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with population and surface albedo. The treatment of POA as l Anthropogenic | Biogenic | |Biomass Burning
Primary OA Secondary OA OA

nonvolatile or semivolatile also influences these efficiencies
through different chemical processes. Biogenic OA shows
moderate efficiency for health effects and the highest for direct radiative effects but has the lowest efficiency for indirect effects
due to the reduced high cloud, caused by stabilized temperature profiles from aerosol—radiation interactions in biogenic OA-rich
regions. Biomass burning OA is important for cloud radiative effect changes in remote atmospheres due to its ability to be
transported further than other OAs. This study highlights the importance of not only OA characteristics such as toxicity and
refractive index but also atmospheric processes such as transport and chemistry in determining health and climate impact efficiencies.
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1. INTRODUCTION

Atmospheric aerosols play a major role in the Earth system,
impacting climate, health, visibility, and atmospheric chem-
istry.'~* Major aerosol types in chemistry models include
sulfate, nitrate, ammonium, organic aerosol (OA), black
carbon (BC), dust, and sea salt.” These various constituents
of aerosols introduce substantial uncertainties when estimating
the impacts of aerosols on human health and climate effects.*
In particular, OA makes up a substantial portion of the
submicrometer aerosol mass,” but its simulation in atmos-
pheric chemistry models has been extremely challenging over
the past two decades.” " This can be attributed to the
complexity of the chemical processes of OA with 10,000 to
100,000 different organic compounds existing in the
atmosphere,'" particularly for secondary OA (SOA), which is
formed in the atmosphere through the oxidation of volatile
organic compounds (VOCs).

While it is clear that reducing aerosols is beneficial for
human health, it can result in disbenefits for near-term climate
change. The extent of these trade-offs when addressing climate
change mitigation policies has not been fully addressed.'”"”
Furthermore, aerosols are not as evenly distributed as long-
lived greenhouse gases, which leads to their health and climate
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effects being influenced by the location of their sources,
chemical transformation, and loss processes.

Unlike other aerosols, atmospheric OA comes from diverse
sources, including anthropogenic, biomass burning, biogenic,
and marine emissions, as well as different formation processes
such as primary OA (POA) and SOA.'"" These varying
characteristics of OA can result in different spatial and
temporal distributions, leading to different implications in
the Earth system.

Given the large mass fraction of OA in submicrometer
aerosols (20—90%),”'® the role of OA in health and climate
effects is considerable. For example, Nault et al.'® calculated
that the reduction in mortality due to PM, 5 upon the removal
of anthropogenic SOA ranged from 6 (Africa) to 43% (North
America), depending on the region. Chowdhury et al.'’
estimated that BC, POA, and anthropogenic SOA contributed
to 14.4% of excess deaths from exposure to PM,, and this
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estimate increased to 36.4—38.0% when assuming enhanced
toxicity of carbonaceous aerosols.

For climate effects, Heald et al.'® showed that the global
direct radiative effect (DRE) by OA (—0.42 W m™) is
comparable to the DRE by sulfate (—0.35 W m™2) or even the
sum of sulfate-nitrate-ammonium (SNA) (—0.512 W m™2).
Spracklen et al."” estimated a DRE of —0.26 W m™* and a first
aerosol indirect effect of —0.6 W m™ by anthropogenically
controlled SOA. Sporre et al.”’ showed that the removal of
isoprene (a major precursor for biogenic SOA) resulted in
substantial changes in the cloud radiative effect, ranging from
—0.82 to 0.53 W m™ across three different Earth system
models. Measurement studies have also identified OA as a key
component of cloud condensation nuclei (CCN),*" in urban,*”
urban downwind,?® and forest>* environments.

Recent model evaluation studies in the 2020s have shown
that atmospheric chemistry models have significantly improved
in terms of reproducing OA against §lobal aircraft observa-
tions, at least for a few global models. 526 This improvement
can be attributed to advancements in OA simulation schemes
over the past two decades,”" such as explicit simulation of
isoprene SOA,”” updated parameters in the volatility basis set
(VBS) approach,””* and empirical SOA schemes based on
field measurements.'“*° However, there are still shortcomings
in the models. For example, Hodzic et al.*® reported that POA
is overestimated while SOA is underestimated compared to
aircraft observations.

In this study, we examine the health and climate (direct and
indirect) effects of various OA sources. We utilize two
independent global atmospheric chemistry models, CAM-
chem and GEOS-Chem, which have different SOA schemes,
chemical mechanisms, and horizontal and vertical resolutions.
The two models used in this study show reduced model
variability and also better agreement with OA observations
from the ATom campaign compared to the models in the
AeroCom  intercomparison.”® This approach allows us to
address the variabilities present in model simulations while
ensuring that we stay within an observationally constrained
boundary. In order to further reduce the model uncertainties,
we calculate health and climate effects in terms of not only the
absolute magnitude but also efficiencies (impacts per
atmospheric burden). This allows us to normalize potentially
overestimated or underestimated specific OA mass concen-
trations on health and climate effects. We also compare the
effects of nonvolatile and semivolatile POA simulations in
GEOS-Chem. To address uncertainties related to health and
climate effect calculations, we estimate health effects using two
different methods and calculate DRE under both clear- and all-
sky conditions. For the calculations of aerosol—cloud
interaction, we reduce the nonlinearity by running the model
with a specified dynamics setup, combining POA and SOA to
increase the signal-to-noise ratio, and executing multiyear
simulations that take into account daily and diurnal variations.

Detailed descriptions of the modeling framework, OA
simulations, health effect calculations, and climate effect
estimates for aerosol—radiation and aerosol—cloud interactions
can be found in Section 2. The health and climate effect results
for each OA category are presented in Section 3. Section 4
contains discussions and implications from this work.

2. MODELS AND ANALYSIS

2.1. Model Descriptions and OA Simulations. Here, we
provide descriptions of the two global atmospheric chemistry

models (GEOS-Chem and CAM-chem) used in this study.
The simulation performance of OA in both models has been
evaluated against field observations in numerous previous
studies.””"*%?°7>® Both models have also participated in
various global model intercomparison studies focusing on
aerosols. 7~

First, we use the GEOS-Chem®® 12.6.1 with additional
updates to separate OA into anthropogenic POA (ANPOA),
biomass burning POA (BBPOA), marine POA (MPOA),
anthropogenic SOA (ANSOA), biomass burning SOA
(BBSOA), and biogenic SOA (BGSOA). Two tracers are
used for each POA type: hydrophobic (OCPO) and
hydrophilic (OCPI) with an e-folding time of 1.1S days for
the conversion of hydrophobic to hydrophilic tracer.”’ MPOA
is also calculated based on these two tracers, one for
hydrophobic and the other for hydrophilic.”> ANSOA and
BBSOA are simulated using the SIMPLE parameterization
based on field OA measurements,” but ANSOA is further
updated to reflect recent findings on the relationship between
ANSOA enhancement and aromatics reactivities.' It is worth
noting that the VBS scheme in GEOS-Chem underestimated
the urban SOA during the urban field campaign, whereas the
SIMPLE SOA scheme did not.”’ McDuffie et al.”* also used
the SIMPLE SOA scheme for their health effect calculation
using GEOS-Chem. SOA from monoterpenes and sesquiter-
penes is simulated using the volatility basis set (VBS)
approach, as implemented by Pye et al.”> Isoprene SOA is
explicitly simulated using the aqueous phase mechanism by
Marais et al.”’ POAs are assumed as nonvolatile in the
standard simulation, but, additionally, a semivolatile POA
(SVPOA) option is performed to examine the differences in
results between nonvolatile and semivolatile assumptions for
ANPOA and BBPOA. SVPOA from semivolatile organic
compounds (SVOCs) is calculated using the two-product
approach with aging reactions that decrease saturation vapor
pressure by 100 times. SVPOA from intermediate-volatile
organic compounds (IVOCs) is simulated using the VBS
approach.”’

Second, the Community Atmosphere Model with chemistry
version 6 (CAM6-chem), a detailed chemistry version of the
Community Earth System Model (CESM)® version 2.2, is
used with the same separations of OA in GEOS-Chem, but
MPOA is not available in the model.*”

Unlike GEOS-Chem, which uses a bulk aerosol scheme,
CAM-chem uses a four-mode version of the Modal Aerosol
Module (MAM4).°® ANPOA and BBPOA are emitted as the
primary carbon mode and converted to the accumulation
mode through microphysical aging processes such as
coagulation.”” Aitken and accumulation modes are used to
calculate the microphysics of SOA. The organic nucleation
process is not included in the model at present. The model
only accounts for sulfuric acid vapor homogeneous nucleation
through a binary parameterization.””~®' The VBS scheme by
Hodzic et al.”® is used for all SOA, as implemented by Tilmes
et al.>* and further updated for NO,-dependent pathways by Jo
et al.®? SOA from S/IVOCs is also calculated on the VBS
space, by assuming 60% of POA and 20% of nonmethane VOC
(NMVOCs) as SVOC and IVOC emissions, respectively. In
addition to OA, both models simulate secondary inorganic
aerosols, black carbon, dust, and sea salt aerosols. However,
CAM-chem®” only simulates sulfate (considered to be
ammonium bisulfate), while GEOS-Chem®® calculates sulfate,
nitrate, and ammonium using the ISORROPIA II thermody-
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namic model®* for secondary inorganic aerosols. Moreover,
CAM-chem allows for aerosols to affect meteorological fields,
including cloud properties, through two-way interactions,
whereas meteorological fields are fixed in GEOS-Chem.

We run both models for the year 2010, with an additional
three-month spin-up period. Furthermore, to account for
potential influences of year-to-year changes in the cloud cover
and location on aerosol—cloud interaction calculations
(Section 2.4), we extend the CAM-chem simulation for an
additional four years.

GEOS-Chem is a chemical transport model (CTM) driven
by assimilated meteorological fields; here, we use the Modern-
Era Retrospective Analysis for Research and Applications
version 2 (MERRA2).®> CAM-chem has its own dynamic core,
but temperature and winds are nudged to the MERRA2
meteorology in this study to reduce the uncertainty associated
with dynamics.

Nudging occurs at each time step using the next target
nudging force option and the weak timescale option.’
Horizontal resolutions of 2° X 2.5° and 0.95° X 1.25° are
used for GEOS-Chem and CAM-chem, respectively, with 47
and 32 vertical levels. We use the Community Emissions Data
System (CEDS) inventory66 for anthropogenic emissions and
the Global Fire Emission Database (GFED) version 4°” for
biomass burning emissions in both models. However, for
anthropogenic SOA precursor emissions in GEOS-Chem, we
use the Hemispheric Transport of Air Pollution version 2
(HTAPv2) inventory.”® The HTAP best reproduced the
observed relationship between CO and aromatics from 11
major urban field studies, which is a critical factor for the
SIMPLE SOA scheme developed by Nault et al.'® For
example, the HTAP showed an R? of 0.54 while the CEDS
showed an R® of 0.26 when compared to field campaign
observations.'® Our calculation shows that switching from
HTAP to CEDS for anthropogenic SOA emission increases the
emission by 23%. Biogenic emissions are calculated online
using the Model of Emissions of Gases and Aerosols from
Nature version 2.1 (MEGANv2.1) algorithm in both models.””
MPOA in GEOS-Chem is also calculated online based on
Gantt et al.>

2.2. Health Impact Estimates. We estimate the
premature deaths associated with exposure to OA by
combining population data from the Columbia University
Center for International Earth Science Information Network
(CIESIN)” with baseline mortality rates from the Global
Burden of Disease (GBD) study (2015)”" for the following
diseases: ischemic heart disease, stroke, chronic obstructive
pulmonary disease, lung cancer, and acute lower respiratory
illness. To address uncertainties related to premature death
calculation methods, we calculate the relative risk from PM,
(particulate matter with a particle diameter smaller than 2.5
um) exposure using two methods: the integrated exposure-
response (IER)’” and the global exposure mortality model
(GEMM).” The calculations are based on annual average
surface-level PM, s concentrations, populations, and disease-
specific parameters such as PM, g threshold values.

The premature deaths attributed to each OA category are
calculated using the method outlined by Nault et al.'® This
involves subtracting the OA concentration from the total PM, g
concentration to calculate the difference in deaths caused by
the total PM, 5 and the reduced PM, ;. To reduce uncertainties
due to the coarse spatial resolutions of models, satellite-derived
PM, ¢ concentrations at a 0.1° X 0.1° resolution (VS5.GL.03)

based on van Donkelaar et al.”* are used to determine the total
PM, concentration. These satellite-derived PM, concen-
trations correspond to the same years as our GEOS-Chem and
CESM simulations, minimizing potential discrepancies arising
from interannual variability in OA sources. We also calculated
health impacts using another satellite product (V4.GL.02)”
and found no significant differences between the two satellite
products in terms of health effect estimates.

OA concentrations are recalculated for health impact
assessment using the fraction of each simulated OA
component to the total modeled PM,;, multiplied by the
higher-resolution satellite-based PM,; concentrations. The
impact of secondary inorganic aerosol is also calculated for
comparison to the effect of OA. Further information on the
downscaling and rescaling methods, health impact calculations,
and related parameters can be found in Nault et al.'® and
Nawaz et al.”®

2.3. Aerosol—Radiation Interaction (Direct Effect).
Online radiative transfer calculations are available for both
CAM-chem and GEOS-Chem using the rapid radiative transfer
method for general circulation models (RRTMG).”” We
calculate the direct radiative effect (DRE) of OA under both
clear- and all-sky conditions. Only shortwave flux changes are
considered in this study as the longwave DREs of OA are
negligible globally.'® Shortwave fluxes are calculated over 14
wavelength bands from 0.2 to 12.2 pm. The aerosol optical
depth (AOD), single scattering albedo, and asymmetry
parameters are calculated using a look-up table approach
with precalculated aerosol optical properties using Mie theory,
as a function of wavelength and relative humidity (RH). We do
not consider brown carbon in this calculation, which is a
limitation of this study. The contribution of brown carbon
absorption to the negative DRE of OA varies greatly across
studies, and we have addressed this in detail in Section 4.

The hygroscopic growth factors applied to each model are
different. CAM-chem uses the Optical Properties of Aerosols
and Clouds (OPAC).”® The factors used in GEOS-Chem are
originally based on OPAC but updated with findings from
other previous studies.””* Both models divide OA into
hydrophobic and hydrophilic components, and hygroscopic
growths are considered only for hydrophilic components.
However, the classification method is different for each model.
CAM-chem assumes all POAs (in both primary carbon and
accumulation modes) as hydrophobic, while GEOS-Chem
assumes only hydrophobic POA (OCPO; nonvolatile simu-
lation) or fresh POA (semivolatile simulation) as hydrophobic,
with the rest being hydrophilic POA. Furthermore, GEOS-
Chem assumes external mixing, while CAM-chem assumes
external mixing between modes but internal mixing within each
mode.

For size distributions of OA, a single geometric mean dry
radius of 0.058 ym and a standard deviation of 1.6 are assumed
in the bulk aerosol scheme in GEOS-Chem.®’ On the other
hand, in CAM-chem, the radius of each mode is calculated
online from the number concentration, and a standard
deviation of 1.6 is also used for Aitken, accumulation, and
primary carbon modes.””** The typical size ranges are 0.06—
0.30 pm for the primary carbon mode, 0.015—0.053 ym for the
Aitken mode, and 0.058—0.48 um for the accumulation mode,
respectively.”’ In the CAM-chem simulations in this study, the
accumulation mode comprises 93% of OA followed by 6% for
the primary carbon mode and 1% for the Aitken mode, which
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is consistent with Tilmes et al.’* The column version of
RRTMG is also used for the offline analysis in Section 3.

2.4. Aerosol—Cloud Interaction (Indirect Effect). Since
GEOS-Chem is a CTM, meaning that there is no two-way
interaction between aerosol and meteorology, we estimate the
aerosol indirect effects using only the CAM-chem model
Aerosol interactions with cloud microphysics are represented
in CAM-chem with the MG2 scheme.”® To assess the impact
of each individual OA component, sensitivity simulations are
performed by removing each OA component (including the
“all OA” case) in the model while keeping other aerosols fixed.
The changes in shortwave and longwave cloud radiative effects
between the base and sensitivity simulations are then
calculated. In this way, we consider not only the first indirect
effect (increasing cloud condensation nuclei and cloud droplet
numbers)®* and the second indirect effect (reduced precip-
itation due to smaller droplets and increased cloud cover/
lifetime)® but also cloud adjustments in response to the
changes in the atmosphere and land surface.

Unlike health impacts and DRE calculations in which
aerosol loadings and effects are generally proportional to each
other (although still nonlinear), cloud response to aerosols is
highly nonlinear (even the sign can be changed) due to a
number of different cloud types and regimes and the micro-
and macrophysical influences on the cloud formation.*®
Therefore, additional steps are taken in the simulations to
reduce the uncertainties related to the cloud radiative effect
change calculations. (1) We run the model in a specified
dynamics setup (temperature and winds are nudged to
MERRA2) to minimize nonlinearity and model internal
variability. (2) POA and SOA are lumped together for each
source to obtain a higher signal-to-noise ratio in this analysis.
(3) Unlike health effects and DRE calculations, the indirect
effect of secondary inorganic aerosol is not calculated to
prevent inaccuracies in the cloud microphysics that would
result from the elimination of sulfate. (4) We save the model
output every 25 h to consider diurnal variations of cloud
properties (e.g., shifting the local time of saved output by 1 h
with each subsequent day) and present the variability range
based on the +1 standard deviation. (S) Calculations are based
on results from a five-year period (2010—2014), instead of a
single-year simulation.

3. RESULTS

3.1. Health Impacts. Figure 1 shows the premature death
and DRE caused by OA from various sources, calculated both
in terms of the absolute magnitude and efficiency. Secondary
inorganic aerosols are also included as a reference for
comparison with OA. Secondary inorganic aerosols in both
models have been extensively evaluated against surface and
aircraft observations.”*>*” ™ In this study, premature deaths
due to PM, 5 are calculated to be 3.66 million using the IER
method and 8.41 million using the GEMM method. These
values align with previous studies which estimated 3.22—4.00
million for the IER method'®”**”*® and 7.78—8.92 million for
the GEMM method.'®”*%

Despite the differences between the two models, two POA
treatments, and two mortality calculation methods (Figures S1
and S2), the results clearly show that anthropogenic OA is
highly influential for human health, as they are high in areas
with large populations (Figure 2 and Figures S3—S9). Given
that the 95% confidence intervals for both the IER and GEMM
methods fall within a 15—20% range,73 the higher efliciency of
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Figure 1. Premature deaths and DREs calculated by CAM-chem
(dark gray and blue) and GEOS-Chem (light gray and sky blue) for
2010. (a) Total effect and (b) effect efficiency (impacts per Tg
burden). Premature death calculation is based on the IER, and the
DRE is for all sky values. SNA is sulfate for CAM-chem and sulfate-
nitrate-ammonium for GEOS-Chem. Marine POA is not included in
CAM-chem. Premature death calculation based on the GEMM
method and clear-sky DRE is shown in Figure S1. The values
calculated for each OA category are not additive due to the nonlinear
response in health and DRE effects.

anthropogenic OA, POA, and CAM-chem OA is evident.
Although the absolute values derived from the IER and
GEMM methods are different, the relative differences in health
effects attributed to each OA type remain consistent, indicating
uniform relative importance across different calculation
methods (Figure 2 and Figure S1).

Specifically, aerosol concentrations in areas with populations
greater than 1000 per grid point are significant in terms of the
absolute magnitude (Figure S3). The relationship between
aerosol concentrations and populations (black and magenta
lines in Figure S3) also explains the higher health effect
efficiencies of OA compared to sulfate in CAM-chem and the
similar efficiencies between OA and SNA in GEOS-Chem. In
addition to population, there can be other factors such as
population age and base mortality rates, which vary among
countries. However, these factors do not show a significant
relationship with aerosol concentrations in this study. These
results are based on the simulation data for 2010; however, our
findings suggest that interannual variability is not a major
factor in this study. The coefficient of variation (standard
deviation over the mean) of interannual variability is at most
~10% for health effects due to biomass burning OA, which
further reduces to ~5% when calculating effect efficiency
(effects per burden). Coefficients of variation for other OAs
are calculated to be less than 3%.

Emissions have the most important impact on the
distribution of aerosols at the surface and, additionally, on
health impacts associated with aerosol exposure due to their
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Figure 2. Latitudinal profiles of (a,b) aerosol burden, (c,d) premature death overlaid with population, and (e,f) DRE overlaid with incoming solar
radiation at the top of the atmosphere. The left and right columns show the CAM-chem and GEOS-Chem results, respectively. Population data are
for 2010 and from the CIESIN.”® Incoming solar radiation is from Clouds and the Earth’s Radiant Energy System.'®>

colocation with areas of the dense population; however, the
vertical distribution of aerosols also contributes. Anthropo-
genic OAs are highly concentrated near the ground where
people live, while biogenic and biomass burning OAs have
relatively high concentrations up to 600—700 hPa levels
(Figures S10—S12). Biomass burning and biogenic OAs are
more likely to be trans(})orted to the free troposphere via fire-
induced convection'”” or upward transport of precursor
gases.'”" The vertical distribution also explains the difference
in health effect efficiencies between the CAM-chem and
GEOS-Chem models (Figure 1), as CAM-chem simulates
relatively more aerosols near the surface compared to the free
troposphere across all seasons (Figures S10 and S11).

POA has a more pronounced impact on mortality compared
to SOA due to its higher concentration near the surface. VOCs
and their oxidized gas products enable SOA formation at
locations far from the source and subsequently a broader
spatial and vertical extent of SOA (Figures S10—S12). This
holds true for SVPOA as well, resulting in a smaller health
effect potential of 0.5 million people per Tg year ' for SVPOA
(Figure S2b) compared to NVPOA with a health effect
potential of 1.1 million people per Tg year ' (Figure 1b).
NVPOA and SVPOA exhibit different vertical distributions
(Figures S11 and S12), with SVPOA being more prevalent in
the free troposphere due to its gas-phase POA tracers and

13797

precursors. The oxidation processes also affect the difference
between fresh and oxygenated (aged) SVPOA in terms of
spatial distribution and health impacts. Fresh SVPOA is
restricted to near the surface as a result of its oxidation into
oxygenated SVPOA through aging.”” The resulting health
effect of fresh SVPOA is 2.6 million people per Tg year™,
while that of aged SVPOA is 0.4 million people per Tg year "
(Figure S2).

3.2. Aerosol—Radiation Interaction (Direct Effect).
The spatial distribution maps of DRE (Figures S13—S15)
generally follow the distribution of aerosol fields (Figures S4—
S6), unlike the health effects, where the population is another
factor determining the spatial distribution. We calculate global
mean all-sky DRE values of —0.44 and —0.36 W m™> for sulfate
in GEOS-Chem and CAM-chem, respectively, and —0.51 and
—0.37 W m™? for OA in these models. These results are within
the ranges reported by previous studies, such as Heald et al.'®
(—0.35 and —0.42 W m™> for sulfate and OA), Yang et al.'"’
(—0.42 W m™? for sulfate), and Shrivastava et al.'”* (=0.32 to
—0.56 W m™> for OA). Our clear-sky DRE values are also
comparable to those in the previous studies, for example, OA
DRE of —0.68 and —0.64 W m™ for GEOS-Chem and CAM-
cheml,ogespectively, compared to —0.69 W m™> reported by Jo
etal. ™
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Figure 2 also shows that the distribution of aerosols with the
latitude is proportional to the distribution of DRE with the
latitude. CAM-chem shows narrower distributions near the
tropics compared to GEOS-Chem, primarily due to differences
in biogenic SOA. This is attributed to the stronger formation
and faster removal in the SOA scheme used in CAM-chem
following the approach by Hodzic et al.*®

In contrast to the high efficiency of anthropogenic OAs in
terms of health impacts, anthropogenic OAs have the lowest
efficiency for DRE (Figure 1). In addition, SOA generally has a
higher DRE efficiency than POA in CAM-chem. This is
because all POA is treated as hydrophobic for DRE
calculations in CAM-chem, while only a small fraction of
POA is considered hydrophobic in GEOS-Chem (OCPO
tracer; Section 2.1). For the same reason, fresh semivolatile
POA is less efficient than aged semivolatile POA (Figure S2),
as the former is considered hydrophobic while the latter is
considered hydrophilic in GEOS-Chem. Marine POA has the
highest efficiency in GEOS-Chem, as it primarily distributes
over oceanic regions with high relative humidity and
hygroscopic growth, consistent with findings from another
GEOS-Chem study.106

The spatial distributions of OA and their corresponding
relative humidity values cannot fully explain the differences in
DRE efficiencies between anthropogenic and other (biomass
burning and biogenic) sources. For example, anthropogenic
POA shows lower DRE efficiencies compared to biomass
burning POA in both models, even though the hygroscopicities
of anthropogenic and biomass burning POA are the same. Like
the calculations for health effects, interannual variability does
not significantly influence these differences, with coefficients of
variation of less than 4% for all OA categories. This difference
is not due to differences in aerosol properties, such as single
scattering albedo and asymmetry parameters, as we are
investigating the same type of aerosol in this study. Instead,
even with the same aerosol loading and meteorological
conditions, the surface albedo and solar zenith angle can
have a substantial impact on the DRE (including its
sign). 106107

To disentangle aerosol effects and other conditions, we
perform an offline radiative transfer calculation using the
column version of RRTMG. With the AOD and other aerosol-
related variables kept constant, the DRE is calculated based on
the hourly CAM-chem output (meteorological fields) for each
month and grid cell, as shown in Figure S16. The oftline
RRTMG calculation with a constant AOD demonstrates that
the DRE varies substantially based on the location and season
due to changes in the solar zenith angle and surface albedo.
The absolute magnitude of DRE is greater in summer but
decreases in winter, which reduces the impact of anthro-
pogenic OA. We do not further distinguish the effects of the
solar zenith an%le and surface albedo, as the latter is dependent
on the former.'”® To further quantify the impact, we use the
DRE fields from Figure S16 and calculate the global mean
DRE by weighting the spatial distribution of each OA (Figure
S17), revealing a higher DRE potential for biogenic and
biomass burning OA.

3.3. Aerosol-Cloud Interaction (Indirect Effect).
Figure 3 illustrates the global mean cloud radiative effect
changes and efficiencies (per burden) by anthropogenic,
biomass burning, biogenic, and all OA for five-year averages
of 2010—2014. The cloud radiative effect change efficiency by
all OA is calculated to be —1.02 W m™ Tg™" (and —0.22 W
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Figure 3. (a) Global mean aerosol indirect effect (W m™2) and (b)
aerosol indirect effect efficiency (W m™ Tg™"') simulated by CAM-
chem for 2010—-2014. The median values are represented by black
circles, while the whiskers indicate the one standard deviation range
based on 25 h interval output. The aerosol indirect effect is calculated
by subtracting the cloud radiative effects from each OA category
(anthropogenic, biomass burning, biogenic, and all OA) from the base
case results. The aerosol indirect effect efficiency is determined by
dividing the aerosol indirect effect by the atmospheric burden.

m~ Tg™' for DRE efficiency by all OA). Although it is not
directly comparable, these values align with the effective
radiative forcing (2014—1850) per OA burden according to a
recent multimodel comparison study,'’” which ranges between
—0.35 and —1.42 W m™> Tg™". The ranges of interannual
variability for changes in cloud radiative effects due to
anthropogenic, biomass burning, biogenic, and all OA are
—0.49 to —0.53, —0.67 to —0.72, —0.20 to —0.22, and —1.58 to
—1.74 W m™? respectively. These ranges show that the
interannual variability does not influence the main conclusions
of this study, which are discussed below.

This analysis presents two main findings. First, biomass
burning OA has the greatest potential among the three sources,
particularly in high-latitude regions (~60°) in both hemi-
spheres, where the base cloud radiative effects are substantial
(Figure 4). However, the factors contributing to the high
aerosol indirect effects of biomass burning OA vary in the two
hemispheres. Direct emissions from biomass burning contrib-
ute to the effect around 60°N (Figure S4 shows sources in
Canada and Russia) while no emission sources due to lower
land mass around 60°S.

Global 2D maps reveal that biomass burning OA has a
widespread impact throughout the Southern Ocean region in
CAM-Chem (Figure S18). In this clean environment, even a
small increase in aerosol loading can greatly affect cloud
properties compared to a polluted environment.'"’ Tt is
noteworthy that the nudged versions of CAM6 were found
to reproduce the cloud fraction, cloud Iphase, and boundary
layer structure in the Southern Ocean.''" Furthermore, CAM-
chem with the MAM4 scheme showed good agreement with
aircraft measurements of Aitken and accumulation mode
number concentrations over the Pacific and Atlantic oceans.’!
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Figure 4. Zonal averages of cloud radiative effect changes by different OA sources. (a) Combined shortwave and longwave, (b) shortwave, and (c)
longwave. The values shown represent the difference in radiative effects calculated by subtracting the results of a sensitivity run without each
aerosol type from the results of the base run. The results from the base run are shown as blue dotted lines.

The increase in the cloud radiative effect in this region
caused by biomass burning OA appears to be strongly linked to
the increase in the column-integrated cloud water path, as
shown in Figure S19.

Biomass burning OA tends to be present in the free
troposphere, with relatively higher values than other OAs from
the surface to around 600—700 hPa (Figure S10), which
enables their transport to higher latitudes by large-scale
circulation. Figure S20 further confirms the transport of
biomass burning OA by large-scale motion around 200—300
hPa. The longer lifetime of biomass burning OA compared to
other OAs also contributes to their ability to be transported
over long distances. The average lifetimes of anthropogenic,
biomass burning, and biogenic OAs are calculated as 3.5, 4.9,
and 2.8 days, respectively (Table S1).

Biogenic OA has the lowest cooling effect per unit mass, as it
does not significantly contribute to cooling in regions where it
is abundant. The sign of the indirect effect of biogenic OA can
even vary by day and time, as revealed by the one-standard
deviation ranges in Figure 3. Biogenic OA has positive
shortwave cloud radiative effect changes in regions like Africa
and South America near the Amazon (Figure S18). The impact
of biogenic OA on the cloud radiative effect differs from the

effect of biomass burning OA, as the latter is primarily driven
by changes in microphysics, while the former is mainly due to
changes in radiation and consequent convective motion.

Specifically, the model simulates reduced updraft and high-
level clouds due to biogenic OA over northern South America
(Figure S21). Biogenic OA is responsible for the majority of
the atmospheric solar heating rate due to aerosols above 400
hPa in this region (Figure S21d). Although biogenic OA
mostly scatters sunlight rather than absorbing it, its dominant
contribution to the total aerosol mass makes biogenic SOA the
most important aerosol for heating as well.

Furthermore, it has the highest cooling effect through
aerosol—radiation interaction, with a DRE value of —2.2 W
m ™2 compared to —0.1 and —0.6 W m™? for anthropogenic and
biomass burning OA, respectively. This warming in the upper
troposphere and cooling at the surface can lead to a more
stable atmospheric profile and a decrease in high-level clouds.
This, in turn, leads to strong positive shortwave and negative
longwave effects, as there is less cloud to reflect solar radiation
and trap outgoing longwave radiation. Similarly, a theoretical
and observational study by Koren et al''’ showed that
radiative processes can reduce the cloud fraction as AOD
increases when AOD is higher than ~0.2 (Figure 2 in their
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paper). Our model analysis of the relationship between
simulated AOD, cloud fraction, and convective available
potential energy (CAPE) supports these observational
findings, the decrease in the cloud fraction and reduction in
convective motion as AOD increases when AOD is higher than
~0.2 (Figure S22).

4. DISCUSSION AND IMPLICATIONS

A limitation of this study is that it assumes uniform
characteristics for all OA sources, despite using different VBS
parameters to simulate the OA concentration. That is, the
health and physical characteristics (e.g., toxicity, refractive
index, and cloud activation) of OA used in calculating health
and climate effects remain the same across all sources.
However, this study highlights substantial variations in health
and climate impact potential among OA sources, as a result of
differences in formation pathways, seasonalities, and spatial
and vertical distributions.

The findings of this study can provide valuable insights that
inform future research. For example, Pye et al.'"* found that
the mortality rate per unit mass of SOA is 6.5 times higher
than that of PM, g at the surface. However, combining with the
efficiency (health effects per atmospheric burden) estimated in
this study would result in a lower mortality rate of SOA
because SOA is more likely to be spread above the boundary
layer and spatially beyond the source regions. Our results also
indicate that SVPOA has a lower impact on mortality
compared to NVPOA due to its volatility, which decreases
its overall burden and allows for more eflicient transport.
Therefore, in future health effect modeling studies, it is
important to consider how POA is treated as either
semivolatile or nonvolatile in the analysis.

Anthropogenic OA was calculated to have the lowest DRE
efficiency, while biomass burning OA has similar or slightly
higher DRE efficiency compared to biogenic OA in this study.
However, it is worth noting that some fractions of
anthropogenic and biomass burning OAs can effectively absorb
solar radiation (i.e, brown carbon),'**~'*¢ making biogenic
OA potentially the most effective in terms of DRE. The
potential of brown carbon absorption to offset the negative
DRE by OA greatly varies across studies. An earlier modeling
study''” suggested that brown carbon may change the sign of
global OA DRE from a cooling effect (—0.08 W m™) to a
warming effect (0.025 W m™) in their strongly absorbing
brown carbon scenario, but this was based on a simple
assumption assigning 92% of biomass and biofuel burning OA
as brown carbon. Jo et al.'” explicitly calculated brown carbon
from biomass burning and anthropogenic SOA and showed
that brown carbon reduced the OA DRE by 16%. With the
incorporation of the photobleaching process in subsequent
model studies,"®'"” an observationally constrained global
modeling study'*’ showed that the DRE of brown carbon was
0.048 W m™2. On the other hand, as biogenic emissions are
predicted to increase in the future under all Shared
Socioeconomic Pathway (SSP) scenarios,”” the DRE by
biogenic OA may become increasingly important.

The uncertainty in the aerosol—cloud interaction compo-
nent of global anthropogenic radiative forcing is the
largest,é’121 leading to uncertainties in the magnitude of the
indirect effects of OA calculated in this study. CESM2
simulates the largest effective radiative forcing due to
aerosol—cloud interaction among the models that participated
in the IPCC sixth assessment report.’ Gettelman et al.'*”

reported that CESM2 simulated —1.9 W m™? of cloud radiative
effect changes due to aerosol changes between present (2000)
and preindustrial (1850) emissions. By comparison, a recent
observation-based study'*’ calculated radiative forcing due to
aerosol—cloud interaction as —1.14 W m™2. Therefore, our
estimation of cloud radiative effect changes due to different OA
can be considered an upper bound. It is also noteworthy that
the radiative effects in this study are calculated with and
without each type of OA, which differs from radiative forcing
based on the difference between present and preindustrial
conditions.

On the other hand, the relative importance of the aerosol
indirect effects of anthropogenic, biomass burning, and
biogenic OA is more robustly estimated in this study.
Combining POA and SOA to estimate their indirect effect
helps to alleviate the limitations of the model regarding the
POA/SOA ratio discussed in the introduction as well. Biogenic
OA has the least efficiency due to changes in radiative effects
and convective motion, which is also supported by
observational evidence.''> Biomass burning OA has the highest
potential for aerosol indirect effects because it can be
transported to remote areas of the atmosphere, where the
cloud radiative effect is high and the cloud condensation nuclei
(CCN) concentration is low. Strong vertical transport from
biomass burning emissions and long-range transport over the
Southern hemisphere was also observed from a satellite.'**
Aircraft measurements from a recent field campaign (the
NASA Atmospheric Tomography Mission; ATom) reported
that biomass burning particles account for one-quarter of the
accumulation mode aerosol number in the remote tropo-
sphere,125 which is significant given the low CCN concen-
tration in these regions. The OA scheme used in CAM-chem
in this study has been demonstrated to significantly improve
OA simulations in these regions.26 However, the organic-
driven nucleation process, which is not yet represented in
global models,"*° can be another source of CCN in the remote
atmosphere, and biogenic VOCs may play a role in this
process.””” Further development for this process will be
needed for a better representation of clouds in models.

The majority of simulations conducted by the Coupled
Model Intercomparison Project (CMIP) Phase 5'** and Phase
6" either model the concentration of SOA by applying a fixed
yield to emissions or prescribe it, with only a limited number of
models explicitly simulating the semivolatile characteristics of
SOA through methods like the two-product or VBS approach.
This can result in similar distributions of SOA and POA. This
study highlights that even when POA and SOA come from the
same source, they have different health and radiative effects
due to differences in their spatial and vertical distributions and
lifetimes. Therefore, for accurate calculation of the radiation
field and climate impact in future CMIP phase climate
assessments, it is important to either explicitly model the
atmospheric processes and chemistry of SOA or apply
parameterizations that reflect the influence of key phys-
icochemical drivers of SOA.'”

Furthermore, half of the CMIP6 models prescribe biogenic
VOC emissions,” but changes in biogenic emissions and
biogenic SOA may play an important role in the radiative
budget in the future, as revealed in this study. This is also
important in terms of radiative forcing (the difference in
radiative effects between present and preindustrial conditions),
which is the primary focus of CMIP analyses and IPCC
assessments for policy decisions. Therefore, an online coupled
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biogenic emission scheme will be necessary for the next
generation of CMIP models.
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