

1. Introduction speed (Andreas et al. 2008, 2015). Under low wind conditions,
heat and moisture exchange due to air-sea differences in
humidity and temperature occurs almost exclusively at the
air-sea interface. This interfacial pathway is controlled by
molecular processes. Meanwhile, sea spray contributes to heat
and moisture transfer with increasing wind speed, which is the
spray flux pathway controlled by microphysical processes sur-
rounding spray droplets (Andreas 1992, 2003). Previous studies
have demonstrated that the spray-mediated flux becomes signifi-
cant when the 10-m wind speed ranges from 10 to 15 m s™*
(Andreas and DeCosmo 2002). Further, the spray flux becomes
comparable to the interfacial LH flux when the wind speeds up
to 20 m s~ ! (Fairall et al. 1994). Andreas et al. (2008) reported
that sea spray contributes at least 10% to the total surface heat
flux at fairly modest wind speeds (i.e., 11 m s~ ! for the SH flux
and 13 m s ! for the LH flux). Moreover, Richter and Stern
(2014) revealed that spray-mediated flux dominates the heat
flux exchanges at the hurricane air-sea interface based on drop-
sonde data. Over the Southern Ocean, the wind speed generally
ranges from 10 to 17 m s~ !, with instantaneous wind speed from
shipboard ranging from 0.6 to 23.5 m s, and even reaching up
to27.2 ms ! based on Quick Scatterometer (QuikSCAT) satel-
@ Denotes content that is immediately available upon publica-  lite measurements (Ho et al. 2006). Therefore, sea spray effects
tion as open access. should be reasonably considered.

Spray-mediated enthalpy fluxes have been estimated via
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Liu, jliu26@albany.edu porated into various models, but this processes still represent

Sea spray plays an important role in heat and water
exchange at the air-sea interface (Ling and Kao 1976;
Andreas 1992, 2003, 2005; Richter and Veron 2016; Peng and
Richter 2019; Hartery et al. 2020; Sroka and Emanuel 2021).
Large spray droplets ejected from the ocean effectively
increase the ocean surface area (Andreas 2003). The droplets
with the same temperature as that of the ocean surface
directly transport sensible heat (SH) into the atmosphere.
Water evaporates at the surface of these droplets, accom-
plished by the latent heat (LH) release process (Andreas
1992, 2003). Moreover, previous studies have pointed out that
surface air must supply most heat to evaporate spray droplets,
so these droplets constitute a SH sink (Fairall et al. 1994).

Under moderate and strong wind conditions, spray-mediated
enthalpy flux accounts for a considerable proportion of the
total heat flux, which cannot be ignored in the air-sea coupled
system. Heat and water transfer at the air—sea interface fol-
lows two pathways, which are determined by the surface wind

DOI: 10.1175/JCLI-D-21-0608.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Unauthenticated | Downloaded 03/10/26 03:22 AM UTC


mailto:songroy@fio.org.cn
mailto:jliu26@albany.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

4646

a missing process in the climate model. Based on numerous
observations and theory, a microphysical model of the above
spray-mediated enthalpy fluxes has been proposed to calcu-
late heat and water fluxes of spray droplets in the high-wind
regime (Andreas 1992, 2003; Andreas et al. 1995). However,
this microphysical model is too complex and computationally
intensive to apply in a large-scale numerical model. Hence,
Andreas et al. (2008) proposed a bulk spray-mediated flux
algorithm, which allows quick simulation of the spray heat
flux based on oceanic and atmospheric variables, without con-
sidering complete microphysical processes of sea spray. Previ-
ous studies have introduced the algorithm into a large-scale
numerical model to reveal the effects of sea spray on the air—
sea heat flux transfer process within tropical cyclones (Richter
and Stern 2014; Zhao et al. 2017). In addition, this algorithm
has been assessed via direct numerical simulations (Peng and
Richter 2019). However, the abovementioned algorithm has
never been applied in a climate model, and the climate system
response to a small-scale sea spray event remains largely
unknown.

The climate model is an important tool for simulating and
predicting climate behavior on different time scales. How-
ever, it remains a long-standing challenge among climate
models to correctly simulate the climatological state of
Southern Ocean. Previous studies have examined the repre-
sentation of cloud and radiation budgets based on climate
model results during phases 3 and 5 of the Coupled Model
Intercomparison Project (CMIP3 and CMIPS5, respectively).
The cloud fraction is generally underestimated in the cli-
mate model (Trenberth and Fasullo 2010; Soden and Vecchi
2011; Dolinar et al. 2015; Mason et al. 2015). The cloud lig-
uid and ice water contents have not been reasonably simu-
lated over the Southern Ocean (D’Alessandro et al. 2019).
Consequently, less solar radiation is reflected, resulting in
excess surface downward shortwave radiation (SWR) with a
positive shortwave cloud radiation forcing (SCRF) bias up
to 30 W m 2 (Trenberth and Fasullo 2010; Ceppi et al. 2012;
Bodas-Salcedo et al. 2012; Li et al. 2013). Excessive solar
radiation also leads to a pervasive warm sea surface temper-
ature (SST) bias, and the magnitude of this bias is larger
than 3°C (Wang et al. 2014). Certain studies have been per-
formed to mitigate these common biases, for example, by
improving the simulation of different cloud types or increas-
ing the amount of supercooled liquid water in low-level
clouds (Bodas-Salcedo et al. 2014, 2016; Kay et al. 2016).
However, these pervasive biases entailing warm SST and
underestimated cloud fraction still persist in state-of-the-art
climate models (Kuma et al. 2020; Vignesh et al. 2020).

In this study, the bulk spray-mediated flux algorithm is incor-
porated into a climate model to explore the effects of sea spray
on large-scale features of the Southern Ocean. The remainder
of this paper is organized as follows: section 2 provides a
description of the model, spray-mediated flux algorithm, obser-
vation datasets, and numerical experiments. Section 3 reveals
the most profound effects of sea spray on the ocean and atmo-
sphere and related physical processes. Finally, conclusions and
a discussion are provided in section 4.
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2. Model, experiments, and datasets
a. Model

The First Institute of Oceanography Earth System Model
version 2.0 (FIO-ESM v2.0), which participated in phase 6 of
the Coupled Model Intercomparison Project (CMIP6), was
employed to evaluate sea spray effects. FIO-ESM v2.0 con-
tains six model components (Bao et al. 2020): the Community
Atmosphere Model version 5 (CAMS; Neale et al. 2010), the
Parallel Ocean Program version 2 ocean model (POP2; Smith
et al. 2010), the Community Land Model version 4 (CLM4;
Lawrence et al. 2011), the Los Alamos National Laboratory
sea ice model version 4 (CICE4; Hunke and Lipscomb 2008),
the River Transport Model (Branstetter 2001), and the Marine
Science and Numerical Modeling (MASNUM) wavenumber
spectrum wave model (MASNUM-WAM) developed by the
FIO (Qiao et al. 2016). CAMS and CLM4 have a horizontal res-
olution of 1.25° longitude and 0.9° latitude. There are 30 vertical
levels from the surface to the top of the atmosphere. In CAMS,
the liquid and ice stratiform cloud fractions based on humidity
are separately calculated (Gettelman et al. 2010). POP2, CICEA4,
and MASNUM-WAM exhibit a nonuniform horizontal resolu-
tion, approximately 1.1° in regard to the longitude and
0.27°-0.54° in regard to the latitude, with the North Pole dis-
placed to Greenland. Model components are connected via
Coupler 7, which is developed by the National Center for Atmo-
spheric Research (Craig et al. 2011). The atmosphere, land sur-
face, and sea ice component models exchange data with the
coupler every 0.5 h, while the river runoff, ocean, and wave
models exchange data with the coupler at 3-h intervals. The
MASNUM-WAM obtains wind field at 10-m height of ocean
surface and sea ice concentration from the coupler, is integrated
to produce the wavenumber spectrum, then calculates the non-
breaking surface wave-induced vertical mixing and other neces-
sary variables (e.g., significant wave height, denoted as Hs) for
including sea spray on air-sea flux, and finally sends the non-
breaking surface wave-induced vertical mixing (Qiao et al.
2004) to POP2 at each ocean time step and other variables to
the coupler every 3 h. Sea ice concentration is used to check
whether the grid is covered by sea ice (sea ice concentration
greater than 30%), where the wave spectrum is set to be zero.
In this study, the MASNUM-WAM model provided real-time
Hs data to calculate the LH and SH fluxes induced by sea spray.
Moreover, global monthly mean and 3-h instantaneous wave
parameter datasets based on the MASNUM-WAM model have
been established and published (Song et al. 2020). The resultant
climatological distributions Hs based on the output of MASNUM-
WAM model and reanalysis datasets exhibit good agreement,
which indicates that FIO-ESM v2.0 and MASNUM-WAM have
the ability to simulate ocean surface waves.

FIO-ESM v2.0 was evaluated before the spray experiments
were performed. Bao et al. (2020) evaluated the model simu-
lation ability based on CMIP6 experiments results, including
precipitation, SST, surface air temperature, Atlantic meridio-
nal overturning circulation, and El Nino-Southern Oscilla-
tion. Certain common simulation drifts occur in this model,
for example, the double-intertropical convergence zone prob-
lem in the tropics and surface air temperature biases over
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mountains and plateaus. However, the basic climate features
are reasonably simulated, and the model biases are consider-
ably smaller than those of the previous version, namely FIO-
ESM v1.0 (Qiao et al. 2013; Bao et al. 2020).

To better understand the physical processes of sea spray
effects on the coupled air—sea system in the Southern Ocean,
two numerical experiments were designed and conducted: one
experiment is a control run without sea spray effects, denoted as
Exp_Ctrl, and the other experiment is a sensitivity experiment
considering sea spray impacts, denoted as Exp_Spray. These two
experiments were initialed from an equilibrium initial state
anchored in preindustrial time (300 years, as shown in Fig. Al)
and integrated over 165 years with all forcings prescribed from
1850 to 2014 (Eyring et al. 2016). Moreover, to reasonably com-
pare observations and simulated clouds, the Cloud Feedback
Model Intercomparison Project (CFMIP) Observation Simulator
Package (COSP) was introduced in our model, and COSP-
enabled simulations were provided. More information on the
COSP can be found in Bodas-Salcedo et al. (2011).

b. Method

Andreas et al. (2015) proposed a bulk spray-mediated flux
algorithm that facilitates quick calculations of the spray-mediated
flux based on bulk oceanic and large-scale meteorological fea-
tures. It is assumed that droplets with an initial radius 100 and
50 wm generate the most significant contribution to SH and
LH fluxes. The LH (H, ) and SH (H,p) fluxes induced by
sea spray are expressed as

_ 3
Hip = a0i = pru{l - [ }VL(M*.B), )
Hs,sp = B@ - (0( - 'Y)E = prpS(Ts - Teq,lOO)VS(u*,B)'

@

Throughout the integration process, the spray flux calcula-
tion depends on the current wind speed, air potential temper-
ature, relative humidity (RH), Hs, SST, and sea surface
salinity (SSS). All these variables, including the input and out-
put of Egs. (1) and (2) are introduced in appendix B.

In the above equations, «, 3, and y are nonnegative constants
evaluated based on observations. Andreas and DeCosmo (1999)
assumed that spray contributions to the latent (Q; ) and sensible
(Os) heat fluxes should be added linearly to the interfacial
fluxes. However, Fairall et al. (1994) pointed out that the droplet
evaporation layer must supply most heat to evaporate spray
droplets. Therefore, the droplets worked as the SH sink. As
expressed in Eq. (1), the « term denotes the LH flux induced by
droplet evaporation. The same term in Eq. (2) with the opposite
sign indicates that SH is consumed by droplets for evaporation.
The B term in Eq. (2) quantifies the SH transported by droplets
as they transition from SST to the equilibrium temperature
(Andreas 1992, 2003). In addition, under the effect of spray
evaporation, the variable air-sea temperature difference con-
tributes to SH transport, which is denoted as the+y term. The val-
ues of these constants remain inconclusive. Andreas (2003)
assumed a = 3.3, B = 5.7, and y = 2.8. Andreas et al. (2008)
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determined that B8 = 10.5 is more appropriate. According to
Andreas et al. (2015), it was assumed that measurements are
more consistent with algorithm results for « = 2.46, B = 15.15,
and y = 1.77.

Incorporation of this bulk spray-mediated flux algorithm
into the climate model is a novel approach. Although this
algorithm was proposed to calculate the flux under hurricanes
conditions, it is also applicable over the Southern Ocean.
First, the observations considered for parameterization not
only include observations originating from the tropics but also
include observations originating from mid and high-latitude
regions, such as the Humidity Exchange over the Sea
(HEXOS) experiment (DeCosmo et al. 1996, conducted over
the North Sea), the Fronts and Atlantic Storm-Tracks Experi-
ment (FASTEX; Persson et al. 2005), which is carried out
along a transect across the North Atlantic), and the Green-
land Flow Distortion experiment (Petersen and Renfrew
2009) performed over the Irminger Sea and Denmark Strait).
Ocean surface waves are strong in these areas, and cyclone
activities frequently occur under strong winds. The observed
wind speed data employed for parameterization included val-
ues ranging from 5 to 25 m s~!, which is similar to the wind
speed range over the Southern Ocean. Second, in FIO-ESM
v2.0, the Hs and wind fields with a 3-h temporal resolution
could reflect the gustiness effects and extreme sea conditions
that affect spray production. As shown in Fig. 1, the maximum
wind speed even reached up to 30 m s™', with the annual
mean wind speed generally ranging from 11 to 12 m s '
Meanwhile, the annual mean Hs value ranged from 4 to 5 m,
and the maximum 3-h instantaneous Hs was higher than 18 m.
Finally, the algorithm has been implemented globally. Liu
et al. (2011) applied the spray-mediated flux algorithm on
global scale to produce the satellite-derived flux product
XSeaFlux. The comparison results suggested that the LH flux
of the newly developed high-resolution XSeaFlux product is
very similar to the considered observations.

The method of sea spray incorporated into the climate
model is introduced. The heat fluxes, including both the inter-
facial and spray-mediated heat flux, are calculated in the cou-
pler of FIO-ESM v2.0. Specifically, bulk equations control the
interfacial heat flux based on the turbulent Monin—-Obukhov
similarity theory (Bryan et al. 1996). The spray-mediated heat
flux is calculated based on variables of the ocean surface,
atmospheric bottom layer, and wave model with different
time intervals. The spray-mediated heat flux is added to the
interfacial heat flux in the coupler and then fed to other
model components. For example, in the atmosphere model,
the effect of spray even influences high levels of the atmo-
sphere. Due to the varying data exchange frequencies
between each model component and the coupler, the 0.5-h
mean air potential temperature and RH retrieved from the
atmosphere model, 3-h SST and SSS from the ocean model,
and 3-h Hs obtained from the wave model are applied in the
fast spray-flux algorithm. In addition, the friction velocity u, g
is calculated in the coupler and updated with the wind field.
All these terms, including Teq 100, 7(77,50), Ly, V(i ), and
Vi(u.p), are recalculated at each time step and each grid.
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FIG. 1. 10-m wind speed and significant wave height simulated by FIO-ESM v2.0, (a) maximum 3-h instantaneous
10-m wind speed (unit: m s~ 1), (b) annual mean 10-m wind speed (unit: m s~ 1), (c) maximum 3-h instantaneous signif-
icant wave height (unit: m), and (d) annual mean significant wave height (unit: m).

c. Data

Several observation datasets were employed to evaluate
the model performance, including the National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpola-
tion Sea Surface Temperature v2 (OISST v2) product for
the period from 1982 to 2014 with a horizontal resolution of
1° X 1° and the NOAA Extended Reconstructed Sea Surface
Temperature version 5 (ERSST v5) product for the period
from 1854 to 2014 in a 2° X 2° grid (Banzon et al. 2016; Huang
et al. 2017). In addition, the simulated cloud fraction was com-
pared to data retrieved from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) dataset based on both Aqua
and Terra satellite data for the period from 2003 to 2014
(Platnick et al. 2003).

According to CMIP6 design (Eyring et al. 2016), at least
three realizations, named rlilp1fl, r2ilp1fl, and r3ilp1fl (the
different ensemble members are distinguished by four ensemble
axes: “r” denotes realization, “p”

@i
1

denotes initialization, “p
denotes physics, and “f” denotes forcing), should be provided

for the historical simulation. The three realizations only differ in
terms of initial conditions, which have almost no effect on the cli-
matological analysis (Song et al. 2012). Therefore, the first reali-
zation (rlilplfl) of the monthly historical simulation from 35
CMIP6 climate models from 1982 to 2014 were compared to
OISST v2 to assess the model performance in climatological SST
simulation, including FIO-ESM v2.0. To our knowledge,
FIO-ESM v2.0 is the only model that incorporates the influences
of sea spray on the enthalpy flux in CMIP6. All information on
relevant host centers and resolutions are summarized in Table 1.
Before analysis, observational data and model outputs were line-
arly interpolated into a 1° X 1° grid.

3. Results
a. Heat flux, humidity, and temperature

The spray-mediated LH, SH, and net heat fluxes are shown
in Fig. 2, represented by the differences between Exp_Spray
and Exp_Ctrl. The stipples denote that the value is statistically
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TABLE 1. Outputs of the CMIP6 climate models used in this study (more information and relevant references of each climate model

can be found at https://esgf-node.llnl.gov/search/cmip6/).

Horizontal resolution

No. Model name Institute Country of the ocean model
1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation Australia 360 X 300
2 ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation ~Australia 360 x 300
3 BCC-CSM2-MR Beijing Climate Center China 360 X 232
4 BCC-ESM1 Beijing Climate Center China 360 X 232
5 CanESMS5 Canadian Centre for Climate Modelling and Analysis, Canada 360 X 291

Environment and Climate Change
6 CAS-ESM2-0 Chinese Academy of Sciences China 360 X 196
7 CESM2 National Center for Atmospheric Research United States 320 X 384
8 CESM2-FV2 National Center for Atmospheric Research United States 320 X 384
9 CESM2-WACCM National Center for Atmospheric Research United States 320 X 384
10 CESM2-WACCM-FV2 National Center for Atmospheric Research United States 320 X 384
11 CIESM Department of Earth System Science, Tsinghua University China 320 X 384
12 E3SM-1-0 Lawrence Livermore National Laboratory United States 360 X 180
13 E3SM-1-1 Lawrence Livermore National Laboratory United States 360 X 180
14 E3SM-1-1-ECA Lawrence Livermore National Laboratory United States 360 X 180
15 EC-Earth3 EC-Earth-Consortium Sweden 362 X 292
16 EC-Earth3-Veg EC-Earth-Consortium Sweden 362 X 292
17 FGOALS-f3-L Institute of Atmospheric Physics, Chinese Academy of Sciences China 360 X 218
18 FGOALS-g3 Institute of Atmospheric Physics, Chinese Academy of Sciences China 360 x 218
19 GFDL-CM4 Geophysical Fluid Dynamics Laboratory, National Oceanic and United States 360 X 180
Atmospheric Administration
20 GFDL-ESM4 Geophysical Fluid Dynamics Laboratory, National Oceanic and United States 360 X 180
Atmospheric Administration
21 GISS-E2-1-G Goddard Institute for Space Studies, National Aeronautics and United States 144 X 90
Space Administration
22 GISS-E2-1-G-CC Goddard Institute for Space Studies, National Aeronautics and United States 144 X 90
Space Administration

23  INM-CM4-8 Institute for Numerical Mathematics, Russian Academy of Science  Russia 360 X 180

24 INM-CM5-0 Institute for Numerical Mathematics, Russian Academy of Science  Russia 360 X 180

25 MCM-UA-1-0 Department of Geosciences, The University of Arizona United States 192 X 80

26 MIROC6 Japan Agency for Marine-Earth Science and Technology Japan 360 X 256

27 MPI-ESM-1-2-HAM  Max Planck Institute for Meteorology Germany 256 X 220

28 MPI-ESM1-2-HR Max Planck Institute for Meteorology Germany 802 X 404

29 MPI-ESM1-2-LR Max Planck Institute for Meteorology Germany 256 X 220

30 MRI-ESM2-0 Meteorological Research Institute, Japan Meteorological Agency Japan 360 X 363

31 NESM3 Nanjing University of Information Science and Technology China 362 X 292

32 NorCPM1 Center for International Climate and Environmental Research, Norway 320 X 384

Norwegian Meteorological Institute, Nansen Environmental and
Remote Sensing Center, Norwegian Institute for Air Research,
University of Bergen, University of Oslo, and Uni Research
33 NorESM2-LM Center for International Climate and Environmental Research, Norway 360 X 385
Norwegian Meteorological Institute, Nansen Environmental and
Remote Sensing Center, Norwegian Institute for Air Research,
University of Bergen, University of Oslo, and Uni Research
34 NorESM2-MM Center for International Climate and Environmental Research, Norway 360 X 385

Norwegian Meteorological Institute, Nansen Environmental and
Remote Sensing Center, Norwegian Institute for Air Research,
University of Bergen, University of Oslo, and Uni Research

significant at the 95% confidence level. In this study, the
downward (upward) direction was considered as positive
(negative), indicating that the ocean absorbs (emits) heat. In
the midlatitude region (from 30° to 45°S), less LH is lost from
the ocean. However, in the high-latitude region (from 45° to
60°S), spray droplets are evaporated accompanied by
enhanced LH release. In addition, more SH is transported to

the atmosphere due to the spray effects, with a negative dif-
ference in most areas of the Southern Ocean, particularly at
approximately 60°S. The area-averaged changes in LH and
SH flux reached —2.23 and —0.67 W m 2, respectively, within
the latitude band bounded by 40° and 65°S. In addition, posi-
tive SH and LH flux anomalies were found along the Antarc-
tic continent. Combining the obtained changes in both LH
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FIG. 2. Spray-mediated heat flux (unit: W m™?), indicated by the differences between Exp_Spray and Exp_Ctrl: (a) latent heat (LH)
flux, (b) sensible heat (SH) flux, and (c) total heat flux (the sum of the LH and SH heat fluxes). A positive value (downward flux) indicates
that the ocean absorbs heat. The interval of latitude lines is 15°. A two-sample ¢ test is applied, and the stippling denotes the values that

are statistically significant at the 95% confidence level.

and SH, the difference in the net heat flux exhibited a large
negative value in the mid- to high-latitude regions of the
Southern Ocean, with the difference in the net heat flux less
than —10 W m ™2 at approximately 60°S.

To examine the effect of sea spray in the whole atmo-
sphere, a vertical profile of the air temperature and the RH
differences between Exp_Spray and Exp_Ctrl are shown in
Fig. 3. All variables are meridionally averaged between 45°
and 60°S. There are positive RH anomalies in the lower tro-
posphere, especially below 700 hPa, while negative anomalies
were distributed above 300 hPa. This suggests that the lower
troposphere becomes wetter and the higher troposphere
becomes dryer due to sea spray effects. Moreover, because of
enhanced evaporation cooling effects on the atmosphere, the
air temperature at lower levels decreased by approximately
1°C, which is consistent with the observed result of tempera-
ture variation (Andreas et al. 1995).

The lower atmosphere becomes moister and more stable
due to sea spray. Droplets suspended in air influence the

100

200

300

Pressure (hPa)

700
850

1000
0°E 90°E

180°W

90°W 0°E

FIG. 3. Vertical profile of the meridional mean (45°-60°S) air
temperature (shading; unit: °C) and relative humidity (contours;
unit: %) differences between Exp_Spray and Exp_Ctrl.

moisture distribution. Figure 4a shows the difference in RH at
2 m between Exp_Spray and Exp_Ctrl. RH increases in the
lower atmosphere from 45°S to high latitudes. Furthermore,
the changes in heat and moisture caused by sea spray alter the
stability of the atmosphere. Here, the potential pseudoequiva-
lent temperature (PPET) difference between 700 and 1000 hPa
was analyzed to reveal the change in atmospheric stability in
the lower atmosphere. The PPET difference between these
two experiments was positive over the entire Southern Ocean
(Fig. 4b), indicating that a more stable low-level atmosphere
formed under the effects of sea spray.

Previous studies have demonstrated that reasonable SST
simulation over the Southern Ocean remains a challenge for
climate models (Wang et al. 2014). We evaluated the ability
of 35 climate models in CMIP6 to simulate SST (Fig. 5), and
the multimodel mean bias is shown in the last panel. Most cli-
mate models (23 out of 35) have warm SST biases compared
with the OISST v2 dataset. The multimodel mean result also
exhibited a warm bias, which was more obvious in the Atlantic
and Indian sections of the Southern Ocean, with biases up to
2°-3°C. In contrast, several models could simulate SST well, for
example, CanESMS5 and GFDL-CM4, with small biases over the
Southern Ocean. Held et al. (2019) indicated that excessive
absorbed SWR biases were improved in GFDL-CM4 simulation.
This suggests that less radiation absorption probably contributes
to small SST biases.

The effect of sea spray profoundly influences SST. Figure 6
shows the annual mean SST in Exp_Ctr]l and Exp_Spray com-
pared to the OISST v2 dataset. Similar to the CMIP6 multi-
model mean results, large warm SST bias was distributed in
Exp_Ctrl, especially in the Indian Ocean and Atlantic Ocean
sectors. The area-averaged (45°-60°S, 0°-360°E) SST differ-
ence between Exp_Ctrl and OISST v2 reached 1.68°C (Fig. 6a).
By incorporating sea spray effects, the SST decreased due to
evaporative cooling, with a maximum reduction of 2.73°C
(Fig. 6¢). As indicated in Fig. 6b, although the simulated SST
was still higher than those in the OISST v2 dataset, this bias
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FIG. 4. (a) Differences in the climatological relative humidity at 2 m (unit: %) between Exp_Spray and Exp_Ctrl.
(b) Differences in the atmospheric stability represented by the vertical variation in the potential pseudoequivalent
temperature (700 hPa minus 1000 hPa; unit: 107> K hPa~ ') between Exp_Spray and Exp_Ctrl.

decreased from 1.68° to 0.97°C. Therefore, consideration of
the sea spray effects could mitigate 42% of the warm SST bias
over the Southern Ocean.

Both the air temperature and SST decreased under the
influence of sea spray, leading to a smaller air-sea tempera-
ture difference. Figure 7 shows the differences between the
air potential temperature at 1000 hPa and SST (a negative
value indicates that SST is higher than the air potential

ACCESS-CM2 ACCESS-ESM1-5 BCC-CSM2-MR BCC-ESM1
0" 0" 0° 0"

o
180°W

CanESMS5
o

temperature, and vice versa). Before considering the effect of
sea spray, in Exp_Ctrl, the ocean was warmer than the atmo-
sphere over most of the Southern Ocean (Fig. 7a). Then, both
SST and air potential temperature decreased, but SST cooling
was more obvious than the change in air potential tempera-
ture. These inconsistent variations in the temperature contrib-
uted to a reduction in air-sea temperature differences. In
addition, the interfacial SH flux was determined considering
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F1G. 5. Climatological SST based on historical runs of 35 CMIP6 models compared to OISSTv2.0 from 1982 to 2014 (unit: °C). MME in
the bottom right corner shows the multimodel mean bias.
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FIG. 6. Climatological sea surface temperature (SST) differences (unit: °C) from 1982 to 2014 between (a) Exp_Ctrl and OISST v2.0,
(b) Exp_Spray and OISST v2.0, and (c) Exp_Spray and Exp_Ctrl.

the above air-sea temperature and humidity differences. As
such, a smaller air-sea temperature difference prevented the
interfacial SH flux from being released from the ocean.

The sea ice fraction increased due to the decrease in the air
potential temperature and SST. As shown in Fig. 7c, the sea
ice fraction increases by 5%-25% over the ocean close to the
Antarctic continent (south of 60°S). Sea ice inhibits heat and
moisture transport from the ocean into the atmosphere. Thus,
LH and SH exchange was inhibited, featuring by a pro-
nounced positive anomaly along the Antarctic continent
(Figs. 2a and 2b, respectively).

b. Cloud and radiation fluxes

Sea spray profoundly impacts cloud formation, further
influencing the surface radiation flux over the Southern
Ocean. Figure 8 shows the differences in the cloud fraction,
surface radiation flux, and cloud radiation forcing between

(a) Exp_Ctrl

(b) Exp_Spary
00

Exp_Spray and Exp_Ctrl. Here, low-, middle-, and high-level
clouds are bounded by the pressure levels of 700, 700400,
and 400 hPa to the top of the model, respectively. The low-
level cloud fraction increased, with a maximum value of
approximately 6% in the Indian Ocean sector. The changes in
middle- and high-level clouds were not as notable as those in
low-level clouds. As shown in Fig. 8c, the total cloud fraction
increased, exhibiting a similar spatial pattern to that of the
low-level cloud fraction. Clouds are strongly linked to RH
and atmospheric stability in the marine boundary layer. The
largest increase in RH below 700 hPa (Fig. 3) favored more
low-level clouds. Moreover, more stable conditions in the
lower troposphere, as revealed by the PPET difference
between 700 and 1000 hPa (Fig. 4b), provided favorable con-
ditions for low-level cloud formation. Increased cloud fraction
reflects more incoming solar radiation away from the sea sur-
face. As a result, less SWR is absorbed by the ocean, whereas

(c) Exp_Spary -Exp_Ctrl

=D -1 0 |

2 0

0.5 1

1.5 2

FIG. 7. Air-sea temperature difference between the air temperature at 1000 hPa and the sea surface temperature (SST; shading; unit:
°C); the contours indicate the sea ice fraction (unit: %) in (a) Exp_Ctrl, (b) Exp_Spray, and (c) Exp_Spray — Exp_Ctrl. Air-sea tempera-
ture differences smaller than —2°C in (a) and (b) or covered by sea ice in (c) are not shown.
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FIG. 8. Changes in the cloud fraction (unit: %) at the different levels, surface radiation flux (unit: W m~2), and cloud radiation forcing
(unit: W m~2) due to sea spray, represented by the differences between Exp_Spray and Exp_Ctrl: (a) low-level cloud fraction, (b) mid-
and high-level cloud fractions, (c) total cloud fraction, (d) shortwave radiation (SWR) at the surface, (¢) longwave radiation (LWR) at the
surface, (f) net radiation flux (including SWR and LWR), (g) shortwave cloud radiation forcing (SCRF), (h) longwave cloud radiation
forcing (LCRF), and (i) net cloud radiation forcing.

the downward longwave radiation (LWR) is enhanced due to  that is positive (negative) indicates that the ocean absorbs
the increased cloud fraction. Figures 8d-f show differences more (less) radiation. By incorporating sea spray effects, less
in the surface SWR, LWR, and net radiation flux between =~ SWR was absorbed due to more clouds. This suggested that
Exp_Spray and Exp_Ctrl. Here, the downward radiation flux  the radiation bias attributed to excessive incoming SWR heat
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FIG. 9. COSP-enabled simulation of the climatological total cloud fraction compared to the MODIS climatology (based on both Aqua
and Terra satellite data; unit: %) from 2003 to 2014: (a) Exp_Ctrl — MODIS and (b) Exp_Spray — MODIS. (c) The proportion of the var-
iations due to sea spray (differences between Exp_Spray and Exp_Ctrl) to the simulated bias between the Exp_Ctrl and MODIS results.

absorption could be alleviated by considering spray. More-
over, increased clouds prevented the outgoing LWR flux,
leading to enhanced downward LWR (Fig. 8¢). Less SWR
and more LWR with opposite directions were offset at the
surface. In addition, the change in sea ice impeded radiation
flux transport. The negative difference near the Antarctic con-
tinent, as shown in Figs. 8d and 8f, indicates that the ocean
absorbed less SWR due to sea ice.

We further analyzed the changes in cloud radiative forcing
due to sea spray. Clouds exert two competing effects on the
radiation budget: surface cooling through SWR blocking and
surface warming by preventing the outgoing LWR. Two
effects were examined based on the surface cloud radiative
forcing. As shown in Fig. 8g, the surface SCRF was negative
because of less SWR absorption. In addition, the correspond-
ing longwave cloud radiation forcing (LCRF) was positive,
representing an increase in downward LWR under the sea
spray effects (Fig. 8h). Thus, the above two radiative forcings
counteracted each other locally, leading to a net cloud radia-
tive forcing with a cooling effect over the Southern Ocean.

Incorporation of sea spray into FIO-ESM v2.0 could reduce
the simulation bias of cloud cover. Currently, state-of-the-art
climate models still experience difficulties in reasonably simu-
lating climatological cloud cover characteristics. As men-
tioned above, the underestimated cloud fraction accompanied
by an excessive incoming SWR over the Southern Ocean rep-
resents a common problem in climate models (Trenberth and
Fasullo 2010). Inclusion of the sea spray effects could alleviate
the underestimated cloud bias. In this study, to evaluate the
model performance in cloud simulation, the COSP was incor-
porated into FIO-ESM v2.0 to include the COSP output
(Bodas-Salcedo et al. 2011). Certain configurations of COSP

in CAMS followed those reported in Kay et al. (2012), and
the MODIS climatology was employed to evaluate the model
results. The total cloud fraction was grossly underestimated in
both Exp_Ctrl and Exp_Spray (Fig. 9). However, more clouds
were formed in the moister atmosphere by considering the
sea spray effects. Figure 9c shows the proportion of the
increased total cloud fraction due to sea spray (the differences
between Exp_Spray and Exp_Ctrl) to the bias between the
Exp_Ctrl and MODIS results. The proportion ranged from
approximately —20% to —40% over the Southern Ocean.
Here, we revealed that the bottom boundary process related
to air-sea interaction could influence the simulation of clouds.
Moreover, the development of cloud physical parameteriza-
tion based on more observations, understanding cloud-
climate feedback mechanisms, and credible representations of
cloud processes in climate models remain important for cloud
simulation improvement.

Analysis of the changes in cloud properties was performed
to reveal the influence of sea spray on clouds. Cloud water
paths were classified as cloud liquid water path (CLWP) or
cloud ice water path (CIWP), representing the cloud liquid
water and ice contents, respectively. The effect of sea spray
on CLWP and CIWP is shown in Fig. 10. The CLWP
increased from 30° to 60°S, exhibiting a peak at approximately
45°S, while an increased CIWP was distributed over the
Southern Ocean with a distinct maximum at high latitudes.
The change in the CLWP was much larger than that in the
CIWP. Sea spray impacted both the liquid and ice cloud
amounts. We further analyzed vertical profiles of liquid and
ice cloud amounts meridional averaged from 45° to 60°S
(Fig. 11). The liquid cloud amount increased in the lower
atmospheric boundary layer (from the surface to 850 hPa)
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FIG. 10. Differences in the (a) cloud liquid water path and (b) cloud ice water path between Exp_Spray and Exp_Ctrl
(unit: 1073 kg m ™).

and slightly decreased in the atmosphere from 850 to 500 hPa.
This increase in the liquid cloud amount was pronounced
near the sea surface. In addition, the ice cloud amount
increased from 850 to 500 hPa and decreased in the upper
atmosphere. This result demonstrated that the liquid cloud
amount increased in the atmospheric boundary layer (below
850 hPa) and the ice cloud amount mainly increased above
this layer from 850 to 500 hPa. Previous studies have indicated
that an increased in supercooled cloud liquid by modifying
the shallow convection scheme substantially reduces excessive
absorbed SWR biases (Kay et al. 2016; Lasher-Trapp et al.
2021). In this work, the effects of sea spray contributed to
increased liquid cloud amounts, which also provided favor-
able conditions to increase the cloud cover and reduce the
incident radiation over the Southern Ocean.

¢. Wind and sea level pressure

Sea spray not only influences the thermodynamic process in
the air-sea coupled system but also affects the atmospheric circu-
lation by modulating heat and moisture transport. Figure 12
shows the differences in the wind field at 1000 hPa and the sea
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F1G. 11. Longitude-height vertical profiles of the meridional
mean (45°-60°S) ice cloud amount (shading; unit: 10™° kg kg™ ")
and liquid cloud amount (contours; unit: 10~ kg kg~!) variations
due to sea spray. The interval of the dashed contours is 0.1 X 107°,
and the interval of the solid contours is 1 X 107°,

level pressure (SLP) between Exp_Spray and Exp_Ctrl. An
anomalously low SLP was distributed in the mid- and high-
latitude regions of the Southern Ocean, accompanied by an
anomalously high SLP to the north. As a result, the pressure
gradient increased, which favored a stronger Antarctic Oscilla-
tion. The wind speed was enhanced with a maximum value of
up to 1.0 m s~ ! in the midlatitude region of the Southern Ocean.
However, the midlatitude westerly winds simulated in Exp_Ctrl
were notably stronger than those in the reanalysis datasets. Con-
sideration of sea spray processes did not improve the wind simu-
lation performance (not shown).

d. Direct and indirect effects

The zonal mean relevant variable differences are shown in
Fig. 13 to quantify the influence of sea spray on the atmosphere

3.06
=

FIG. 12. Differences in the climatology sea level pressure (shad-

ing; unit: hPa) and wind field at 1000 hPa (vectors; unit: m s )
between Exp_Spray and Exp_Ctrl. Winds with speeds higher than
0.2m s ! are plotted.
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FIG. 13. Zonal mean differences between Exp_Spray and
Exp_Ctrl in the latent heat flux (LH; solid red line; unit: W m~2),
sensible heat flux (SH; solid green line; unit: W m™2), surface net
shortwave radiation (SWR; solid blue line; unit: W m’z), surface
net longwave radiation (LWR; orange solid line; unit: W m™2), net
heat flux (black solid line, unit: W m™~?), sea surface temperature
(SST; black dashed line; unit: °C), relative humidity (RH) at 2 m
(purple dashed line; unit: %), and low-level cloud fraction (cyan
dashed line; unit: %).

and ocean, with the positive (negative) value toward downward
(upward) direction. The upward LH anomalies were mainly
distributed from 45° to 60°S with a minimum value lower than
—4 W m2. The SH anomalies were negative in most of the
Southern Hemisphere, featuring a minimum value lower than
—2 W m2 Both heat flux changes resulted in a notable heat
loss (greater than 6 W m™~2) from 45° to 60°S. Moreover, more
evaporation and heat transport tended to increase the air
humidity. The zonally averaged RH value increases from 40° to
70°S. Under the effects of sea spray on RH, the low-level cloud
fraction increased from 30° to 60°S with a maximum of up to
3%. As a result, the ocean surface absorbed less SWR (lower
than —4 W m™2), and an increased cloud cover also contributed
to the downward LWR. The negative SWR was nearly entirely
compensated by an enhanced incoming LWR (greater than
4 W m™?). In general, the evaporative cooling effect caused
by LH contributed to a decrease in SST reduction, with a
zonal mean difference smaller than —1.5°C over the Southern
Ocean.

We attempted to estimate the indirect and direct effects of
sea spray on the heat flux, even though there exists an interac-
tion between these effects. As defined in Eqgs. (1) and (2), the
sea spray—induced heat fluxes retrieved from Andreas et al.
(2015) represent the direct sea spray effects. This effect is gov-
erned by sea spray droplets associated with microphysical
processes at the droplets’ surfaces. In addition, the ambient
condition changing due to sea spray notably influences inter-
facial heat transport. First, the air temperature, SST, and
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humidity changed due to sea spray. As a result, air-sea tem-
perature and humidity differences altered the interfacial heat
transport process. Second, we found that westerly winds
increased because of air temperature and surface air pressure
gradients changes. Stronger winds could enhance interfacial
heat transport. Finally, there occurred specific complex pro-
cesses related to clouds in a fully coupled system. Spray drop-
lets increased the air humidity, and more clouds were
distributed over the Southern Ocean. By blocking excessive
solar radiation absorption, SST decreased, which in turn influ-
enced interfacial heat transport. We regard these variations as
the indirect sea spray effects, calculated by the total heat flux
in Exp_Spray minus the direct effect of sea spray and interfa-
cial heat fluxes in Exp_Ctrl.

The direct and indirect effects of sea spray on the LH and
SH fluxes are shown in Fig. 14. Both the LH and SH anoma-
lies under the direct sea spray effects are negative (Figs. 14a
and 14b, respectively). More LH and SH were released from
the Southern Ocean, with the maximum difference in the LH
flux up to —29.5 W m~? located in the Indian sector. In con-
trast, the indirect sea spray effects on the LH and SH fluxes
were positive from 30° to 60°S. These positive heat flux anom-
alies (preventing heat loss from the ocean) due to the indirect
sea spray effects counteracted the negative changes (promot-
ing heat loss from the ocean) attributed to the direct effects.
Figures 14e and 14f show the proportion of the heat flux var-
iations due to direct effect relative to the total changes of heat
flux. The proportions of LH resulting from sea spray ranged
from 20% to 40%. In regard to SH, the proportions even
exceeded 50% over the Southern Ocean.

The effects of sea spray on large-scale features over the
Southern Ocean were summarized in a schematic diagram
(Fig. 15). All the variables were averaged over the latitude
band extending from 45° to 60°S. The LH and SH fluxes
caused by the direct effects of sea spray were negative, with
values of —15.57 and —6.41 W m™2 respectively. SST
decreased by 1.3°C due to the spray-mediated flux. The SST
reduction limited surface evaporation. As a result, the change
in the interfacial LH flux was positive and to counteracted the
negative LH flux caused by the direct spray effect. In addition,
the positive air-sea temperature differences limited interfacial
SH transport, which also exhibited the opposite sign with SH
impacted by the direct spray effect. Moreover, incorporation
of sea spray into FIO-ESM v2.0 also influenced clouds and radia-
tion flux. An increased humidity and stability in the lower atmo-
sphere led to an increased cloud fraction, particularly the low-level
clouds (2.76%). As a result, less downward SWR was absorbed,
with an anomalous SCRF value of —2.81 W m™~2. Meanwhile, the
increased cloud fraction resulted in an enhanced downward LWR
at the surface, with an anomalous LCRF value of 2.14 W m™ 2. In
general, the net cloud radiation forcing was negative over the
Southern Ocean, revealing that the ocean absorbed less of the
radiation flux.

4. Conclusions and discussion

Sea spray exerts nonnegligible effects on air-sea heat and
water exchange. The spray-mediated enthalpy flux calculated
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FIG. 14. Direct and indirect effects of sea spray on the latent and sensible heat fluxes (unit: W m™2). The direct
effect of sea spray on the heat flux is calculated based on Andreas et al. (2015), and the indirect effect on the heat flux
represents the variations in the interfacial flux due to sea spray. A positive value (downward flux) indicates that the
ocean absorbs heat. Shown are (a) the direct effects on the LH flux, (b) the direct effects on the SH flux, (c) the indi-
rect effects on the LH flux, (d) the indirect effects on the SH flux, (e) the proportion of the LH variations due to sea
spray (direct effects) relative to the total LH flux (unit: %), and (f) the proportion of SH variations due to sea spray
(direct effects) relative to the total SH flux (unit: %).
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FIG. 15. Schematic diagram of the sea spray effects over the Southern Ocean (45°-60°S,
0°-360°E). LH, (SH,) denotes the direct effects of sea spray on the latent (sensible) heat flux.
LH; (SH;) denotes the indirect latent (sensible) heat flux. The blue (red) arrows with negative
(positive) values denote the upward (downward) flux. Enhanced heat release leads to a
decreased SST and strengthened westerly winds over the Southern Ocean. The increased low-
level cloud fraction results in a negative shortwave cloud radiation forcing (SCRF) and positive
longwave cloud radiation forcing (LCRF) at the surface.

with the bulk spray flux algorithm was incorporated into FIO-
ESM v2.0 to investigate the impacts of sea spray on heat trans-
port at the air-sea interface and large-scale features over the
Southern Ocean.

Sea spray enhanced heat and moisture exchange at the
air-sea interface. The anomalous LH flux caused by sea spray
accounted for more than 20%-40% of the total LH flux
change, and the percentage was even higher for the SH flux.
The area-averaged LH and SH fluxes due to direct sea spray
effects reached —15.57 and —6.41 W m ™2, respectively, within
the latitude band between 40° and 65°S. Furthermore, the var-
iations in the interfacial heat flux due to sea spray, denoted as
the indirect effects, exhibited the opposite direction to coun-
teract the direct effects.

Large-scale features were affected by the sea spray effects.
The LH enhancement under evaporation strengthening led to
SST cooling. The area-averaged SST decreased by 1.3°C, and
the zonal mean SST decreased by as much as —1.5°C near
50°S. Furthermore, this boundary condition also altered the
large-scale characteristics of the atmosphere. The lower atmo-
sphere became more stable and moister, characterized by an
increase in RH at low levels. Consequently, more clouds were
formed over the Southern Ocean. The liquid cloud amount,
represented by the CLWP and liquid cloud content, also
increased in the region from 30° to 60°S. More clouds blocked
the incoming SWR and enhanced the downward LWR. The
above negative cloud radiation forcing indicated that less

radiation flux was received by the Southern Ocean when
incorporating sea spray effects.

Consideration of the spray-mediated flux is a feasible solu-
tion to mitigate the common biases in climate models. At
present, accurate simulation of climatic features over the
Southern Ocean remains a long-standing challenge for cli-
mate models. The prevalent biases, characterized by warm
SST and underestimated cloud cover, persist in CMIP6
models. Incorporation of the sea spray process leads to SST
cooling and cloud enhancement, which provides a chance to
improve model biases and achieve better simulations and
predictions.

Furthermore, we attempted to estimate the direct and indi-
rect effects of sea spray. The direct effects of sea spray were
partly counteracted by the indirect effects. Positive feedback
likely occurred among the sea spray—induced heat flux, SST,
air temperature, and wind variations. LH and SH anomalies
resulted in cooling SST and air temperature, thus changing
the air pressure gradient and leading to westerly winds. In
contrast, stronger winds could amplify the effects of sea spray
because more droplets could be ejected from the ocean into
the atmosphere combined with enhanced heat and water
transport. Nevertheless, this positive feedback cannot infi-
nitely amplify the sea spray effects, and it was found that the
reduced SST, in turn, prevented evaporation over the South-
ern Ocean. The interfacial LH flux caused by the indirect
effects of sea spray was positive, which largely counteracted
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LH release due to the direct sea spray effects. In addition,
Andreas (2003) proposed that the cooling air temperature could
increase the air—sea temperature. In this study, the air-sea tem-
perature decreased, leading to positive interfacial SH counter-
acting the SH variations due to the direct sea spray effects.
Based on our results, the y term in Eq. (2) should be negative.

This study incorporated the algorithm proposed by
Andreas et al. (2015) to investigate the sea spray effects on
the air-sea coupling system. We also noted that sea spray—
mediated heat flux parameterizations are constantly improv-
ing. For example, Hartery et al. (2020) proposed the tuned
wind speed-based parameterizations to calculate the surface
flux of sea spray-generated particles. Peng and Richter (2017)
investigated the contribution of different droplet sizes to sea
spray-mediated fluxes. Sroka and Emanuel (2021) reviewed
the available parameterizations of the enthalpy flux from sea
spray. Unfortunately, there is still no consensus on which
parameterization best represents the spray-mediated flux.
More observations are needed to quantitatively evaluate the
simulation of droplet generation, size distribution, and trans-
port of sea spray, especially over the Southern Ocean. More-
over, the different algorithms require further verification in
climate models.
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APPENDIX A

Introduction of the Spinup Experiments

The spray-related experiments started from a stable ini-
tial state, which was simulated for 300 years in preindustrial
state. As shown in Fig. A1, the global mean SST time series
experienced a transient increase and then decreased, finally
reaching a stable state in the last 50 years. The effects of
sea spray reduced the global mean SST, with a 0.56°C tem-
perature difference between Exp_Spray and Exp_Ctrl over
the last 50 years. In addition, the net radiation flux at the
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FIG. Al. Time series of the global mean SST (blue line; unit: °C)
and net radiation flux at the top of the atmosphere (red line; unit:
W m™?) in the Exp_Spray and Exp_Ctrl experiments. The horizon-
tal coordinate indicates the numbers of years in the preindustrial
simulations.

top of the atmosphere (TOA) also reflects the energy bal-
ance state of a climate system. There initially occurred an
obvious difference in the net radiation flux between these
two experiments, but the difference gradually decreased with
increasing integration time. The climate system reached the
equilibrium state with the absorbed radiation flux matching
the emitted heat flux. Furthermore, the value of the net
radiation flux at the TOA in Exp_Spray was closer to zero.
This indicates that the simulated Earth system became
more stable by considering sea spray effects in the climate
model. The 300 years interpretation before the industrial
revolution provided a stable initial field for the historical
simulations.

FIO-ESM v2.0 could suitably reproduce the temporal evo-
lution of the global warming-related SST for the period from
1850 to 2014. Figure A2a shows time series of the global
mean SST retrieved from the ERSSTVS dataset and the two
experiments. The simulated SST in Exp_Ctrl was higher than
that in the ERSSTVS results. Considering the cooling effects
of sea spray on SST, the temporal evolution of SST in
Exp_Spray was more consistent with that based on the obser-
vations. In addition, the net radiation flux at the top of the
atmosphere was analyzed (Fig. A2b). The global mean net
radiation fluxes were close to zero from 1850 to 2014, indicat-
ing that the climate system is in a quasi-equilibrium state.

APPENDIX B

Introduction of the Bulk Spray-Mediated Flux Algorithm

The bulk spray-mediated flux algorithm was introduced
in detail by Andreas et al. (2008, 2015), and the related cal-
culations of variables were provided by Andreas (1992,
2003) and Andreas et al. (1995).

In Egs. (1) and (2), p,, is the water density, cp is the spe-
cific heat under a constant pressure, and 7 is the 3-h SST;
L, is the LH of vaporization, expressed as a function of
Teq,50, as follows:
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FIG. A2. Time series of (a) the global mean SST (unit: °C). The black, red, and blue lines indicate the ERSSTv5
data (1854-2014) and the simulated results in Exp_Spray and Exp_Ctrl, respectively, from 1850 to 2014. (b) Net radia-
tion flux at the top of the atmosphere (the downward direction is positive; unit: W m™~2). The red and blue lines

denote Exp_Spray and Exp_Ctrl results, respectively.

L, = (2834 - 0.001 49T 50) X 10° for Teqs0 <0°C  (B1)

L, = (25.00 - 0.02274 X Teqs0) X 10° for Teqs0 =0°C (B2)

The term T4 is the temperature of 50- or 100-um droplets
in thermal equilibrium under ambient conditions before
these droplets reach the equilibrium radius (Andreas 2005).
Kepert (1996) devised a quick method to estimate T, via
microphysical equations. Andreas (2005) slightly modified
Kepert’s method. Thus, T4 can be calculated as follows:

&
T

w1 B - pep|ar - g~ ewi] =0, e

o« T, b 27305
2 “\7T,+b-27315

exp(y)}AT2

where a = 17.502, b = 240.97, and Eq. (B3) is quadratic in
AT, with AT = T.q — T,; also,

T,
o = Lz’ (B3a)
(b + T, — 273.15)
’ esal(Tn) LTJMWD:,V
B - Ta Rkl’, s (B3b)
2MW s S s MW MY
_ 2Myoy Y @imy(My/M,) (B3c)

r= RT,p,r (4mp,r3/3) — my’
where my is the mass of salt in the droplet, M, is the molec-
ular weight of sodium chloride, M,, is the molecular weight
of water, R is the universal gas constant, oy is the surface
tension of a flat surface with the same temperature and
salinity as those of droplet, v is the number of ions into
which a sodium chloride molecule dissociates, @, is the
practical osmotic coefficient, and D}, and k], are values of
the usual molecular diffusivity for water vapor in air (D,,)

and the thermal conductivity of air (k,), respectively,
modified for the noncontinuum behavior of air and water
vapor molecules around very small droplets. The terms T,
and f are the 0.5-h air potential temperature at 1000 hPa
and RH at the bottom level, respectively, acquired from the
atmosphere model; eg,(7,) is the saturation vapor pressure at
temperature 7. The 3-h SSS is acquired from the ocean model
to compute constants m, and M;. Thus, the solution of T4
involves evaluation the coefficients in Eq. (B3).

The term r(7¢s0) is the 50-um droplet radius at the e-folding
time scale (77 parameterized as the droplet residence time in
the atmosphere, and the radius r of the droplet evolves as the
following function (Andreas 1992):

1(17.50) = Teq + (o = req)exp(—17/1;), (B4)
where ry denotes droplets with an initial radius of 50 pum,
and r.q is the equilibrium radius acquired from the following
recursion relation:

g(re)
ag/orly,

Tp+1 = Tk — (B5)

Specifically, g(r;) is a function of r, and 7, is the e-folding
times that yielding the rate of radius change, which is calcu-
lated with the following equation:

2
dr dr 2dPr
Bl I 1 — 2ro — pldl
dt . (dl ro) (rO req) dar? ro:|
Tr ) . (B6)
Er| 1 (@
e,  ry —regl\dt|,

The termr, is the residence time in air of a spray droplet,
parameterized in terms of the Hs (Andreas 1992) and the
terminal falling speed us(ry) of a droplet with initial radius
ro (Andreas 1992):
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Andreas and Wang (2007) developed Hs as a function of
the 10-m wind speed. In this study, the 3-h Hs was provided
by the MASNUM-WAM wave model.

The wind functions Vp(u.5) and Vs(u,p) were parame-
terized based on the combined HEXOS-FASTEX dataset
(Andreas et al. 2008). Then more observations were avail-
able, and the improved wind function with two regimes can
be expressed as follows:

Vi(u,p) =176 X 10 °for 0 = u, 3 =0.1358 ms™', (BSa)
Vi(u.p) =2.08 X 1077u>F for u.5 = 01358 ms™',  (B8b)
Vs(u,p) = 3.92 X 10 8for 0 < u, 5 =0.1480 m s !, (B8c)
Vs(u,p) = 5.02 X 10 °u?3} for u, 5 = 0.1480 ms™'.  (B8d)

Here, the friction velocity u, p was updated in the coupler
at 0.5-h intervals, which was also applied in the interfacial
heat flux calculations.
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