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Abstract

Marine Cloud Brightening (MCB) geoengineering aims to inject aerosols over oceans to brighten
clouds and reflect more sunlight to offset the impacts of global warming or to achieve localized climate
cooling. There is still controversy about the contributions of direct and indirect effects of aerosols in
implementing MCB and the lack of quantitative assessments of both. Here, we econduected

experimentsdesigned model simulations with injected sea-salt aerosols in the same framework for five

open oceans around the globe. Our results show that a uniform injection strategy that diddoes not depend
on wind speed captured the sensitive areas of the regions that produced the largest radiative perturbations
during the implementation of MCB. When the injection amounts sverearc low, the sea-salt aerosols
dominateddominate the shortwave radiation mainly through the indirect effects of brightening clouds,
showing obvious spatial heterogeneity. As the indirect effeetseffect of aerosols saturatedsaturates with
increasing injection rates, the direct effeets—still-inereasedeffect increases linearly and exeeededexceeds

the indirect effects, producing a consistent increase in the spatial distributions of top-of-atmosphere

upward shortwave radiation. Our—research-emphasizes—that MCB—was-bestimplemented-in-areas—with

seareeThis study provides quantifiable radiation and cloud variability data for multiple regional MCB

implementations and suggests that injection strategies can be optimized by adjusting injection amounts

and selecting sensitive areas in the simulations of regional models.

Keywords: marine cloud brightening; solar radiation management; fine sea spray; climatic ocean regions;

geoengineering
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1. Introduction

As global temperatures continue to rise, the international community is facing an unprecedented challenge
to achieve the ambitious goal set in the Paris Agreement of limiting global warming to within 1.5 °C

(Mengel et al., 2018). Even-therecentOne of the key outcomes of the recently concluded 28th Conference

of the Parties (COP28)

achievewas the completion of the first

Global Stocktake (GST), a mid-term assessment of the progress made by countries toward achieving the

climate goals of the Paris Agreement. However, the report highlighted that eurcurrent efforts are-stilt
insutfietent-to-meet-the COP28 soals(hitps/Avww-eep28-eomi:to reduce emissions had fallen short of

the intended targets (https://www.cop28.com/). Against this backdrop, scientists are turning their

attentionsattention to more radieal-and-innovative geoengineering methods; by attempting to reduce or
offset the impacts of climate change through artificial interventions in the climate (Visioni et al., 2023).
Some geoengineering methods seek to capture or remove CO; from the atmosphere to increase carbon
sinks, while others focus on modifying solar radiation, reducing incoming solar shortwave radiation, or
reflecting more sunlight to cool the earth, known as solar radiation management (SRM) (Lenton and
Vaughan, 2009). Among these, marine cloud brightening (MCB) has a certain realistic basis and is
considered the most likely geoengineeringSRM method for regional applications (Latham et al., 2014). It
has been observed that exhaust emissions from ocean-going vessels can lead to brighter clouds, with clear
ship tracks also visible from satellites, and MCB aims to replicate this effect by spraying sea-salt acrosols
(Chen et al., 2012). ,

Aerosol-cloud interactions and their impacts on climate are complex (Rosenfeld et al., 2014, 2019).
Injected sea-salt aerosols affect clouds through indirect effects (Paulot et al., 2020). In the case of a
constant liquid water content, an increase in cloud droplet number concentration (CDNC) decreases the
cloud droplet size, increases the total surface area of cloud droplets, thereby enhancing the cloud albedo,
forming brighter clouds, and reflecting more sunlight back to space (the first indirect effect or Twomey
effect) (Twomey, 1974). At the same time, the decrease in cloud droplet size suppresses precipitation,
thereby increasing the cloud's lifespan and optical thickness (the second indirect effect of aerosols)
(Albrecht, 1989). Reducing the cloud drop size induces a faster evaporation and loss of cloud water.
However, the effect of the coarse part-of-the-sea spray aerosols has an opposite effect that offsets the loss

of liquid water passpath (Liu et al., 2022). In addition, those acrosols that are not injected aereselsinto the

clouds scatter more sunlight back into space through the direct scattering effect (Ahlm et al., 2017;
5
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Partanen et al., 2012; Zhao et al., 2021). Therefore, this method is also called marine sky brightening

(MSB), which can work even when there are no clouds. Here, we collectively refer to the practice of

injecting sea-salt aerosols as MCB.-MCB-has—unique—advantages—compared—to—othergeoengineering

Compared to other geoengineering schemes, such as stratospheric aerosol injection (SAI), MCB has

unique advantages. For example, the sprayed aerosols have lower environmental risks and can be applied

locally to change the regional climate (Latham et al., 2008). Their deployment costs are relatively low

and flexible (Kravitz et al., 2014; Latham et al., 2012, 2014). However, despite these potential advantages,
the long-term effects and potential risks of MCB are not fully understood, and there are significant
uncertainties as well as ethical, political, and environmental risks. Therefore, most of the current
literatures examine the environmental and climate impacts of MCB implementation through modeling.

Table S1 summarizedsummarizes the results of current modeling experimentssimulations on MCB

and-similar-spraying-ofwith sea-salt aerosols, as well as their implementation strategies. Most MCB
studies useduse Earth-System Models to assess the impacts of the implementation of MCB on climate.
Early MCB studies assumed the effects of MCB implementation by setting a fixed CDNC or directly
modifying the cloud effective radius (r.), ignoring the processes such as generation, transport, dry and
wet deposition, and activation of injected sea-salt acrosols, and not including the direct radiative effect of
aerosols. With the development of models, researchers started to conduct more detailed studies by
injecting aerosols or increasing sea-salt aerosol emissions, taking into account the post-treatmentinjection
processes of aerosols mentioned above. The implementation region of MCB is crucial—and-existing
researeh. Existing studies have focused on the impacts of #mplementing-MCB implementation in_three

key areas: open oceans globally, the equatorial region (between 30°S and 30°N), and coastal areas with
widespread marine stratocumulus clouds. Adterskjeeret-al(2012)Alterskjeer et al. (2012) used the cloud-

weighted susceptibility function to find the most sensitive regions to the injection of sea-salt aerosols.

Similarly;Jones-and Haywood(2042)Similarly. Jones and Haywood (2012) determined the 10% of the

marine regions globally most suitable for implementing MCB through an iterative method. The

contributions of direct and indirect effects of aerosols during the implementation of MCB are still
controversial and quantitative assessment of both is lacking.

Here, we useduse the two-way coupled Weather Research and Forecasting - Community Multi-scale

Air Quality model (WRF-CMAQ-medel;), combined with previous studies on the region and injection

6
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strategies, to implement MCB in five open oceans worldwide. This study simulatedsimulates the regional
radiation and cloud responses caused by injecting sea-salt aerosols. This aims to explore the
commonalities and differences in MCB implementation in different regions and to seek the optimal

strategy for MCB injection.

2. Experiments and methods

2.1 Model configuration

The two-way coupled WeatherRescarch-andForecasting (WRE3-H—Community Multi-scate-Air
this-study™® Tn-the-two-way-coupled-modelaeroselspredicted by CMAQ-wereWRF (v3.4) - CMAQ

(v5.0.2) model that considers both direct and indirect effects of aerosols was used in this study (Yu et al.,

2014). In the two-way coupled model, aerosols predicted by CMAQ are able to affect clouds, radiation,

and precipitation simulated by WRF in a consistent online coupled manner (Wong et al., 2012). Yu-etak
2044 Yu et al. (2014) further extended the two-way coupled WRF-CMAQ model by incorporating the
aerosol indirect effects (including the first, second, and glaciation aerosol indirect effects), improving the
ability of the WRF-CMAQ model to predict clouds and radiation. Wang-et-al{262HWang et al. (2021)
validated this model.

The physical schemes of the WRF model are the same as those set in Yuetal2644Yu et al. (2014),
including the asymmetric convective model (ACM2) for a planetary boundary layer (PBL) scheme (Pleim,
2007), the Morrison 2-moment cloud microphysics scheme (Merrison-etal;2009)(Morrison et al., 2009),

the Kain-Fritsch (KF2) cumulus cloud parameterization, the Rapid Radiative Transfer Model for General
Circulation Models (RRTMG) longwave and shortwave radiation schemes, and the Pleim-Xiu (PX) land-
surface scheme. The meteorological initial and boundary conditions were provided by the National Center
for Environmental Prediction (NCEP) final analysis dataset (FNL) with a spatial resolution of 1°x1° and
temporal resolution of 6 h. The carbon bond gas-phase chemical mechanism (CB05) and aerosol module
of AERO6 were used in the CMAQ model. The anthropogenic emissions were taken from the
Hemispheric Transport of Air Pollution (HTAP_V2) projects (Janssens-Maenhout et al., 2015). The
biogenic emissions were estimated by the Biogenic Emissions Inventory System version 3.14 (BEISv3.14)
model (Carlton and Baker, 2011). Sea salt emissions were calculated online in CMAQ and were divided
into open-ocean and surf-zone emissions. In-the-epen-ocean,Gong(2003)In the open ocean, Gong (2003)
extended the sea-salt aerosol parameterization of Menahan—et-al—(1986)Monahan et al. (1986) to

7
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submicron sizes, with the emission flux being linearly proportional to the ocean area covered by whitecaps,

CMAQ represents the

atmospheric _particle distribution as the superposition of three log-normal modes, the Aitken

Accumulation, and Coarse modes (Binkowski and Roselle, 2003). The particle size distribution and the

geometric standard deviation of the emitted sea-salt acrosols are adjusted to the local relative humidity

before mixing with the ambient particle modes (Zhang et al., 2005). Surfzeone-emissions-were-ealenlated
using-the-open-ocean-source-funetionof Gong(2003)The geometric mean diameter of accumulation mode

sea-salt aerosols in the CMAQ ranged from 0.2651 to 0.8187 um, with the geometric standard deviation

constrained between 1.76 and 1.83. Surf-zone emissions were calculated using the open ocean-source

function of Gong (2003), with a fixed whitecap coverage of 100% and a surf-zone width of 50 m. kel

et-al+20+0)Kelly et al. (2010) provided a detailed description of these processes. In the CMAQ model,
the number concentration emission rate was calculated from the mass emissions rate as follows;
6\ (E,
Ezp=(=)— 1
o (n) (pn) ™
E
By =2 @
D3, exp (— 5In? crg)

where En was the mass emissions rate for species n and p,, was the density for that species. The sum

Y'n E3, was taken over all emitted species. The geometric mean diameter for mass or volume, Dy, was
given by Dg, = Dg exp (3 ln2crg) from the Hatch-Choate relations for a lognormal distribution (Binkowski

and Roselle, 2003). This study used Geographic Information System software (ArcGIS) to obtain the
open-ocean and surf-zone fractions for each grid within the modeling domain from shoreline information.
The modeling domains of the five regions were almost entirely open ocean, with surf-zone fractions of

less than 0.01%.
2.2 Experimental setup

As summarized in Table S1, the MCB geoengineering implementation areas included the globe, the
equator (30°S—-30°N), regions with extensive coverages of marine stratocumulus clouds, and so on.
Therefore, based on previous experimental designs, we useduse the WRF-CMAQ model to simulate the
injections of sea-salt aerosols in the five open ocean regions (Fig. 1¢). These regions were-Asiaare WP
and NP, located in EastAsta-on-the western side-oftheand northern Pacific Ocean; Equa, situatedlocated

in the Philippine Sea along the equator; and NP-SP; and SA, whichreferred-tolocated in the Nerthsouth
8
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Pacific-SeuthPacifie; and Seuthsouth Atlantic, respectively. FheseThe three regions, NP, SP and SA. are

located along the western coast of continents, were considered to have extensive coverage of marine
stratocumulus clouds and were the most suitable areas for implementing MCB (Alterskjeer et al., 2012;
Hill and Ming, 2012; Jones et al., 2009; Partanen et al., 2012; Stuart et al., 2013).

The grid numbers of WRF and CMAQ svereare 190x190 and 173x173, respectively, and both=
hadhave a horizontal resolution of 12 km, with 29 vertical layers from the surface to about 21 km altitude.
The simulation period for the AsiaWP, Equa, and NP regions in the northern hemisphere svasis from July
24, 2018, to September 1, 2018, while for the SP and SA regions in the southern hemisphere, the
simulation period wasis from February 24, 2023, to April 1, 2023. The first 8 days of the model
simulations wereare considered as the spin-up period to minimize the impacts of initial chemical
conditions. ,

The results of the Base simulations with the model settings described above and default sea salt

emissions (no aerosol injection) were obtained. As can been seen, there are significant differences in the

cloud distributions for the five ocean regions in the Base simulations during the study period, with wider

distributions of liquid clouds in the NP, SP, and SA regions, but fewer clouds in the WP and Equa regions

(Fig. 2, first column). Cloud heights are distributed between 500-2000 m, centered at 1000 m (Fig. S1

first column). The cloud fraction, CDNC., liquid water path (LWP). and sea-salt aerosol concentrations in

the Base simulations for each region are summarized in Table 1.

We testedtest four different sea-salt aerosol injection methedsstrategies, wind-speed-dependent
Naturalx5, Wind-adjusted, Fixed-wind-adjusted at 10 kg m? s! and Fixed-wind-adjusted-uniform
injections-of sea-salt-aerosels-at-afixedrate-of 10 kg m~=-s. All additional injected sea-salt aerosols
wereare in the accumulation mode. In this study, the geometrical mean dry diameter of sea-salt aerosols
injected into the five regions wasis about 0.11-0.15 pum, and wasis similar for all emission scenarios.

Naturalx5: InereasedIncrease the emission rates of accumulation mode sea-salt aerosols by a factor

of 5 (Hill and Ming, 2012). This wasis a simple wind-speed-dependent increase. The injection rates in the

five regions wereare equivalent to 0.03031-0.09085x10° kg m™ s™! (Table S2).
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Wind-adjusted: Salter et al. (2008) designed a spray vessel for injecting sea-salt aerosols with a

spray efficiency that was dependent on wind speed and was expected to achieve maximum spray outputs

at wind speeds between 6-8 m s™'. The threshold wind speed was set to 7 m s and the spray efficiency

at lower wind speeds raised to the power of 1.5. We use the source function of Partanen et al. (2012) as

follows, where u is the 10 m wind speed. For example. at wind of 7 m s”! the injection rate will be 0.26 x

10° kg m s,
u 15
5 x28x10712x (Ts—l) kgm 257!, u<7ms™!

5 X28x%10712x 75 kgm~2s71, u=7ms™!

3

Fm, baseline —

Fixed at 10~ kg m s!: Unlike the previous two injection methods, the injections of sea-salt acrosols

at a fixed rate of 10 kg m? s™!

wereare not dependent on wind speed and increased uniformly over all
ocean grids. Injecting sea-salt aerosols at a fixed rate identified the geographic areas that were most
sensitive to increased sea-salt aerosols and produced the largest top-of-atmosphere (TOA) radiative
perturbations (Alterskjeer et al., 2012). Many other studies have used this method (Goddard et al., 2022;

Horowitz et al., 2020; Mahfouz et al., 2023), Uniform injections of sea-salt aerosols throughout the region

[&ETH?&: F{&: Times New Roman, R 416

)

ignored aerosol transports and dispersion at the boundary. Therefore, based on the results of a fixed 10

ke m? s injection rate, we identified the geographical regions (30 x 50 erid points, approximately 360

km x 600 km, away from the domain boundary) in five ocean areas where the TOA radiative perturbations

caused by uniform injection were the largest, and the most sensitive. Table S3 shows the locations of these

sensitive regions. The injection amount in the sensitive region at a fixed 10® ke m? s™! injection rate is

found to be about 1/20 of those in the full domain.

[i&!?ﬁi‘: & Times New Roman, 7\

Fixed-wind-adjusted: To rule out differences in radiative and cloud response due to wind
variabilities on spray rates, we performedperform an additional adjustment. Similar to Naturalx5, the
injections of sea-salt aerosols were also dependent on the wind speed but the integrated amounts in the

region wereare set to be equal to the case that all area had a fixed rate of 10® kg m? s! (Fixed).

2.3 Calculations

10
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The calculation method related to radiation, cloud properties, and cloud radiation forcing is based on

Goddard et al. (2022). briefly described here as follows. This study focuses on the shortwave radiative

flux responses at the TOA due to the injections of sea-salt aerosols, which is consistent with the definition

of effective radiation forcing (ERF) (Forster et al., 2007). The sea surface temperature in the model is

preset by NCEP-FNL, so the model's surface temperature and upward longwave radiation would not

respond to the increased sea-salt aerosols. The total upward shortwave radiation flux (SW_TOT) at the

TOA is under the all-sky conditions. The responses of SW_TOT to the injections of sea-salt aerosols

could be divided into the cloud radiation effects (SW CLD, excluding the direct effect of the aerosols)

and direct scattering effects when clouds are present (SW AER).

SW_TOT = SW_CLD + SW_AER )
The diagnosis of CLEAN-SKY (no aerosols) wasis not considered in the previous WRF-CMAQ
model. So in this study, we extendedextend this feature in the WRF-CMAQ model using the methodology
of Ghanetal{2042)Ghan et al. (2012) by performing a double radiative call at each time step to calculate
radiation variables related to CLEAN-SKY (SW_CLD). We-have also studiedstudy the impacts of
injecting sea-salt aerosols on the upward shortwave radiation flux at the TOA under the clear-sky
conditions (SW_AER CLR). At this time, only the direct scattering effect of aerosols existed, which
wasis considered to be the maximum MSB potential generated by injecting sea-salt aerosols when there
L [ I i s R TR
Due to the different amounts of sea-salt aerosols injected in different ways, it resultedresults in<
different SW_TOT responses. Therefore, we prepesedpropose the concept of MCB efficiency (Emcs) to

measure the relationships between the amount of sea-salt aerosol injections and the resulting radiation

flux responses- (Table S2).

SW_TOT response due to injection of sea-salt aerosol ( W m?)

®)

MCB = Sea-salt aerosol injections ( kg m=2 s~1)

Tt-measured-This is a measure of the mass efficiency of MCB implementing MCB-in different regions,

that wasis, how much SW_TOT responses wereare expected to be generated by injecting sea-salt aerosols

11
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atarate of 1 kg m? s, Emcs = | means that injecting 1 kg of sea-salt aerosols per unit time in the current
study area wasis expected to produce a 1 GW (10° W) SW_TOT response. Note that this value (Emcs)
wasis based on model calculations under specific atmospheric conditions within the study region and
wasis only used to analyze the sensitivities of the radiative flux to different injection methods and injection
amounts.

This study feeusedfocuses on the changes in liquid clouds and evaluated the responses in cloud
condensation nuclei (CCN), cloud fraction, CDNC, re, liguid=waterpath-tLWP3;, cloud optical thickness
(COT), and cloud albedo due to the injections of sea-salt aerosols. These calculations wereare shown in
Supplementary Text S1.

Cloud radiation forcing (CRF) parameters can be used to quantify the responses of SW_CLD to
changes in cloud cover or cloud albedo, defined as follows (Goddard et al., 2022):

CRFparam = acf (6)
where o, swasis mean cloud albedo and fwasis mean cloud fraction.

The CRF parameters eeuldcan be approximated using the perturbation method as follows (Goddard
et al., 2022):

CRF g = aef + acf' + ogf’ ™
where the first term on the right-hand side indieatedindicates the changes in CRFpuam driven by the
perturbation of cloud albedo, the second term indieatedindicates the changes driven by the perturbation
of cloud fraction, and the third term deneteddenotes the changes driven by the interactions of the two.
The horizontal bars on @, and f wereare defined as the monthly means of the Base, and the prime (')
defineddefines the monthly mean differences between the sensitivity experiments and Base. The fourth
column of Fig. $24523 shows that the differences between CRFuram and CRF'pqam wereare small enough

that the perturbation method eeuldcan be used to approximate the CRF'yaram.

Ae L (FAREBNE  SAWEEWR  Aldaf

Q
MJ

Te 3 AlnAOGD ' 6 AlRAOD  AlnAOD)

The changes in cloud albedo are driven by multiple processes. Based on Quaas et al. (2008) and

Christensen et al. (2020), Goddard et al. (2022) established the following equation to assess the relative

12
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effects of CDNC, LWP, and mean cloud fraction on the responses of SW_CLD due to the injections of

sea-salt aerosols:

Aa A1 1AlnCDNC+5AlnCLWP+ Aln f g
Amaop /A%l =) (3 AlnAOD ' 6 AlnAOD AlnAOD) ®
where «a wasis the planetary albedo, A representedrepresents the difference in monthly average results

between sensitivity experiments and Base simulations, and «, wasis the cloud albedo. The three terms
inside the right parenthesis representedrepresent the relative contributions of Twomey effect, LWP effect,
and cloud fraction effect, respectively, with the latter two related to the second aerosol indirect effect
(Albrecht, 1989).

The perturbations by generating three ensemble members for each experiment in each region were

added. The results of all sensitivity experiments are compared to those of Base simulations. Unless

otherwise specified, all results in this study are shown as overall regional monthly averages of the

ensemble.

3. Results
3.1 The impacts of different injection strategies on shortwave radiation at the TOA.

In modeling studies, using-different-variations in methods used to increase sea-salt acrosols may lead to
different conclusions, and this-diserepaney-these variations may be one of the reasons for differences in
the assessments of MCB potentials in the previous studies. In this study, sea-salt aerosols injected in

different strategies (with dry diameters of about 0.11-0.15 um, Fig. 1a) inereasedincrease the SW_TOT

at the TOA by 0.06-24.5007-25 W m in the five ocean regions (Fig. 23a). The Naturalx5 and Wind-

adjusted methodsstrategies, which reliesrely on wind speeds, injeetedinject sea-salt aerosols of 0.03031—

0.09085 and 0.18-0.21 x 10 kg m s™! into the five regions, respectively, resaltingand result in SW_TOT
variations of 0.0607-2.08-and-1-35 and 1.4-8.474 W m?<(Table-S2)., respectively—Execeptforthe Equa

- (Fig. 3a and Table 2). Uniformly injections of sea-salt

aerosols at a fixed rate of 10° kg m? s™! resultedresults in SW_TOT changes of 10-96-24.5011-25 W m’

2 in the five regions.
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entirereston—The three continental west coast stratocumulus regions of NP, SP, and SA hadhave the most
significant SW_TOT responses, all exceeding 20 W m2, while the SW_TOT responses in the Asia WP

and Equa regions are 18 and Equa-regions-were17:34-and-10:9611 W m™, respectively,

Injecting the same amount of sea-salt aerosols resultedresults in substantial variations in SW_TOT

responses across the different regions (Fig. S1S2). The sea-salt aerosols sprayed in the Fixed-wind-
adjusted experiments wereare also dependent on wind speed, but the amount of emission rate integrated
in the full domain wasis consistent with the fixed rate of 10 kg m? s™', ruling out the differences caused
by the amount of injected sea-salt aerosols. Although both metheds—injectedstrategies inject the same
amounts of sea-salt aerosols, the SW_TOT responses they predueced—wereproduce are significantly
different. The Fixed-wind-adjusted method resultedstrategy results in SW_TOT changes of 5.60—+9-780—
20 W m? in the five regions; (Fig. 3a), indicating that the shortwave radiation flux changes caused by
wind-speed-dependent injections wereare smaller than those caused by uniformly injections, and showed

regional differences.

Figure 33b shows the Emcs values of different sea-salt injection strategies in the five regions. Overall,
MCB implementation wasis more efficient in the NP, SP, and SA regions, while it wasis less efficient in
the AstaWP and Equa, which wasis similar to the previous SW_TOT response results. Emcs also
variedvaries for different injection methodsstrategies. In the NP, SP, and SA regions, the Emcs values of
the Naturalx5 and Wind-adjusted methedsstrategies with relatively small injection amounts wereare

higher—With-the-inereases-in-sea-saltaeroselsinjections; Evcp-deereased(diseussed-below- than the other

two strategies with large injection amounts. At the same injection amount, injecting at a fixed rate shows

higher Evmcp eemparedrelative to injections dependentdepending on wind speed, as consistently shown in

all five regions- (Fig. 3b). Since the number flux of aerosols increased with the decreases of the injected

aerosol particle size for the same mass flux, we examined the MCB efficiency in units of aerosol number

concentration (Fig. S3). The results show that the number efficiency of MCB is proportional to the

injection rate of aerosol number (Fig. S3¢). In the same quality injected, the acrosol number varies greatly

(Fig. S3d).

The productions of sea-salt aerosols in nature wereare strongly correlated with wind speed, and most
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models associated sea-salt aerosol emissions with wind speed (Ahlm et al., 2017; Grythe et al., 2014).
Injection strategies depending on wind speed smademake the distributions of added sea-salt aerosols closer
to the natural distributions. In natural environments, sea-salt aerosol emissions in strong-wind areas (e.g.,
storm or typhoon areas) and surf zones are usually much larger than in weak-wind areas. Therefore,
injection methodsstrategies depending on wind speed eoneentratedconcentrate the added sea-salt aerosols
in strong-wind areas and surf zones, while the weak-wind regions inereasedincrease relatively little sea-
salt aerosols (Fig. S254). Injecting uniformly at a fixed rate in the model wouldwill result in a large
increase of sea-salt aerosols in places with originally low aerosol concentrations (e.g., weak-wind regions).
Therefore, when using models to simulate the injections of sea-salt aerosols by increasing the emission
rate, it wasis necessary to consider the impacts of different injection methods on the distributions of sea-
salt emissions. Using a uniformly increasing method independent of wind speed can not only avoid the
situation of a smaller increase in sea-salt emissions in regions with lower wind speeds, but can also
identify the geographical areas most sensitive to the increased sea-salt acrosols and producing the largest

TOA radiation perturbations (Alterskjeer et al., 2012).

600-km-andaway-from-the-domain beundaries)—Injecting sea-salt aerosols in the sensitive areas with the

same uniform injections (10 kg m? s™!, the injection rate is about 1/20 of the full domain injection)

resultedresults in changes of 0.6549-3.274 W m? in SW_TOT in the five ocean regions (Table S2). The
SW_TOT responses wereare the largest in the SP region, at 3.274 W m, and 2.697 and 1.847 W m™ in
the NP and SA regions, respectively, while they were only 0.6549 and 0.7483 W m™ in the AsiaWP and
Equa regions, respectively. The injected sea-salt acrosols produced SW_TOT changes of 5.11-14—+4522.3
W m in the sensitive areas (Fig. 1b). Similarly, the increases in SW_TOT in the SP, SA, and NP regions
all exceeded 109 W m, with the highest in the SP region at 15:2214.3 W m™. In the AsiaWP and Equa

regions, although the increases in SW_TOT wereare only 6-225.11 and 5.4426 W m™, respectively-itean

$3).. Considering that the original intents of MCB or MSB design wereare regional application (hurricane

mitigation, coral reef protection and polar sea ice recoveryy;) (Latham et al., 2014), choosing to inject sea-
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salt aerosols in the sensitive areas could achieve the corresponding cooling goals within the region, and

also affected larger areas through the diffusions and transports of aerosols._
3.2 Characterization of the radiation responses.

SW_TOT responses wereare defined as the sum of the upward shortwave radiation flux response at the
TOA generated by the combined effects of the direct scattering effect of aerosols (SW_AER) and cloud
radiative effect (SW_CLD) after injecting sea-salt aerosols. Figure 4 shows the contributions of SW_AER
and SW_CLD responses in the SW_TOT produced by different injection methedsstrategies in the five
ocean regions. The majority of the SW_TOT radiative flux response due to the less-injeetedlower mass
injection Naturalx5 and Wind-adjusted strategies wasis caused by the SW_CLD response (Fig. 4-and
Fable14a). In the NP, SP, and SA regions, the eontributioncontributions of SW_CLD exeeededexceed
70%, suggesting that sea-salt aerosols injected at these locations inereasedincrease the SW_TOT mainly
by affecting clouds through indirect effects. In the Equa, the responses of SW_TOT wereare entirely
caused by SW_AER. The proportion of SW_AER produced by the uniform injection of sea-salt aerosols

at a fixed rate of 10 kg m? s”! continued to increase (Fig. 4c). In the AsiaWP, Equa, and SP regions, the

proportion of SW_AER exceeded that of SW_CLD. In the SA region, SW_CLD and SW_AER wereare
almost equal, while in the NP region, the SW_CLD response wasis 13-4+ W m?, still greater than
SW_AER (9.798 W m). This is because there wasis a saturation phenomenon in the cloud response to
aerosols injections (discussed below), and the NP, SP, and SA regions previdedprovide more SW_CLD
responses, while the cloud responses in the AsiaWP and Equa regions saturatedsaturate and no longer
inereasedincrease. The results of Fixed-wind-adjusted case show that, at the same injection amount, the
SW_AER responses caused by the injection methedstrategy relying on wind speed wasis significantly
smaller than those of the method with fixed-rate uniform injection, while the disparity in SW_CLD
responses wasis minimal. This is because the injection methedstrategy relying on wind speed distributed
most of the increased sea-salt aerosols to areas with already high emissions, such as strong-wind areas
and surf zones, where the excess marine aerosols hadhave already saturated the cloud responses, resulting
in minor changes in SW_CLD. In areas with weak winds, the potentials for direct aerosol scattering
wereare not fully exploited due to the relatively small amounts of sea-salt aerosols injected, leading to a
lower SW_AER response.

Figures S4S5 and S5S6 show the spatial distributions of SW_CLD and SW_AER responses resulting

from different injection methods in the five ocean regions. The SW_CLD responses wereare stronger in
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the three regions of NP, SP, and SA, while they swereare weaker in the regions of AsiaWP and Equa, and
in some grids they even led to a reduction of the upward shortwave radiation- (Fig. S5). The spatial
distributions of the SW_CLD responses exhibitedexhibit noticeable discontinuity, reflecting significant
regional differences in the non-uniform distributions of clouds and their impacts on shortwave radiation

at the TOA. The effect of cloud properties on SW_CLD will be shown in Section 3.5. Due to the influences

of various complex factors on cloud formations and distributions, simulation results related to clouds
show significant spatial variabilities. This might be the result of the combined effects of local
meteorological conditions and changes in cloud physical properties caused by sea-salt aerosol injections.

In contrast, the spatial distributions of the SW_AER response wereare smoother, leading to consistent
increases in upward shortwave radiation at the TOA in all ocean regions: (Fig. S6). This indicates smaller
spatial limitations in the distributions of aerosol particles, allowing direct scattering effects to take place
everywhere. The direct scattering effect of aerosols swasis primarily related to the concentrations and
physical properties of the particles (discussed below), unlike clouds, which svereare influenced by
multiple variables. These results suggest that when implementing geoengineering measures, it is essential
to comprehensively consider the interactions between aerosols and clouds, as well as their different
response patterns in various regions. Furthermore, the high spatial variabilities of cloud radiation effects
emphasizedemphasize the need for improved resolution in future model studies of cloud-aerosol
interactions.

The SW_CLD response resulting from the injection of sea-salt aerosols in the sensitive areas of five
ocean regions exhibits significant spatial differences. The SW_CLD response is larger than the SW_AER
response in the sensitive areas of NP, SP, and SA, indicating that the changes in SW_TOT are mainly
driven by the cloud radiation response (Fig. 5). In contrast, the SW_CLD response is smaller in the
AstaWP and Equa regions. This regional difference is similar to that observed with uniform injection
across the entire region. The SW_AER response shows consistent results in all areas, resulting in a
radiation response change of 3.5558-5.4244 W m within the injection areas. In the AsiaWP and Equa,
the variations in SW_TOT svereare primarily driven by the direct scattering effects of aerosols.

Aerosols can have a greater impact on radiation responses outside the sensitive areas through
transports and diffusions, reaching up to three times the total radiation within the sensitive areas (Fig. 6).
In all regions except Asia WP, the total SW_CLD response outside the sensitive region was about 270%—
408% higher than inside. In AsiaWP, the SW_CLD response outside the sensitive area was-enly29%-of
the-respense-inside:has a negative effect. The SW_CLD responses in NP, SP, and SA extendedextend to
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the west and northwest of the injection areasby the prevailing winds, indicating that clouds in these areas
wereare affected by the injection of sea-salt aerosols (Fig. 5). Changes in cloud microphysical properties
wouldwill be presented later. The SW_CLD variations in other directions wereare not uniform, and there
wasis negative SW_CLD responses in some grids, which again reflected the spatial complexities of cloud
radiation effects. The direct scattering effects of aerosols on areas outside the sensitive region is reflected
in a widespread increase in upward shortwave radiation at the TOA. The total SW_AER responses outside
the sensitive areas in the five ocean regions wereare approximately 160%-281% higher than inside, but
lower than the impacts of SW_CLD responses outside the sensitive areas. There wereare consistencies in

the spatial distributions of SW_AER and SW_CLD responses.
3.3 Saturation of the cloud radiative responses.

Figure 7 shows that under low levels of sea-salt aerosol injections, radiation response changes wereare
mainly driven by SW_CLD responses. As the injected sea-salt aerosols increased, the SW_CLD responses
gradually reachedreach saturation. After reaching a certain injection level, the increases of SW_CLD
responses stabiizedstabilize at its maximum value and no longer increases with further injections. The
SW_CLD responses show large differences in the five ocean regions, and the different shapes and slopes
of the curves indieatedindicate that the cloud radiative forcing responses to the sea-salt aerosol injections
wereare different in each region. This might be due to variations in cloud types, cloud amounts, and
atmospheric conditions in the different regions. In the NP, SP, and SA, the SW_CLD responses
exceededexceed 10 W m, while in AsiaWP, it saturatedsaturates at 5 W m™. In Equa, when the sea-salt
aerosol injection rate wasis 10° kg m? s, the SW_CLD response wasis 0.545 W m, and even when the
injection doubled, the SW_CLD response remained at 0.545 W m. This implies that the SW_TOT at
Equa was almost exclusively from the contributions of the direct scattering effects of aerosols.

In contrast to SW_CLD, the SW_AER responses inereasedincrease linearly with the injections of
sea-salt aerosols (R* > 0.99). As the injection inereasedincreases, the contributions of SW_AER to
SW_TOT gradually inereasedincrease, surpassing the SW_CLD responses, and showedshow the same
trends across the five regions. This implies that at higher injection levels, the contributions of SW_CLD
to total radiation change saturated, and cloud properties no longer significantly ehansedchange. At this
point, sea-salt aerosols primarily affeetedaffect radiation through direct scattering effects, and the aerosol
particles' ability to scatter solar radiation continued to increase with the increases in aerosol quantities. In

some cloud-free regions or weather conditions, injected sea-salt aerosols wereare still able to function
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through direct scattering.

There existedexists a specific injection level at which the SW_CLD and SW_AER responses svereare
equal. In the NP region, when the injection level wasis approximately 1.55x10 kg m™ s, both SW_CLD
and SW_AER responses wereare 15 W m™. In the SP and SA, these levels wereare about 0.67x10° kg m™
2 s and 1x10? kg m? 57!, respectively. While in AsiaWP, the responses were already equal when the
injection amount was 0.15x10 kg m™ s™'. Since there wasis a saturation of the cloud radiation effects,
Ewmcs deereaseddecreases with the increases in sea-salt aerosol injection amounts (Fig. 7, red dashed line).
This can also explain the higher Emcp of the Naturalx5 and Wind-adjusted methedsstrategies with

relatively low injection amounts (Fig. 3)-3b). Therefore, wind-dependent injection strategies led to the

injection of large amounts of sea-salt aerosols in certain areas with high wind speeds, leading to saturation

of cloud radiation effects, which might affect the performances of MCB in the simulations of regional

and global models.
When less sea-salt aerosols sverearc injected, both SW_CLD and SW_AER responses

contributedcontribute to the changes of SW_TOT. As the injection amounts inereasedincrease, the
SW_CLD responses saturatedsaturate, and the increases in SW_TOT depended on the increases in

SW_AER responses, leading to a decrease in Emca-_(Fig. 7) Therefore, implementing geoengineering
with sea-salt aerosol injections required considering local atmospheric conditions and balancing the
relationships between cooling goals and sea-salt injection efficiencies.

Under clear and cloudless conditions, injecting sea-salt aerosols could still increase the SW_TOT
through direct scattering, and this effect exceededexceeds those of aerosol direct scattering when clouds
wereare present. The vartationsvariation of the upward shortwave radiation flux at the TOA under the
clear-sky conditions (SW_AER_CLR) diddoes not exhibit significant regional heterogeneity across the
ocean areas (Figs. 5 and S6S7), suggesting that the contribution of direct aerosol scattering svasis more
uniform globally when considering the effects of sea--salt injections on the Earth's radiation budget. The
SW_AER CLR responses wereare also linearly correlated with the injection of sea-salt aerosols (R*>
0.99), and it exceededexceeds the SW_AER responses (Fig. 7). This is because cloud layers also
seatteredscatter and abserbedabsorb solar radiation, so this scattering effect wasis more significant under
clear sky conditions. It swasis reflected that in regions with strong cloud radiation effects, such as the NP,
SP, and SA regions, the differences between the SW_AER and SW_AER_CLR responses svereare also
larger (Fig .7). When injecting sea-salt aerosol in sensitive areas, the spatial distributions of
SW_AER_CLR and SW_AER responses wereare highly consistent (Fig. 5). Therefore, injecting sea-salt
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aerosol under conditions of low cloud covers or clear skies also irereasedincreases the upward shortwave

radiation flux at the TOA.

3.4 Factors affecting the radiation effects.

(BBTHX: T 15

Uniform injections of 10 kg m™ s sea-salt aerosols led to an increase in aerosol optical depth (AOD) of+ [ #4&tt: 4k B34 0 74

0.220-0.37 in all regions (Fig. 8). The distributions of AOD within the regions wereare not uniform due
to aerosol transports and diffusions, with some areas showing an increase in AOD of over 0.6. Injecting
sea-salt aerosols in sensitive areas ledlead to an AOD increase of 0.08077-0.12, while outside the
injection areas, AOD gradually deereaseddecreases as the aerosols were—transportedtransport and
disperseddisperse. With the increases in sea-salt aerosol injections, AOD shewedshows a linear increase
within a certain range in all five ocean regions (R>> 0.997, Fig. 9a). There wasis a strong correlation
between the AOD changes caused by sea-salt injection and the SW_AER responses. When sea-salt
aerosols wereare uniformly injected across the entire region, the correlation coefficients between AOD

and SW_AER responses in the five ocean areas wereare greater than 0.94, and when injected in sensitive

areas, the correlation coefficients wereare greater than 0.99 (Fig. S8). SH)-TFhere-wasalso-astrongspatial (BETHR: 7 7

eonsisteney-betweenThe optical properties of injected aerosols are described in Supplementary Text S2.
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In general, the spatial-distribution-oef AODinjected sea-salt acrosols scatter sunlight more efficiently than
absorb it, causing solar radiation to be reflected back into space and SW—AERrespense(Fig—S5-third

d-column,—and —8-third-column)-tend to scatter more

meters-(Higs-—S12-and-S14)-In the regions with higher cloud cover, such as NP, SP, and SA, injected sea-

salt aerosols significantly inereasedincreases cloud fraction; (Fig. 2.third column and Table 1), leading to

the formations of more clouds or expanding the coverage, vertical thickness and lifetime of existing

clouds (Goddard et al., 2022).The injection of sea-salt aerosols in sensitive areas hadhave similar results,

where cloud fractions inereasedincrease both inside the injection areas and in the regions affected by

aerosol transports and diffusions (Fig. S13).

ses: Taking the SP region as an example, Fig. 10 demonstrates
that uniformly injections of 10 kg m™ s™! sea-salt aerosols significantly inereasedincreases the CDNC.
More cloud droplets eaptaredcapture more water vapor, leading to an increase in hquid-waterpath- tLWP3-.
Additionally, the increases in cloud thickness also eentributedcontribute to the increase in LWP. The
inereasesincrease in CDNC deereaseddecreases the mean re by 8.9 um (~ -37%), inereasedincreases the
cloud-optical-thickness{COT) by more than 220%, and ultimately inereasedincreases the mean cloud
albedo over the region by 0.19 (~64%). Similarly, injecting sea-salt aerosols in the NP and SA regions led
to average cloud albedo increases of 0.17 and 0.20, respectively, while in the AstaWP and Equa, the
increases wwereare 0.15 and 0.13, respectively (Figs. S+5—S18S14-S17). The injeetionsinjection of sea-
salt aerosols within the sensitive areas hadhas less effect on cloud microphysical properties than the whole
region injections. This is because when sea-salt aerosols wereare injected across the entire region, the
surrounding sea-salt aerosols affectedaffect the sensitive areas through transports, resulting in an
enhanced cumulative effect on cloud microphysical properties in the sensitive areas. Injecting sea-salt
aerosol in the sensitive area of the SP affected clouds in the surrounding region through transports,
inereasedincreases the average cloud albedo across the entire area by 0.63032 over the entire region and
by 0.12 within the sensitive regions, which wasis less than the effects of injection across the entire area
(Fig. S+9S18). Similarly, injecting sea-salt aerosols in the sensitive areas of other seaocean regions ledlead
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to average cloud albedo increases of 0.6+015-0.62024 across the entire area, with increases of 0.11 in the
sensitive areas of the SP and SA regions, and increases of 0.69090 and 0.10 in the AsiaWP and Equa,
respectively (Figs. S26—-523519-S22).

3.5 Drivers of SW_CLD responses.

The cloud radiation forcing (CRF) parameters swereare used to calculate the effects of changes in cloud
cover and cloud albedo on the SW_CLD responses due to the injections of sea-salt aerosols. Figure
524823 illustrates the increase in the CRF parameter coinciding with the increases in the SW_CLD
responses after uniform injection of sea-salt aerosols in the five regions (Fig. S4S5, third row). The results
wereare similar for injections in the sensitive areas (Fig. $25S24, third column, and Fig. 5, first column).
The CRF'param calculated using the perturbation method indicates that in the five ocean regions, CRF'yaram

wasis primarily driven by perturbations in cloud albedo (Fig. S26S25, first column), and it significantly

surpassedsurpasses the changes in cloud fractions and their interactions. Cloud albedo changes
explainedexplain over 70% of the CRF'puum in all feurfive regions except the Equa. The
contributienscontribution of cloud fraction changes rangedranges from 13.9% to 23.87%, while the
interactions between the two factors aceountedaccount for only about 10% (Fig. $26S25, second and third
columns). The results svereare similar for injections in sensitive regions, where changes in cloud albedo
accounted for 68:9%—79-658.8%-99.4% of the CRF'puam, followed by changes in cloud fractions, with
the smallest contributions from their interactions (Fig. S27526).

Figure 11 evaluates the relative effects of Twomey, LWP, and cloud fractions on the SW_CLD
responses after uniformly injecting sea-salt aerosols in five ocean regions. The results indicate that
changes in CDNC (Twomey effect) and LWP svereare the main drivers of SW_CLD responses, while
changes in cloud fraction eentributedcontribute minimally to the SW_CLD responses. Except for the
Equa region, changes in CDNC and LWP accounted for 48.24%—52.45% and 38:939.0%41.97% of the
SW_CLD changes, respectively, with cloud fraction changes contributing to less than 10%-.0% (Fig. 11
The results wereare similar for injections in sensitive areas, with changes in CDNC and LWP contributing
similarly and more than changes in cloud fractions to SW_CLD (Fig. S28S27). The changes in SW_CLD
responses after aerosol injections in the sensitive areas of Equa sverearc mainly contributed by LWP

effects (~70%).

. C o A
Uniform injections of sea-salt acrosols at a rate of 10" kg m s produced susceptibilities (ﬁ)

ranging from 0.066300030 to 0.0035 in the five regions, with corresponding spatial distributions shown
22
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in Fig. 11. NP, SP, and SA regions exhibitedexhibit cloud responses that wereare more sensitive to acrosol
injections in most of the region, with susceptibilities ranging from 0.0028 to 0.0035. The Equa
showedshows the lowest susceptibility, indicating that the system wasis less responsive to variations in
aerosol injections. It is noteworthy that although the average susceptibility in the AsiaWP region wasis
0.0013, the higher susceptibility values wereare concentrated in the north of 35°N, where the average
susceptibility wasis 0.0026, similar to those of the SP region, suggesting that clouds here svereare more
susceptible to aerosol injections. Injecting sea-salt aerosols in sensitive areas mostly resultedresults in
cloud that wereare located outside the sensitive areas (Fig. S28S27). Injecting sea-salt aerosols in the
sensitive areas of SP and SA hadhave a greater impact on the northwest. In the sensitive areas of NP,
injecting sea-salt aerosols hadhave a larger impact on the west. In the AsiaWP, the injection of sea-salt
aerosols into the sensitive area diddoes not fully reflect its susceptibility because we ehesechoose to
calculate the sensitive areas away from the boundary, and the greatest susceptibilities in the Asia WP

region happenredhappens to be in the northern part of the region near the boundary.

4. Discussions and conclusions

Many studies have discussed the contributions of both the direct and indirect effects of MCB. Some
studies suggest that MCB primarily relies on the indirect effects, as originally conceived, i.e., injecting
aerosols to brighten clouds (Jones and Haywood, 2012; Latham et al., 2012). On—the—otherhand;
otherOther studies proposed that the direct scattering effects of aerosols may be more important (Ahlm et
al., 2017; Kravitz et al., 2013; Mahfouz et al., 2023; Niemeier et al., 2013; Partanen et al., 2012). Our
results indicate that the impertaneeimportances of both aerosol direct and indirect effects during MCB

implementation dependeddepend on the injection ameuntsstrategies and the choice of injection regions.

In cases of low sea-salt acrosol injections or the early stage of MCB implementations, changes in radiative
response wereare mainly driven by indirect effects, causing clouds to brighten easily. As the
injeetionsinjection of sea-salt aerosol inereasedincreases, the radiative effeetseffect on clouds
saturatedsaturates, and the clouds wereare difficult to brighten. In contrast, the direct effect continued to
increase linearly, leading to a subsequent decrease in the efficiencies of MCB. Partanen—et—ak

2642yPartanen et al. (2012) first considered the relative importance of aerosol direct and indirect effects

in MCB and preliminarily found the saturated non-linear phenomenon of indirect effects at high CDNC,
as well as the linear relationships between direct effects and injection amounts. Haywoed—et—alk:

2023)Haywood et al. (2023) also found a decrease in MCB efficiency with increasing aerosol injections.
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624  Regions initially susceptible to modification gradually became less susceptible, and aerosol direct

625  radiation effects dominated, Fhis—study-emphasized-and-quantified—these—findingsOther use General BB TR i BUA) RiE, S, (BF) +BEXEX (F

%), FB(EE)

626  Circulation Model (GCM) studies also found similar results (Alterskjaer and Kristjansson, 2013; Rasch et

627  al., 2024: Stjern et al., 2018). This study highlights and quantifies these findings in a regional model for

628  the first time, showing the changing trends of direct and indirect effects with injection amounts in the

629  different ocean regions. The-bestresultswereAlso due to the higher resolution of the regional model. this

630  study provides more detailed cloud component changes due to sea-salt acrosol injection. The best results

631  are obtained in regions with persistent stratocumulus clouds (e.g., the oceans along the west coast of the

632  continent), where the injected sea-salt aerosols werkedwork together through both direct and indirect
633 effects. However, in cloud-free or less cloudy regions, MCB implementation can achieve the goal of
634  reflecting more sunlight through the direct scattering effect of aerosols. Considering the uncertainty in
#35 the model's resolution of clouds and the fact that, in reality, the cloud distributions wereare also greatly
636  influenced by the local meteorological conditions, the direct scattering effects of sea-salt aerosols on MCB

37  contributions wereare relatively certain. Therefore, in cloud-free or less cloudy regions, the direct

38  effeetseffect of aerosols becomebecomes more important.
639 In the early stages of Earth-System modeling studies, the MCB processes were often simulated by
640  presetting CDNC = 375 or 1000 cm™ in the lower regions of the ocean (Jones et al., 2009; Latham et al.,
641  2008; Rasch et al., 2009). However, many follow-up studies have suggested that injections of sea-salt
642  aerosols were difficult to produce a uniform CDNC field due to aerosol dilutions, depositions, and the
%43 dependences of the spray rate on wind speed. The CDNC wasis highly variable spatially, and studies have
644  even reported reductions in CCN and CDNC caused by the injections of sea-salt acrosols (Alterskjeer et
645 al., 2012; Korhonen et al., 2010; Pringle et al., 2012). In this study, after injecting accumulation mode
646  sea-salt aerosols at a rate of 10 kg m? s!, the average CDNC concentrations for five ocean regions
p47  rangedrange from 60.2 to 103100 cm™, and the spatial distributions wereare uneven (Fig. 10 and Figs.
648  S15-S18S14-S17). Figure 9b indicates that the CENCCNs in the five regions inereasedincrease linearly
549  (R? = 1) with increasing sea-salt aerosol injections, but not all of the CEN-wasCCNs are converted to
650  cloud droplets. After doubling the injection amounts, the regional average CDNC was-85—34is 84.8-130
651  cm?, with only some grid points exceeding 200 cm™ within the regions. This implies that injecting more
652  sea-salt aerosols at this point diddoes not result in more cloud droplets, and the conversion of CCN into
653  cloud droplets wasis less efficient, which slewedslows the CDNC growths and tendedtends to saturation
654  (Fig. 9c). Alterskjoer-et-al-(2012)Alterskjeer et al. (2012) similarly injected sea-salt aerosols at a rate of
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10° kg m? s and found that despite emitting sea-salt mass 70 times larger than suggested by Latham-et
. N . CDNC . . 3 Thic .

injeetions:Latham et al. (2008), the average CDNC over the ocean was below their assumed value of 375

cm?>. This is mainly due to increased competitive effects, decreased maximum supersaturations

inhibitions of aerosol activations, and closures of SO4 nucleation, resulting in reduced effectiveness of

sea salt injections. Notably, however, Wood (2021) found that decreased activation due to competition

may be overestimated in the Abdul-Razzak and Ghan activation parameterization used in many GCMs

relative to a parcel model. When Partanen et al. (2012) injected sea-salt acrosols in a Wind-adjusted way

(injection amount different from this study), they found the CDNC values of 596, 650, and 784 cm™ in
the NP, SP, and SA regions, respectively. Injecting smaller-sized sea-salt aerosols even yielded CDNC
values exceeding 1000 cm?. They concluded that such high values were mainly due to the model's
overestimation of the sizes and solubilities of accumulated mode particles, with some non-activated
particles forming cloud droplets. Hill and Ming (2012) increased the concentrations of sea-salt aerosols
by a factor of five, resulting in an average CDNC increasing from 68 to 148 cm™ between 850-925 hPa.
Ht-isnetewerthy-that Hilland Ming (20421t is noteworthy that Hill and Ming (2012) increased all modes
of sea-salt aerosols;while-this-study-only-injected-accumulation-mode sea-salt-aeresols.. Many studies

have reported that selecting the appropriate injection particle size wasis crucial for MCB (Andrejczuk et

al., 2014; Hoffmann and Feingold, 2021; Partanen et al., 2012), and injecting Aitken and coarse modes
may even lead to a positive forcing with CDNC decreasing (Alterskjaer and Kristjansson, 2013). However,
Wood (2021) argued that particles with a geometric mean dry diameter of 30-60 nm were most effective
in brightening cloud layers, and Goddard et al. (2022) similarly found that injecting Aitken mode sea-salt
aerosols generated larger radiative flux changes compared to accumulation mode (8.4 W m™ versus 3.1
W m™). There wereare still considerable discussions about choosing the appropriate aerosol particle sizes
during the implementation of MCB, with different models and parameterization schemes providing
different recommendations. The sensitivity of MCB to particle size wasis not considered in this paper and
was left for future research.

! accumulation mode sea-salt aerosols inereasedincreases

In this study, the injection of 10° kg m? s~
cloud albedo in the five ocean regions by 0.13—0.20, with a maximum of more than 0.3. After doubling
the injection amounts, the regional average cloud albedo could reach 0.45-0.55, representing a cloud
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albedo change of 0.15-0.24 (Fig. 9d). These values achievedachieve the targeted cloud albedo change as
envisioned in previous studies. Bower et al. (2006) suggested that to compensate for the warming
associated with doubling atmospheric CO> concentrations, a cloud albedo change of 0.16 was needed in
three stratocumulus cloud regions (off the west coast of Africa and North and South America, representing
3% of global cloud cover). Wood (2021) proposed seeding Aitken mode particles in approximately 9% of
the ocean to achieve a corresponding cloud albedo increase of 0.16. It was also suggested that injecting
sea-salt aerosols in a clean, undisturbed state would produce more brightening. Fig. 9d confirms this
finding, indicating that clouds are more likely to brighten in the early stages of sea-salt acrosol injection,
and the efficiency of cloud brightening decreases with increasing injection amounts. Kravitzet-al{2644)

ton-Goddard et al.

(2022), simulating injecting accumulation mode sea-salt aerosols in the central Gulf of Mexico, achieved

a simulated cloud albedo change of approximately 0.1 in the main impact region, while switching to

Aitken mode injection resulted in a cloud albedo change of up to 0.35. For the global implementation of

MCB, global cloud albedo increases of 0.02 (Bower et al., 2006), 0.062 (Latham et al., 2008), or 0.074
(Lenton and Vaughan, 2009) were estimated. The-chanse-in-cloud-albedo-is-influenced-by-the-properties

The contributions of the change in cloud fractions to the SW_CLD responses in this study wereare

small, which wasis consistent with the results of Geddard-et-al.(2022)Goddard et al. (2022). However,

many observational studies indicate that the contribution of cloud fraction to the shortwave radiative
forcing should be similar to those of the CDNC and LWP (Chen et al., 2014; Rosenfeld et al., 2019).
Geddard—et-al{2022)Goddard et al. (2022) believe that this was due to the fact that the regional

atmosphere was wetter during the simulation periods and that the relative contributions of changes in
cloud fraction to the SW_CLD response would be expected to increase in drier months-(Fig—S29y.. Three
of the five ocean regions in this study-, SA, SP, and NPj—=were are much drier and more stable than the
Gulf of Mexico simulated by Geddard-et-al+2022).Goddard et al. (2022) (Fig. S28). Furthermore, when

we switched to conducting the experiments again in the dry months of the same year, the contribution of
cloud fraction to SW_CLD did not change much, remaining at ~10%-% (Fig. S28). We believe that this
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might be a difference due to the parameterization scheme or resolution of the model. Lietal{20203Liu
et al. (2020) simulated with WRF—-Chem model and found that the cloud fraction susceptibilities to
aerosols in Morrison scheme and the Lin scheme were only about half of those observed by Moderate
Resolution Imaging Spectroradiometer (MODIS). The neglected sub-gridded clouds in the 12-km
resolution simulations might lead to an underestimation of the radiative effects of clouds (¢Yu et al., 2014).
In addition, cloud fractions wereare more commonly underestimated in the model (Glotfelty et al., 2019),
and using an updated parameterization scheme that accounts for sub-grid condensation might improve
the model's ability to resolve clouds (Zhao et al., 2023). The effects of finer resolution and more
parameterization schemes on aerosol-cloud interactions still need to be verified. Considering the
difficulties of modeling to accurately capture the effects of cloud fractions on radiation, the actual effects
of MCB may be underestimated.-TFheradiative results-obtained-in-this-study-may-represent-atower Himit
oo

This study previdedprovides quantifiable data on cloud and radiation changes for the implementation
of MCB over the regional oceans, and an optimization scheme on the injection strategy by adjusting the
injection amounts and selecting sensitive areas. It is noteworthy that different parameterization schemes,
models, and resolutions can influence results, especially the cloud feedback on the injected sea-salt

aerosols, which is a major reason for discrepancies between models (Stjern et al., 2018). Jax-Earth-system

system model studies, there has been a rich discussion of the climate and ecological impacts of the MCB

with the same framework under the Geoengineering Model Intercomparison Project (GeoMIP) (Rasch et

al., 2024), However, there is still a lack of a unified framework for mid-scale MCB research.
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Table L Table 1. The cloud fraction, CDNC, LWP, and regional sea-salt aerosol concentrations at Base
and after injection of sea-salt aerosols at 10 kg m™? s™ (Exp) for five ocean regions.

. CDNC LWP Regional sea-salt aerosols

Cloud Fraction R R 5

Areas (#cm”) (gm™) o m™
Base Exp Base Exp Base Exp Base Exp
WP 0.0445 0.0488 19.3 100 12.8 19.8 8.91 143
NP 0.0678  0.0760 9.67 60.2 24.6 439 7.18 126
Equa 0.0051 0.0059 17.5 834 0.85 1.39 7.32 102
SP 0.0547  0.0617 11.5 89.4 21.6 389 6.79 176
SA 0.0519  0.0575 12.3 922 23.5 41.6 7.00 149
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Table 2. Differences (Exp - Base) in SW_TOT, SW_CLD, SW_AER and SW_AER CLR at the TOA

due to the injection of sea-salt acrosols in different strategies in five ocean regions.

Stratogics Areas SW TOT SW_CLD SW AER  SW_AER CLR
(W m?) (W m?) (W m?) (Wm?)
AsiaWP 0.6046 0.4935 0.11 0.16
NP 2.081 1962.0 0.1 0.19 R E THR: T Times New Roman, FHEEHE: BFE
B Naturalx5 Equa 0.0607 -0.01 0.0706 0.07 B
SP 1.557 1.4659 0.08 0.14
SA 1.434 1.3226 0.11 0.16
AsiaWP 4.023.8 2:091.9 1.939 2.303
NP 8.474 6.898 1.596 2.354
Wind-adjusted Equa 1.354 04727 11482 1.242
SP 7.756 5.948 1.848 2.576
SA 7918.0 5.869 2.051 2.838
AstaWP 173418 4.406 12:.9413 15:35
NP 23 H 134+ 9.708 45115
10°kg m?2s! Equa 109611 0.5455 1042 106811
SP 245025 107311 137714 186719
SA 22:36 1127 11-08 1533
10 %kem2st NP 2.69 2.01 0.68 0.97
AsiaWP 7.216.9 32129 3.994.0 5141
NP 16:07 11-67 5.001 7.738
Fixed-wind- 5 o e
K adustod Equa 5.000 0.4850 4535 4.927 - (mE T Hist: %‘ﬂﬁf: (BRIA) SRIE, FHES: 48
SP 164017 9.819 6.596 9.768 (##R09: HIRAL 7 19.66 T
SA 197820 107911 8:989.1 125413

Note: SW_TOT is upward shortwave radiative flux at the TOA for all-sky conditions. The response of
SW_TOT to the sea-salt aerosols injection can be separated into the influence of the cloud radiative
effect (SW_CLD, where the influence of the aerosol is excluded) and the influence of the aerosol direct
scattering effect (SW_AER) in the presence of clouds. That is, SW TOT = SW_CLD + SW_AER. The
SW_AER_CLR is the response of aerosol direct scattering to the upward shortwave radiative flux at the

TOA under clear skies.
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Figure 1. Injecting sea-salt aerosols into five open sea regions to simulate the implementation of MCB
geoengineering. (a) The cumulative volume frequency of increased aerosol dry particle size- (uniform
injection of 10 kg m™ s sea-salt aerosols over the entire region). (b) Differences (Exp - Base) in the
spatial distribution of the TOA upward shortwave radiative flux response (SW_TOT) resulting from
uniform injection of 10°kg m?2 s™! sea-salt aerosol in sensitive areas in five ocean regions, with SW_TOT
response values resulting only in sensitive areas labeled in the lower right corner. Areas labeled with dots
indicate mean differences that are significant at the 95% confidence level. Black rectangles are sensitive
areas. (¢) Location of the five ocean modeling domains.
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altitude for five regions The first to fourth columns are Base, the sensitivity experiment with a uniform
injection of 10” kg m? s”' sea-salt aerosols in-different-ways-infive-oceanregions—The black dashed line
is-the radiative flux response required to-offsetover the 3.7-W-m = radiative foreing-eaused byentire region,
Exp - Base, and the deublingpercent change of atmespherie—CO—eonecentrations—sinee
industrializatienExp - Base, respectively.
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Figure 3. (a) The differences in SW_TOT and (b) the MCB efficiency (Emcg) afterdue to the injection of+ [ #4&zta: Fukxi3
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Figure 7. Changes in SW_CLD, SW_AER, and SW_AER_CLR radiative responses due to sea-salt
aerosols uniformly injected in varying amounts in five ocean regions, and corresponding changes in Emcs.
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Figure 10. Spatial distribution of liquid cloud property responses after uniform injection of sea-salt
in the SP region. Results are shown for cloud condensation nuclei (CCN, S
= 0.1%, # cm™), cloud droplet number concentration (# cm™), liquid water path (LWP, g m), cloud
effective radius (e, um), cloud optical thickness (COT), and cloud albedo for Base (first column), Exp
(second column), Exp - Base (third column), and the percentage change in Exp - Base (fourth column),

aerosols with 10 kg m? s™!

respectively.
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Figure 11. Spatial distribution of cloud property changes in response to SW_CLD radiation after uniform
injection of sea-salt acrosols in five regions. The first column is the Twomey effect, the second column is
the LWP effect, the third column is the cloud fraction effect, and the fourth column is the cloud

Aa

susceptibility ( A 01)) to aerosol injection for the sum of the three effects. The percentage contribution

of each to the total SW_CLD response over the entire region is labeled in the lower right corner.
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