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Abstract

Marine cloud brightening (MCB) is proposed to offset global warming by emitting sea salt
aerosols to the tropical marine boundary layer, which increases aerosol and cloud albedo. Sea
salt aerosol is the main source of tropospheric reactive chlorine (Cly) and bromine (Bry). The
effects of additional sea salt on atmospheric chemistry have not been explored. We simulate
sea salt aerosol injections for MCB under two scenarios (212-569 Tg a!) in the GEOS-Chem
global chemical transport model, only considering their impacts as a halogen source.
Globally, tropospheric Cly and Bry increase (20-40%), leading to decreased ozone (-3 to -
6%). Consequently, OH decreases (-3 to -5%), which increases the methane lifetime (3-6%).
Our results suggest that the chemistry of the additional sea salt leads to minor total radiative
forcing compared to that of the sea salt aerosol itself (~2%), but may have potential
implications for surface ozone pollution in tropical coastal regions.

Plain Language Summary

In light of global warming, hypothetical geoengineering methods have been proposed to try
to counteract rising temperatures. One involves spraying sea salt particles into the air above
the oceans in the tropics. This would reduce temperatures by reflecting sunlight away from
the Earth. Sea salt particles can also release halogens to the air. Their resulting chemical
reactions affect the amount of ozone and methane, both greenhouse gases, which may further
impact temperatures. We investigate this for the first time using a computer model of the
atmosphere and its chemistry. We find that additional sea salt for geoengineering would
reduce ozone, especially at the surface where it is an air pollutant, while increasing methane.
Overall, these results suggest that the net effect of the sea salt chemistry on the energy
balance of the Earth is near-zero, but it may have potential implications for air quality.

1 Introduction

Marine cloud brightening (MCB) is a geoengineering strategy to offset climate
warming arising from increases in anthropogenic greenhouse gases first proposed in Latham
(1990, 2002). This method would spray sea salt aerosols in the tropical marine boundary
layer (MBL) where stratocumulus clouds have a large radiative impact (Alterskjaer et al.,
2012; Jones and Haywood, 2012). Increasing the flux of accumulation-mode sea salt aerosols
into the MBL is expected to cool the climate by reflecting sunlight directly (Partanen et al.,
2012) and increasing cloud reflectivity by increasing cloud condensation nuclei
concentrations and decreasing the radius of cloud droplets (Latham, 1990).

Several studies have investigated radiative forcing from MCB following the
Geoengineering Model Intercomparison Project (GeoMIP) framework of sea salt aerosol
emissions throughout the tropical MBL (Kravitz et al., 2013; Alterskjaer et al., 2013; Ahlm et
al., 2017). Others determine limited, optimized areas of sea salt emissions for MCB, which
depend on the model or data used and implementation strategies (e.g., Salter et al., 2008;
Jones et al., 2009; Partanen et al., 2012). Kravitz et al. (2013) suggest that an accumulation-
mode sea salt aerosol flux of 212 Tg a™! achieves a radiative cooling of -2 W m™. Alterskjaer
et al. (2013) find that a flux of 266-569 Tg a”!, dependent on the model used, is required to
maintain global mean temperatures from 2020 C.E. through 2060-2070 C.E. under the
RCP4.5 emissions scenario. Ahlm et al. (2017) suggest that in a tropics-wide emissions
framework the direct cooling from the scattering of radiation by sea salt aerosols is nearly as
effective as the indirect cooling from increased cloud albedo.

Halogens strongly affect the chemistry of the troposphere, including that of pollutants
like mercury and greenhouse gases like methane and ozone (Simpson et al., 2015). Sea salt
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aerosols are thought to be the main source of reactive bromine (Bry) and reactive chlorine
(Cly) to the MBL (Schmidt et al., 2016; Sherwen et al., 2016b; Chen et al., 2017). Reactive
halogens are released from sea salt aerosols via heterogeneous reactions (e.g., HOBr + Br™ +
H* = Br, + H,0) (Fan and Jacob, 1992; Vogt et al., 1996). The main source of reactive
iodine (Iy) 1s thought to be release from the sea surface from the reaction of ocean iodide with
ozone following ozone dry deposition (Sherwen et al 2016a; Carptenter et al., 2013).
Reactive halogen chemistry has implications for the oxidative capacity of the atmosphere, as
it is a sink for ozone and nitrogen oxides (NOx = NO + NO) (Simpson et al., 2015).
Implementation of reactive halogen chemistry into a global model of tropospheric chemistry
resulted in decreases in global mean concentrations of ozone (-18.6%) and OH (-8.2%),
leading to a 10.8% increase in methane lifetime (Sherwen, et al. 2016). This is consistent
with observations of surface ozone destruction coinciding with high concentrations of
reactive halogens (e.g., Barrie et al. (1988) and Read et al. (2008)). Br atom is also a major
oxidant of atmospheric mercury (e.g., Horowitz et al., 2017).

Here we explore, for the first time, the atmospheric chemistry implications of sea salt
aerosol injections for MCB. We focus on the impacts of this additional tropical sea salt
aerosol source on tropospheric oxidants, sulfate-nitrate-ammonium aerosols, and methane via
changes to reactive halogen production. We examine the air quality and radiative forcing
implications of these chemical effects, focusing on tropospheric ozone abundance, methane
lifetime, and heterogeneous aerosol production.

2 Methods

We use the GEOS-Chem global 3D chemical transport model from Wang et al. (2019)
including chlorine chemistry, built off of the reference version 11-02d. Simulations are
performed at 4° x 5° horizontal resolution with 47 vertical layers. The model is driven by
assimilated offline meteorology, including cloud parameters, from the Goddard Earth
Observing System Forward Processing product (GEOS-FP) of the NASA Global Modeling
and Assimilation Office. Simulations are performed for the arbitrary year 2014 following 6
months of initialization (June - December 2013).

The model contains detailed, coupled HOx-NOx-VOC-o0zone-halogen-aerosol
tropospheric chemistry (http://geos-chem.org). In addition to Wang et al. (2019), other recent
updates to reactive halogen (Br, Cl, I) chemistry are described in Sherwen et al. (2016b) and
Chen et al. (2017). Sea salt aerosol emissions from the open ocean are dependent on wind
speed and sea surface temperature, described in detail in Jaeglé et al. (2011) including
evaluation against observed in situ concentrations and MODIS and AERONET aerosol
optical depth. Sea salt aerosol represents the largest source of reactive bromine and chlorine
in the model (Chen et al., 2017; Wang et al., 2019). Carbonaceous aerosol includes black
carbon (Wang et al., 2014) and organic aerosol following the “simple” SOA scheme (fixed-
yield, direct and irreversible formation) (Kim et al., 2015). Sulfate aerosol forms by gas-
phase reaction of SO, with OH, in cloud droplets via oxidation of S(IV) (= SO2°H,O+HSO3"
+S03%) by H202, ozone, and HOBr (Chen et al., 2017), and on the surface of alkaline sea salt
aerosol via oxidation by ozone (Alexander et al., 2005). Inorganic nitrate aerosol is formed
through hydrolysis of NO2, NOs, halogen nitrates, organic nitrates, and N2Os on aerosol
surfaces; reaction of NO2 with OH and HOz; reaction of N>Os with particle chloride; and
reaction of NOs3 with hydrocarbons (Schmidt et al., 2016b). Aerosols interact with gas-phase
chemistry through the effect of aerosol extinction on photolysis rates (Martin et al., 2003),
heterogeneous chemistry (Jacob, 2000), and gas-aerosol partitioning of sulfate-nitrate-
ammonium aerosols as calculated in the ISORROPIA-II aerosol thermodynamic module
(Fountoukis and Nenes, 2007). The model contains wet and dry deposition schemes for both
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gas and aerosol species (Liu et al., 2001; Wang et al., 1998; Zhang et al., 2001; Amos et al.,
2012). Photolysis is calculated using the FAST-JX module (Bian and Prather, 2002) as
described in Mao et al. (2010) and Eastham et al. (2014). All aerosols in GEOS-Chem are
treated as externally mixed.

We perform three model simulations for this study. All simulations include “sea salt
dehalogenation”, or heterogeneous chemical reactions on the surface of sea salt aerosols that
convert halides (e.g., Br’) to their reactive form (e.g., BrO). All are forced with the same
specified assimilated meteorology (including cloud properties), eliminating meteorological
variability that could obscure the effects of sea salt aerosol chemistry. The meteorology does
not respond to changing atmospheric composition. “Standard” runs do not include the
additional Marine Cloud Brightening (MCB) sea salt flux. We implement two MCB sea salt
aerosol emission scenarios, “MCBiow” and “MCBhign””. These sample near the low and high
end of emissions employed in climate modeling studies throughout the tropics to offset
radiative forcing from the RCP4.5 scenario. The Kravitz et al. (2013) G4 sea salt modeling
study employed a flux of sea salt of 212 Tg a™ to offset 2 W m™ effective radiative forcing.
We replicate this in MCBiow by adding a spatially and temporally uniform flux of sea salt (3.0
x102kg m™ s') to the MBL over the tropical oceans (30°N to 30°S). Another modeling
study (G3-SSCE) held the radiative forcing at the top of the atmosphere at 2020 levels until
2070 by continuously increasing the flux of sea salt into the MBL (Alterskjaer, et al. 2013).
We implement the maximum flux found from 2060-2070 (569 Tg a™') by uniformly emitting
8.0 x10"?kg m? s™! of sea salt over the tropical oceans for MCBign. Sea salt aerosol in
GEOS-Chem is transported in two tracers: accumulation mode (74y=0.01 - 0.5 um) and
coarse mode (rary=0.5 - 8 um). In both MCB scenarios, additional sea salt is emitted as
accumulation mode particles. The assumed size distribution for the optical properties of
accumulation mode sea salt aerosol in GEOS-Chem is a dry geometric mean radius of 0.085
um and a geometric standard deviation of 1.5 pum (Jaeglé et al., 2011). This is similar to the
distributions in Kravitz et al. (2013) and Alterskjaer et al. (2013), but may be larger than the
most efficient particle size for MCB (0.03-0.1 um dry diameter; Connolly et al., 2014).
Hygroscopic growth as a function of local relative humidity follows Gerber (1985) (Jaeglé et
al., 2011), and may be overestimated (Zieger et al., 2017).

We calculate the radiative forcing (RF) of MCB from greenhouse gases and aerosols
as the difference between radiative effects in simulations with MCB and the Standard model.
Meteorological conditions are identical in all simulations, so the RF is entirely attributed to
composition changes. RF is calculated at the tropopause with stratospheric temperature
adjustment. For methane, tropospheric ozone, and aerosol-radiation interactions of reflective
aerosols, effective radiative forcing (ERF) is nearly identical to RF (Myhre et al., 2013). In
GEOS-Chem, direct radiative effects of tropospheric aerosols are computed instantaneously
at the top of the atmosphere in the RRTMG module (Heald et al., 2014). The IPCC (2007)
report found that stratospheric temperature adjustment has little effect on the RF for
tropospheric aerosols and hence the instantaneous top-of-atmosphere RF is an appropriate
substitution. For ozone, we calculate the stratospheric temperature adjustment and RF from
monthly mean ozone fields simulated in GEOS-Chem using the method of Conley et al.
(2013). Methane concentrations are not simulated directly. We calculate the change in steady-
state methane concentrations based on the change in simulated methane lifetime and feedback
of methane on its own loss rate following Holmes et al. (2013) and Holmes (2018). The RF
of the change in methane, including its indirect RF through effects on stratospheric water
vapor and ozone production, is calculated following IPCC methodology (Myhre et al., 2013).
For additional information, see the SI.

©2020 American Geophysical Union. All rights reserved.



3 Results

3.1 Impacts of MCB sea salt aerosol emissions on halogens, oxidants, and aerosols

In the Standard model, annual emissions of accumulation mode sea salt aecrosol are 51
Tg a’l, with coarse mode emissions of 3090 Tg a!, resulting in global annual-mean
tropospheric burdens of 320 Gg and 3500 Gg, respectively. Coarse mode sea salt remains
unchanged in our study. In the MCB scenarios, the global annual-mean tropospheric burden
of accumulation mode sea salt aerosol is increased by a factor of 4.2-9.7 (MCBiow - MCBhign)
over the Standard. Over the tropical oceans, surface concentrations can be as much as a factor
of 31-83 (MCBiow - MCBhign) higher (see Figure S1). This impacts concentrations of reactive
halogens and oxidants OH and ozone (Table 1 and Figures 1 — 2), with the largest changes
near the surface in the tropics where the MCB source of sea salt aerosol is emitted. We define
reactive halogen families (Bry, Cly, Iy) as in Sherwen et al. (2016b) (see Table S1).

The global tropospheric Bry burden increases by 21% and 42% for MCB)ow and
MCBhign, respectively (Table 1), relative to Standard. Figure 1 (top row) shows the spatial
distribution of the differences in surface Bry concentrations for the MCBiow and MCBhign
scenarios, relative to Standard. The short lifetime of Bry limits its changes to the tropics
(Sherwen et al., 2016b). Both MCB scenarios show increases in surface Bry concentrations of
up to a factor of 2.9 (MCBiow) to 6.1 (MCBhign) over the tropical oceans, with smaller
decreases over the Southern Ocean of <20% and over the northwestern North Pacific and
northern North Atlantic (<5%).

The global tropospheric Cly burden increases by 20% and 35% for MCBiow and
MCBiign, respectively, relative to Standard (Table 1). The largest absolute changes in surface
Cly concentrations (not shown) occur in outflow regions of South, East, and Southeast Asia
where concentrations of acid gases such as SO2 and HNO3 are high. These acids are needed
to liberate sea salt CI" as HCI via acid displacement, which is the largest source of Cly (Wang
et al., 2019). The bottom row of Figure 1 shows the spatial distribution of the relative
differences in surface Cly concentrations for MCBjow and MCBhign scenarios to the Standard.
Similarly to surface Bry, surface Cly increases over the tropical oceans by up to a factor of
4.1-6.3 (MCBiow-MCBhign) with smaller decreases over the Southern Ocean and Northern
Europe of <4% to <8% (MCBjow to MCBhign).

Increases in Bry and Cly lead to decreases of 3 — 6% in the global tropospheric ozone
burden (Table 1). Reductions in ozone result primarily from its direct reaction with halogens
to form species such as BrO and ClO. Reactive halogens also act as a sink for NOy through
the formation and hydrolysis of halogen nitrates, resulting in a reduction of global
tropospheric NOy of -0.6 to -1.6%. Lower NOx concentrations result in a decrease in the
ozone production rate (Schmidt et al., 2016; Sherwen et al., 2016b). Although the largest
declines in ozone occur over the tropics, the change in surface ozone concentrations is more
spatially widespread due to its longer lifetime compared to Bry and Cly (Figure 2, top row).
Decreases in surface ozone concentrations are as high as 21-34% in the tropics, with mean
reductions of 1.8 ppb (MCBiow) and 3.5 ppb (MCBhign).

The main source of reactive iodine (Iy) is not from sea salt aerosol but from deposition
of ozone to the ocean surface (Sherwen et al., 2016a). Thus, the combination of decreased
surface ozone and increased aerosol surface area to which Iy can be lost lead to declines in the
tropospheric Iy burden of -5% and -17% for MCBiow and MCBhrign, respectively, relative to
Standard (Table 1). Decreases in Iy concentrations are highest over the tropical oceans where
ozone decreases are also largest (Figure 2, bottom row). Limited areas over land in East and
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Equatorial Asia and the northeast United States experience increases in surface Iy of up to
15% (MCBiow) and 8% (MCBhign).

Table 1 shows the global tropospheric burden of OH in each model simulation in Mg.
The additional MCB flux of sea salt aerosol results in decreases in global tropospheric OH
burden of -2% and -4% for MCBiow and MCBu;eh, respectively, relative to the Standard
simulation. Consistent with Sherwen et al. (2016b) and Wang et al. (2019), the additional
source of reactive halogens results in decreases in OH due to the loss of ozone, since ozone is
the primary source of OH globally (Sherwen et al., 2016b). As the OH decrease is
concentrated in the warmer-than-average tropical marine boundary layer and lower
troposphere, the change in methane lifetime against loss via tropospheric OH alone is
relatively larger (4% and 8% increase in MCBiow and MCBhign) (see Text S1 and Table S2).

Given the changes in atmospheric oxidants and sea salt aerosol, the global annual-
mean tropospheric burden of sulfate-nitrate-ammonium (SNA) increases by 1.9% (MCBiow)
t0 6.5% (MCBhign). In the tropics, we find surface concentrations increase by up to a factor of
1.6 to 2.4 (MCBiow to MCBiign) (Figure S2). The overall change in surface SNA is dominated
by increases in nitrate driven by hydrolysis of halogen nitrates.

We find that changes in the tropospheric burdens of Cly, Bry, ozone, and OH scale
sub-linearly with increasing tropical sea salt aerosol emissions. The Iy burden changes super-
linearly potentially due to the combination of a decreased source and increased sink to
aerosol as discussed in this section. Increases in SNA are also super-linear.

3.2 Radiative forcing of MCB including atmospheric chemistry impacts

First we discuss the RF of sea salt aerosols for MCB in GEOS-Chem relative to
previous studies to put in context our estimates of the RF from atmospheric chemistry effects
presented in the next paragraph. We find that the global, annual-mean direct RF of the
additional sea salt aerosol is -1.03 to -2.67 W m> (MCBiow to MCBhigh). The direct effect is
also known as aerosol-radiation interactions. Kravitz et al. (2013), on which our MCBow
experiment is based, estimated that 212 Tg a’! sea salt would result in the desired -2.0 W m?
total effective radiative forcing (ERF) using the HadGEM2-ES model (with assumed median
radius 0.1 pm and 1.9 um geometric standard deviation for optical properties) (Bellouin et
al., 2011). They found in a different simulation with 100 Tg a”' sea salt aerosol emitted that
64% of total ERF from MCB is due to the direct effect. Assuming this division holds, -2.0 W
m total ERF would result in approximately -1.27 W m from the direct effect alone in their
model, which is slightly larger than our estimate of direct effect RF. Some of the difference
may be because ERF includes short-term adjustments in the land surface and troposphere,
such that the IPCC ARS found ERF was slightly higher than RF for aerosol-radiation
interactions for total tropospheric aerosol (Myhre et al., 2013). The IPSL-CMS5A model in
Alterskjaer et al. (2013), which required the largest emissions of sea salt aerosol to offset
radiative forcing from greenhouse gases and on which our MCBuignh experiment is based, led
to a global-mean total shortwave radiative forcing of -2.4 W m%. This is smaller than our
estimate of the direct effect alone in MCBhign (-2.67 W m™), which may be because the
emitted sea salt particles in Alterskjaer et al. (2013) were larger in size (mode radius of
geometric mean 0.13 pm with 1.59 pm geometric standard deviation, vs. geometric mean
0.085 pym with 1.5 um geometric standard deviation in our study).

Table 2 shows the radiative forcing from the atmospheric chemistry impacts of MCB
sea salt aerosol emissions in our two model experiments. Changes in the chemical production
of other aerosol species (see Section 3.1 and Figure S2) result in an additional direct radiative
forcing of -0.022 to -0.064 W m™ (MCBiow to MCBhigh). Declines in tropospheric 0zone
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abundances from MCB sea salt chemistry result in a negative radiative forcing of -0.037 to -
0.072 W m™ (MCBi)ow to MCBhigh). For reference, the radiative forcing due to ozone
depletion from CFCs and their substitutes is -0.15 W m™ in year 2011 relative to 1750
(Myhre et al., 2013). Changes to reactive halogens are limited to the troposphere and do not
influence stratospheric ozone (Figures S3-S4).

While we do not simulate changing methane concentrations directly (see Methods and
Text S1), we calculate the net change in methane lifetime from decreased OH and increased
Cl concentrations and find that it increases from 8.54 years in the Standard to 8.77 - 9.01
years (MCBiow - MCBuign) (see Table S2). The relative change is at least as large as
interannual variability in methane lifetime over the last two decades (<2% to ~5%; e.g.,
Montzka et al., 2011; Holmes et al., 2013; Rigby et al., 2017; Turner et al., 2017), but the
effects would be additive. The radiative forcing due to the associated increase in methane
concentrations alone is 0.024 - 0.049 W m™ (MCBiow to MCBhign), or an additional 5% to
10% of its estimated radiative forcing for year 2011 relative to 1750 (0.48 W m%; Myhre et
al., 2013). Increases in methane would serve to increase tropospheric ozone and stratospheric
water vapor, leading to additional positive radiative forcing (see Table 2). Combining the
methane-mediated changes in ozone with the directly simulated ozone changes, we estimate
then that the net radiative forcing of ozone from MCB is -0.025 to -0.047 W m? (MCBiow -
MCBhign), which would decrease the present-day radiative forcing of ozone (0.35 W m;
Myhre et al., 2013) by 7.2% to 13.5%, respectively.

The net global mean radiative forcing due to the atmospheric chemistry impacts of
MCB is small (-0.020 to -0.054 W m™ for MCBjow to MCB;gn) relative to the forcing from
aerosol-radiation interactions of the additional sea salt alone (-1.03 to -2.67 W m?). At the
same time, the forcings from individual agents have different geographic distributions, which
produces regional variability. For example, longer-lived ozone (Fig. 2) and methane are more
well-mixed than the shorter-lived sea salt and sulfate-nitrate-ammonium aerosols, whose
impacts are limited to the tropics (Figs. S1 and S2).

3.3 Uncertainties

This study used a global chemical transport model driven by present-day assimilated
meteorology to provide a first look at the potential impacts of additional sea salt for MCB on
atmospheric chemistry and the implications for radiative forcing. As such, chemistry-climate
change feedbacks are not represented. A major uncertainty in this approach is that the
additional sea salt aerosol does not impact cloud properties. Heterogeneous recycling of
bromine in clouds and aerosols is a major driver of tropospheric Bry (e.g., Parrella et al.,
2012; Chen et al., 2017). Increases in cloudiness and cloud droplet surface area from MCB
would likely increase this recycling, potentially leading to greater increases in reactive
halogens and changes to ozone and methane than presented here. On a global scale, most
sulfate formation occurs in cloud droplets and is impacted by cloud pH and cloud drop size
(e.g., Alexander et al., 2012), both of which may also be affected by MCB sea salt aerosol
emissions. Increased cloud optical depth would also affect photolysis rates, with decreases
below cloud and increases above the cloud top. Sea salt injections for MCB may also affect
precipitation and boundary layer dynamics (e.g., Wang and Feingold, 2009; Wang et al.,
2011), which would impact aerosol transport and scavenging. Conversely, background
meteorological conditions may impact how effectively sea salt aerosol influences cloud
formation (e.g., Jones and Haywood, 2012). Finally, the size of geoengineered sea salt
particles affects their ability to impact clouds and produce a cooling effect, as discussed in
Connolly et al. (2014), who find an optimal size range of 30-100 nm median dry diameter. A
different size distribution of sea salt aerosol particles specifically emitted for MCB, which
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will depend on technological development, would also affect the rates of heterogeneous
reactions that depend on aerosol surface area. This could be explored in future studies.

4 Conclusions

Marine Cloud Brightening (MCB) is a geoengineering technique where sea salt
aerosols are released in the tropical marine boundary layer to increase cloud albedo and
scatter light, offsetting the radiative forcing from greenhouse gases. Sea salt aerosol is the
largest source of tropospheric reactive halogens, and their atmospheric chemistry and
radiative forcing impacts have not yet been quantified in the context of MCB. Here we use
the GEOS-Chem chemical transport model to simulate these effects. Accumulation mode sea
salt aerosol is emitted continuously in the tropics (£30° latitude) under two emissions
scenarios (212 Tg a! and 569 Tg a™!) sampling the range from previous GeoMIP analyses
needed to offset moderate warming (RCP4.5).

MCB increases the accumulation mode sea salt aerosol tropospheric burden by a
factor of 4.2 - 8.7, leading to a cascade of atmospheric chemistry impacts. First, annual-mean
tropospheric burdens of reactive bromine (Bry) increase 21% - 42% and reactive chlorine
(Cly) increase 20% - 35%. Increased Bry and Cly lead to reductions in the global tropospheric
ozone burden of 3% to 6%, primarily due to direct reaction with ozone and secondarily
because they decrease NOx. Declines in ozone lead to reduced tropospheric Iy (-5% to -17%)
and OH (-2% to -4%) burdens. We find a small increase in sulfate-nitrate-ammonium aerosol.
The change in surface concentrations of most species is limited to the tropics, except surface
ozone, which decreases on a regional to near-global scale due to its longer lifetime. These
results have implications for another geoengineering method, which proposes using iron salt
aerosol to release chlorine radicals that react with methane and ozone (Oeste et al., 2017).

The radiative forcing resulting from the atmospheric chemistry effects of MCB sea
salt aerosol is -0.038 to -0.072 W m from decreased ozone, 0.040 to 0.082 W m? from
increased methane, and -0.0218 to -0.064 W m? from increased sulfate-nitrate-ammonium
aerosol. The net global mean radiative forcing of the atmospheric chemistry effects represents
an additional ~2% negative forcing (-0.020 to -0.054 W m) on top of the aerosol-radiation
interactions of the additional sea salt aerosol itself (-1.03 to -2.67 W m™). However, different
size distributions of the emitted sea salt aerosol, the effects of changes in cloudiness and
cloud properties on chemistry, and MCB impacts on atmospheric dynamics, which are not
included in the present study, may magnify or dampen the forcing. The air quality impacts of
MCB may be significant, as decreases in surface ozone concentrations are as high as 21-34%
in the tropics, with potential implications for coastal cities. Our results suggest atmospheric
chemistry impacts may be important to consider when evaluating geoengineering methods.
These issues could be explored in future studies.
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Table 1. Global, annual-mean tropospheric burden (percent change relative to “standard”
simulation). OH is an air mass-weighted concentration.

__| Standard

Br. 369 44.5 (+21%)
Cl, 3564 432.0 (+20%)
I, 11.7 11.1 (-5%)
0; 319.0 309.2 (-3%)
OH 236 232 (2%)

cl 249.0 319.7 (+28%)

52.3 (+42%)
489.0 (+35%)

9.7 (-17%)
300.3 (-6%)
228 (-4%)
395.2 (+59%)

Gg
Gg
Gg
Tg
Mg
kg

Table 2. Radiative forcing by components from the atmospheric chemistry of MCB sea salt
aerosol emissions (mW m~2). Radiative forcing is calculated at the tropopause with
stratospheric temperature adjustment. Ranges represent one-sigma uncertainty in the radiative
forcing efficiencies (see Text S1), not scenario uncertainty.

MCBiow MCBhigh
Aerosol-radiation interactions, sulfate- -21.8 -64.0
nitrate-ammonium aerosols
Direct O3 -37.7+4.5 -71.9 +8.6
CH,4 24.1+£2.7 49.4+54
Indirect O3 from CHy 12.1+7.3 24.7+14.9
Stratospheric H,O from CHy 3.6+£1.7 7.4+£3.6
Total -19.7 £9.3 -54.3 +18.8
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Figure 1. Standard, annual-mean surface concentrations (left) and relative difference for
MCBiow (center) and MCBu;gn (right) relative to Standard of Bry (top row) and Cly (bottom
row).
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Figure 2. Same as Figure 1 but for surface ozone (top row) and Iy (bottom row).
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