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Abstract The Community Earth System Model version 2 (CESM2) includes three main atmospheric
configurations: the Community Atmosphere Model version 6 (CAM6) with simplified chemistry and a
simplified organic aerosol (OA) scheme, CAM6 with comprehensive tropospheric and stratospheric
chemistry representation (CAM6-chem), and the Whole Atmosphere Community Climate Model version 6
(WACCM6). Both, CAM6-chem and WACCM6 include a more comprehensive secondary organic
aerosols (SOA) approach using the Volatility Basis Set (VBS) scheme and prognostic stratospheric aerosols.
This paper describes the different OA schemes available in the different atmospheric configurations of
CESM2 and discusses differences in aerosol burden and resulting climate forcings. Derived OA burden and
trends differ due to differences in OA formation using the different approaches. Regional differences in
Aerosol Optical Depth with larger values using the comprehensive approach occur over SOA source
regions. Stronger increasing SOA trends between 1960 and 2015 in WACCM6 compared to CAM6 are due
to increasing biogenic emissions aligned with increasing surface temperatures. Using the comprehensive
SOA approach further leads to improved comparisons to aircraft observations and SOA formation of
≈143 Tg/yr. We further use WACCM6 to identify source contributions of OA from biogenic, fossil fuel, and
biomass burning emissions, to quantify SOA amounts and trends from these sources. Increasing SOA
trends between 1960 and 2015 are the result of increasing biogenic emissions aligned with increasing
surface temperatures. Biogenic emissions are at least two thirds of the total SOA burden. In addition, SOA
source contributions from fossil fuel emissions become more important, with largest values over Southeast
Asia. The estimated total anthropogenic forcing of OA in WACCM6 for 1995–2010 conditions is
−0.43 W/m2, mostly from the aerosol direct effect.

1. Introduction
Organic aerosols (OAs) are important climate forcers and contribute to reduced air quality in many regions,
but have not been well represented in climate models. Parameterizations of OA in Earth System Models are
often rather simplified. Amounts of the derived OA differ largely between different models and underesti-
mate observational estimates in remote regions (Tsigaridis et al., 2014). This is in part because the complex
formation processes of OA through oxidative chemistry from various precursors (e.g., Pandis et al., 1991)
are not sufficiently well represented. There is also still an incomplete understanding of the OA composi-
tion, aging, deposition, radiative absorption, and other processes in the atmosphere (Hallquist et al., 2009;
Heald et al., 2011; Hodzic et al., 2016; Shrivastava et al., 2017; Tsigaridis & Kanakidou, 2018, and refer-
ences therein). OA are important short-lived climate forcers due to their direct effect in scattering and
reflecting sunlight, their radiative warming effects through light absorption in particular from brown carbon
(Zhang et al., 2017), and indirectly through interactions with clouds (Carslaw et al., 2013; Hodzic & Duvel,
2018). Due to the insufficient description in many climate models, there is a large uncertainty in the
magnitude of the radiative effects of OA.
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OA can be classified into two types: primary and secondary. The primary type, known as primary organic
matter (POM), is directly emitted from fossil fuel combustion and biomass burning. POM undergoes trans-
port, chemical aging, and eventual removal by dry and wet deposition. In addition, POM can evaporate and
further oxidize to form secondary OA (SOA; Hodzic et al., 2010; Jathar et al., 2014; Robinson et al., 2007).
The dominant sources of SOA are precursor emissions of volatile organic compounds (VOCs). Biogenic VOC
emissions in the model include isoprene and terpenes; emissions from biomass burning and anthropogenic
sources include aromatics and linear and branched hydrocarbons. The oxidation of these gaseous precur-
sors, mainly with OH radicals and ozone (O3) during the day and nitrate radicals (NO3) at night, leads to
the formation of hundreds of semivolatile condensable organics that can condense to form SOA. The pro-
cessing of these gases depends on the atmospheric composition, in particular the concentrations of oxidants
(OH, ozone) and NOx (Hallquist et al., 2009). These gas-phase semivolatile condensable sources of SOA are
referred to as SOAG herein.

Global climate models cannot fully represent the complex tropospheric chemistry that would allow for a
comprehensive description of OA formation in the same way as included in process models, because of com-
putational limitations. Explicit mechanisms represent reactivity of organic carbon in various phases down
to the ultimate oxidation products, CO and CO2, and include thousands of species and reactions (Aumont
et al., 2005). Simplified parameterizations to represent OA of various complexity have been implemented
into Global Climate Models in recent years. For POM, often very simple descriptions based on emissions,
chemical aging, and deposition, have been implemented (Liu et al., 2012, 2016). For SOA, one of the simpler
approaches uses prescribed SOAG emission fluxes that are directly proportional to the emissions of precur-
sors (e.g., Chin et al., 2002; Colarco et al., 2010; Liu et al., 2012, 2016), or an empirically determined emission
flux scaled to CO emissions (Hodzic et al., 2010; Spracklen et al., 2011). Another frequently used approach is
the two-product SOA representation as used in earlier CESM configurations (e.g., Heald et al., 2011; Tilmes
et al., 2016). This approach includes the oxidation of precursors into two condensable organic products that
can form SOA (Odum et al., 1996). Tsigaridis et al. (2014) showed that these commonly used approaches in
≈30 global models that participated in the AeroCom-II intercomparison led to a substantial underpredic-
tion of surface SOA concentrations near source regions. Hodzic et al. (2019) showed that the AeroCom-II
model ensemble overpredicts OA concentrations by more than a factor of 2 in clean remote regions.

Currently, one of the most advanced parameterization in global models is the Volatility Basis Set (VBS)
scheme, which groups hundreds of intermediate semivolatile organic compounds by bins of volatility that
are produced by oxidative chemistry from the emitted precursors (Donahue et al., 2006; Hodzic et al., 2016;
Shrivastava et al., 2013; Tsimpidi et al., 2010). VBS parameterizations are typically adjusted to reproduce
the SOA formation yields in chamber experiments for various individual precursors and atmospheric condi-
tions (e.g., Ng et al., 2007). This approach also allows inclusion of SOA formation from additional precursors
such as semivolatile and intermediate volatility compounds (S/IVOC). The VBS implementation into global
models can, however, vary significantly as it is based on different sets of chamber data and their interpre-
tation. For instance, VBS parameterizations can be based on traditional chamber data that suffer from wall
losses (Pye & Seinfeld, 2010) or modified to account for further aging of organics in the atmosphere beyond
chamber time scales (Shrivastava et al., 2015), or adjusted to wall loss-corrected chamber data (Hodzic et al.,
2016). This latter scheme has been shown to reproduce SOA budgets and distributions fairly well in the
global GEOS-Chem model (Hodzic et al., 2016). A recent global model intercomparison by Hodzic et al.
(2019), which also includes results from simulations described in this paper, shows that a more complex
approach provides an improved agreement with measurements in the remote atmosphere.

In this paper, we compare two different representations of OA that are available in Community Earth System
Model version 2 (CESM2). For the standard CESM2 version, the Community Atmosphere Model (CAM6)
uses a simplified SOA formation description (Liu et al., 2012, 2016). SOAG yields are directly derived from
emissions and emitted without the consideration of continuous chemical formation processes. CESM2 ver-
sions with extended chemistry, as used in the CAM6 with chemistry, CESM2 (CAM6-chem) (hereafter
CAM6-chem), and in the Whole Atmosphere Community Climate model CESM2 (WACCM6) (hereafter
WACCM6), have been updated to a more sophisticated SOA approach. This approach, based on Hodzic et al.
(2016), includes the VBS scheme for simulating SOA formation, as well as additional processes, as described
below. The new SOA description in WACCM6 and CAM6-chem also allows separating of precursor emis-
sions from biogenic, anthropogenic (or fossil fuel), and biomass burning sources, to be able to identify the
importance of different sources of SOA formation in past, present, and future climates.
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The model description and different OA parameterizations in CESM2 and experiments performed for this
study are described in section 2. In section 3, results from different model configurations are compared,
including differences in aerosol burden, SOA formation, deposition, lifetime, and differences in radiative
forcing. In addition, comparisons of OA to observations are performed. OA in the remote troposphere are
evaluated using observations from the NASA ATom aircraft mission (Wofsy, 2018). In section 4, the time
evolution of SOA source contributions from separate precursors over selected regions are summarized. We
discuss the importance of anthropogenic precursor emissions to the total SOA burden and quantify the
effects on radiation. Discussions and conclusions are presented in section 5.

2. Model Description and Experiments
2.1. Model Description
The experiments performed in this study are all based on the CESM2.0 release version. Some minor updates
were performed between CESM2.0 and CESM2.1, with the latter version being used for Coupled Model
Intercomparison Project Phase 6 (CMIP6) simulations. Those changes have no impact on the results or
conclusions of this paper. In CESM2, the WACCM6 and CAM6 setups are as similar as possible with the
intention to achieve a similar climate outcome with the two versions of the model (Gettelman et al., 2019).
The high-top (WACCM6) and low-top (CAM6 and CAM6-chem) configurations of CESM2 include the same
atmospheric physics in the troposphere. They only differ in a few specifications, including the vertical grid,
required gravity wave additions in WACCM6, and structure of the so-called “sponge layer” at the CAM6
model top. While WACCM6 uses 72 vertical layers up to about 150 km, CAM6 only uses 32 vertical layers and
reaches vertically up to about 1 hPa (40 km). Furthermore, WACCM6 includes convective, frontal, and oro-
graphic sources of gravity waves, which propagate to drive the circulation of the middle atmosphere, CAM6
includes only orographic sources. As a result, CAM6 has a degraded stratospheric circulation compared to
WACCM6. Both WACCM6 and CAM6 configurations use a 0.9◦ in latitude by 1.25◦ in longitude horizontal
grid. Two WACCM6 experiments presented in this paper were performed with the specified dynamics (SD)
version of WACCM6, whereby the winds, temperature, and surface fluxes are nudged toward NASA GMAO
GEOS5.12 meteorological analysis with a Newtonian relaxation of 50 hr for the years 2016–2017, for com-
parisons with observations. The SD version of the model adopts the levels of GEOS5 below 50 km and has a
total of 88 vertical levels reaching to the model top.

The standard version of WACCM6 uses comprehensive troposphere, stratosphere, mesosphere, and lower
thermosphere chemistry, also called TSMLT (Emmons et al., 2019). A specified chemistry configuration
of WACCM6, called WACCM6-SC, has been used to represent simplified chemistry and a simple SOA
parameterization, similar to standard CAM6 (Gettelman et al., 2019). Tropospheric aerosols, besides SOA
and sulfate, are described the same way in different CESM configurations, following Liu et al. (2012).
POM and black carbon are emitted into the primary carbon mode and then aged and transferred to
the accumulation mode. Both, WACCM6-SC and CAM6 use the simple SOA parameterization with a
single-lumped semivolatile organic gas-phase species, called SOAG, since the simplified chemistry does not
include the oxidation of VOCs. The preprocessed surface emissions of SOAG are derived from emission
data sets of five primary VOCs, using the following mass yields: 5% BIGALK (lumped butanes and larger
alkanes), 5% BIGENE (lumped butenes and larger alkenes), 15% aromatics, 4% isoprene, 25% monoterpenes
(Liu et al., 2012). SOAG undergoes condensation and evaporation into the Aitken and accumulation modes
of the Modal Aerosol Model (MAM). These processes depend on the gas saturation vapor concentration,
temperature, and POM concentration, 10% of which is assumed to be oxygenated (Liu et al., 2012). As
in CESM1, SOAG emissions have been increased by a factor of 1.5 to reduce the aerosol indirect effect
(Liu et al., 2012), and SOAG does not undergo dry and wet removal. We call this simplified approach the
“SOAG scheme.”

WACCM6 and CAM6-chem include a comprehensive SOA parameterization based on the VBS model
framework following the approach by Hodzic et al. (2016). The parameterization is based on chamber
measurements and explicit modeling, as briefly summarized next. The scheme includes both updates to
the SOA formation and removal pathways. In terms of SOA formation, semivolatile SOAGs are produced
from anthropogenic and biomass burning precursor emissions at the surface, as well as biogenic emissions
from the Model of Emissions of Gases and Aerosols from Nature version 2.1 (Guenther et al., 2012). For
traditional precursors (biogenic VOCs, aromatics, and short-chain alkanes), the required parameters for
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applying the VBS scheme were fitted to the wall-corrected chamber data, performed in the Caltech cham-
bers, as summarized in Zhang et al. (2014) and extrapolated to longer times beyond the duration of the
experiment. SOA formation from the oxidation of long-chain n-alkanes emitted from fossil fuel, biofuel,
and biomass burning sources is considered (e.g., Gentner et al., 2012; Robinson et al., 2007). The emissions
of SVOCs are calculated as an additional 60% POM emission, whereas those of IVOCs are defined as an
additional 20% Non Methane (NM) VOC emission. These precursor emissions were oxidized into SOAGs
in each volatility bin (see Table 1).

For long-chain n-alkane (S/IVOC) precursors species, VBS parameters were derived from the simulations
of an explicit chemical model performed for n-alkanes mixtures (see Table 3 in Hodzic et al., 2016). The
considered volatility distribution ranges from the saturation concentrations of 0.01 to 100 μg/m3 (at 300 K,
Table 1). Parameterizations used in global models consider typically a narrower volatility range and no aging
compared to the initially proposed parameterization for S/IVOCs by Robinson et al., 2007 (2007; ranges from
0.01 to 106 μg/m3 at 300 K) that is mostly used in regional models (e.g., Hodzic et al., 2010; Shrivastava et
al., 2011; Tsimpidi et al., 2010). The low-NOx mass yields of our parameterization range from ≈5% for IVOC
to 65% for SVOC at 10 μg/m3, which is comparable to 73% low-NOx yields reported for the scheme by Pye
and Seinfeld (2010) for naphthalene that is often used to describe S/IVOCs in global models (Pai et al., 2019;
Yu et al., 2015). Currently, only low NOx conditions are considered CESM2, which is appropriate for 1◦

horizontal resolution of the model grid. However, especially for finer horizontal resolutions than used here,
shortcomings of this assumption may exist for highly polluted regions over large cities as well as regions
that experience intensive biomass burning.

In contrast to the implementation described by Hodzic et al. (2016), the SOAG product species in CESM2
are binned by their saturation concentration (C*) into five instead of six logarithmically spaced bins (of 0.01,
0.1, 1., 10., and 100 μg/m3 at 300 K). This has been done by lumping together the two most volatile bins with
the purpose of reducing computational costs. The resulting products are called SOAG0, SOAG1, SOAG2,
SOAG3, and SOAG4 in the model. The isoprene oxidation with ozone only produces a gas product in the
volatility of 10 μg/m3 (SOAG3) based on Kleindienst et al. (2007).

With the comprehensive SOA parameterization, the importance of different precursor emissions on
SOA can be investigated using an extended version of the released model, the so-called “extended VBS
(VBSext)” version of WACCM6, or WACCM6-VBSext. Depending on their precursor emissions, the prod-
ucts are separated into SOAGff (for fossil fuel), SOAGbb (for biomass burning), and SOAGbg (for bio-
genic) for WACCM6-VBSext. Likewise, POM species have been separated into POMff and POMbb in
WACCM6-VBSext. For the standard VBS version in WACCM6, SOAG yields are not separated by precursor
sources to reduce computational costs. For the formation of SOAG from different precursor emissions, all
the mass yields listed in Hodzic et al. (2016) have been converted to molar yields (Table 1).

In addition to the VBS formation scheme, dry and wet deposition for all intermediate VBS gaseous SOAG
species was added and depends on the hygroscopicity of organic gaseous species. The water solubility of
gaseous species is given as a function of volatility following Hodzic et al. (2014). Furthermore, the photolytic
removal of particulate SOA (without leading to additional OA or gas-phase species) has also been included
with a value for JSOA of 0.04 × JNO2

, as discussed in Hodzic et al., 2015 (2015, 2016), and the SOA formation
from glyoxal in aqueous aerosols is considered based on Knote et al. (2014). The photolytic removal is not
applied to POM.

The new SOA parameterization has only been applied to CESM2 model configurations that include com-
prehensive tropospheric chemistry, WACCM6 and CAM6-chem. The description of the diurnal cycle and
interactive chemistry of precursors and oxidants are important for the SOA production. For this study, an
additional model configuration has been developed in order to determine the impact of the advanced SOA
scheme in WACCM6. This so-called WACCM6-SOAG configuration includes fully interactive aerosol and
chemistry, the same as WACCM6; however, the simplified SOA scheme has been implemented as used in
WACCM6-SC and CAM6. This setup does not include the VBS scheme or any of the additions listed above.

In addition to the differences in the OC description in the different model versions, prognostic stratospheric
sulfate aerosols are included in configurations that run with the comprehensive chemistry. Carbonyl sulfide
(OCS), an important nonvolcanic source of stratospheric sulfate, has been added to the chemical mechanism
(Mills et al., 2017). Dimethyl sulfide (DMS) is largely emitted from oceans, as well as to a small extent from
biomass burning and adds an additional source of tropospheric sulfate aerosols in WACCM6. Changes in
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Table 2
Overview of Simulations for Preindustrial and Present-Day Conditions and Specified Dynamics (SD)

Configuration (Compset) Years SOA model Sulfate Chemistry
WACCM6 (FW1850) 1850 (10) standard VBS PI avg. prognostic TSMLT
WACCM6-VBSext (FWvbsx1850) 1850 (10) extended VBS PI avg. prognostic TSMLT + OA sources
WACCM6-SOAG 1850 (10) simplified SOA PI avg. prognostic TSMLT
WACCM6-SC (FWsc1850) 1850 (10) simplified SOA PI avg. prescribed strat. simple chemistry
CAM6 (F1850) 1850 simplified SOA PI avg. prescribed strat simple chemistry
WACCM6 (FWHIST) 1960-2014 standard VBS prognostic TSMLT
WACCM6-VBSext (FWvbsxHIST) 1960-2014 extended VBS prognostic TSMLT + OA sources
WACCM6-No-ff 1960–2014 extended VBS prognostic TSMLT + OA sources (no anthro)
WACCM6-SOAG 1960–2014 simplified SOA prognostic TSMLT
WACCM6-SC (FWscHIST) 1960–2014 simplified SOA prescribed strat. simple chemistry
CAM6 (FHIST) 1960–2014 simplified SOA prescribed strat simple chemistry
WACCM6-VBSext (FWSDvbsxHIST) 2016–2017 (SD) extended VBS prognostic TSMLT + OA sources
WACCM6-SOAG 2016–2017 (SD) simplified SOA prognostic TSMLT + OA sources

Note. All simulations have used observed sea surface temperatures. The names of existing configuration sets in CESM2 that correspond to a specific experiment
are listed in brackets.

the sulfate aerosol burden are discussed in this paper, since they are important for discussing differences in
the radiative forcings between the different CESM2 configurations.

2.2. Model Experiments
CESM2.0 has been used to perform 13 different experiments using configurations of different complexity
(as listed in Table 2). All the model simulations are performed with observed sea surface temperatures and
sea ice conditions. The first set of five experiments were performed for preindustrial (PI) conditions, with
emissions and lower boundary conditions (greenhouse gas concentrations) fixed to levels from the year
1850. PI experiments with TSMLT chemistry include constant time-averaged stratospheric emissions from
eruptions over the historical period (1850–2014), in order to impose an average forcing from volcanic erup-
tions reaching the stratosphere. The second set of experiments started from 1960 spun-up conditions (with
a spin-up time of at least 10 years each) and continued until the end of 2014. For these experiments CMIP6
emissions and surface concentrations for the historical period have been used (Hoesly et al., 2018). The tran-
sient model experiments with TSMLT chemistry include the SO2 emissions from volcanic eruptions, based
on version 3.11 of Volcanic Emissions for Earth System Models (Neely & Schmidt, 2016), as described in
Gettelman et al. (2019). For all WACCM6-SC and CAM6 experiments performed here, prescribed ozone,
oxidants, and stratospheric aerosol data sets are derived from the corresponding WACCM6 experiments.

One additional transient WACCM6-VBSext experiment has been performed without any fossil fuel OA
contributions, called WACCM6-No-ff from here on. This experiment does include all SOA formation pro-
cesses and POM emissions besides those from anthropogenic sources (i.e., benzene, toluene, xylenes, and
long-chain n-alkane). In this way, the gas-phase chemistry has not changed compared to the standard
WACCM6 simulation, and only the formation of anthropogenic SOAG has been removed. The purpose of
this experiment is to identify the impact and radiative forcings of SOA from anthropogenic sources, as further
discussed in section 4.

The two SD experiments (using WACCM6-VBSext and WACCM6-SOAG configurations) were performed
for the years 2016 and 2017 to reproduce the observed meteorological conditions and to allow a direct com-
parison with results from ATom aircraft observations (Wofsy, 2018). These experiments use anthropogenic
CMIP6 emissions from the year 2014, and daily fire emissions for 2016 and 2017 from QFED (Darmenov et
al., 2015), prepared by using the QFED CO2 fields, multiplied by the species emissions factors collated in Fire
INventory from NCAR Version 1.5 (FINNv1.5; Table S1 at http://bai.acom.ucar.edu/Data/fire/; Wiedinmyer
et al., 2011).
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Figure 1. Annually and globally averaged aerosol burden for simulations (see legend, and Table 2), SOA (top left), SO4
only for altitudes below 500 hPa (top right), POM (middle left), BC (middle right), dust (bottom left), and sea salt
(bottom right).

3. Aerosol Burden and Radiative Forcings for Different CESM2 Configurations
The main differences between CAM6 and WACCM6, besides the model top, is the description of chemistry
and aerosols that leads to differences in radiative forcings. Here we explore the importance of differ-
ences between CESM2 configurations on aerosol burden and distribution in the model and the effects on
radiation. In addition, a comparison of OA to observations is performed to identify improvements in using
configurations with a comprehensive SOA parameterization.

First, we compare results derived from standard WACCM6 and WACCM6-VBSext with the extended SOA
scheme (Figure 1, black and blue lines, and Tables 3 and 4). In WACCM6-VBSext, SOAGs from biogenic
sources use different values of water solubility than those from biomass burning and fossil fuel emissions
(Hodzic et al., 2014). In the WACCM6 standard version, SOAG are lumped together and an average value
is used for all of them. Only very small differences (less than 1%) in wet and dry deposition and aerosol
formation exist between the two versions. Differences in aerosol burden are within the internal variability
of the model and are therefore not further discussed. In conclusion, the simplified VBS scheme is giving
the same results for lower computational costs (around 15% less) than the extended VBS version and can
be used for simulations where information of SOA precursor sources is not required, for instance, for long
climate simulations.
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Table 3
Averaged Aerosol Burden for Preindustrial Conditions

Model WACCM6 WACCM6 WACCM6 WACCM6 CAM6
Chemistry TSMLT TSMLT TSMLT SC SC
SOA VBS VBS-ext SOAG SOAG SOAG
POM BURDEN (Tg) 0.40 0.40 0.51 0.52 0.51
Biomass burning (Tg) 0.31
Fossil fuel (Tg) 0.09
POM EMIS (Tg/yr) 25.79 25.79 25.79 25.79 25.79
POM DRYDEP (Tg/yr) 8.74 8.73 9.67 9.70 9.20
POM WETDEP (Tg/yr) 17.06 17.07 16.13 16.10 16.06
POM LIFETIME (days) 5.64 5.69 7.23 7.28 7.40
BC BURDEN (Tg) 0.042 0.042 0.051 0.051 0.051
BC EMIS (Tg/yr) 2.60 2.60 2.60 2.60 2.60
BC DRYDEP (Tg/yr) 0.88 0.87 0.95 0.96 0.92
BC WETDEP (Tg/yr) 1.72 1.72 1.64 1.64 1.64
BC LIFETIME (days) 5.85 5.90 7.13 7.19 7.26
SOA BURDEN (Tg) 0.78 0.78 0.90 0.92 0.94
Biomass burning (Tg) 0.08
Biogenic (Tg) 0.67
Fossil fuel (Tg) 0.04
SOA Formation (Tg/yr) 101.01 101.78 69.26 69.26 67.17
SOA DRYDEP (Tg/yr) 6.78 6.825 11.14 11.01 8.39
SOA WETDEP (Tg/yr) 48.32 48.942 58.14 58.26 58.78
SOA Photolysis (Tg/yr) 45.65 46.01 0.00 0.00 0.00
SOA LIFETIME (days) 5.156 5.134 4.748 4.823 5.12
SO4 BURDEN (<500 hPa) (TgS) 0.084 0.085 0.084 0.075 0.076
SO4 Formation (Tg S/yr) 0.39 0.39 0.39 0.39 0.39
SO4 DRYDEP (Tg S/yr) 1.41 1.43 1.41 1.29 0.97
SO4 WETDEP (Tg S/yr) 10.83 10.86 10.88 10.39 10.44
SO4 CHMP (Tg S/yr) 11.85 11.90 11.90 11.29 11.02
SO4 LIFETIME (<500 hPa) (days) 2.49 2.52 2.51 2.34 2.42
DUST BURDEN (Tg) 26.28 27.36 26.80 26.59 26.66
SALT BURDEN (Tg) 8.67 8.72 8.68 8.60 8.76

3.1. Changes Based on the New SOA VBS Aerosol Scheme
To understand the benefits of using the updated comprehensive SOA scheme compared to the fixed yield
SOAG scheme, we compare simulations with and without the VBS scheme, in particular we compare
WACCM6-VBSext and WACCM6-SOAG. WACCM6-SOAG and configurations that include the simplified
SOA scheme like CAM6 and WACCM6-SC, show consistently larger SOA burden for PI conditions of around
15–20% (Table 3). On the other hand, values of SOA burden agree between WACCM6 and WACCM6-SOAG
for present day at around 1.05 Tg for all the configuration (Table 4 and Figure 1). Resulting trends in SOA
burden between PI conditions and present day are therefore different in the two configurations leading to a
20% increase in SOA for WACCM6 and WACCM6-VBSext and less than 10% increase for WACCM6-SOAG
and other experiments using the simplified SOA schemes. The two schemes are therefore expected to result
in a different response to changes in climate. Differences in the SOA trends are the result of differences
in the SOA formation and lifetime, described below, but are also the result of different biogenic precur-
sor emissions in different configurations. Increasing biogenic emission in the model with climate change
(see Figure 10) results in increasing biogenic SOA. These are not taken into account using the simplified
SOA scheme, which assumes a climatology derived from an earlier WACCM6 simulation.
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Table 4
Averaged Aerosol Burden for 1995–2010 Conditions

Model WACCM6 WACCM6 WACCM6 WACCM6 CAM6 WACCM6
Chemistry TSMLT TSMLT TSMLT SC SC TSMLT
SOA VBS VBS-ext SOAG SOAG SOAG VBS-ext
POM BURDEN (Tg) 0.74 0.74 0.93 0.93 0.94 0.41
Biomass burning (Tg) 0.39 0.41
Fossil fuel (Tg) 0.35 0.00
POM EMIS (Tg/yr) 46.20 46.20 46.20 46.20 46.20 23.91
POM DRYDEP (Tg/yr) 13.36 13.36 14.20 14.15 13.38 7.04
POM WETDEP (Tg/yr) 32.84 32.83 32.00 32.05 32.01 16.88
POM LIFETIME (days) 5.85 5.85 7.34 7.35 7.56 6.26
BC BURDEN (Tg) 0.13 0.13 0.15 0.15 0.15 0.13
BC EMIS (Tg/yr) 8.47 8.47 8.47 8.46 8.46 8.47
BC DRYDEP (Tg/yr) 2.53 2.53 2.60 2.58 2.44 2.87
BC WETDEP (Tg/yr) 5.94 5.94 5.88 5.88 5.87 5.60
BC LIFETIME (days) 5.60 5.60 5.46 5.47 6.59 5.60
SOA BURDEN (Tg) 1.04 1.05 1.03 1.04 1.07 0.78
Biomass Burning (Tg) 0.10 0.10
Biogenic (Tg) 0.70 0.68
Fossil fuel (Tg) 0.25 0.00
SOA Formation (Tg/yr) 142.18 143.44 79.45 79.45 77.39 106.08
SOA DRYDEP (Tg/yr) 12.28 12.50 13.56 13.55 10.76 8.36
SOA WETDEP (Tg/yr) 72.10 72.96 65.90 65.91 66.63 53.75
SOA Photolysis (Tg/yr) 57.48 57.98 0.00 0.00 0.00 43.97
SOA LIFETIME (<500 hPa) (days) 4.49 4.48 4.74 4.77 5.04 4.56
SO4 BURDEN (<500 hPa) (Tg S) 0.29 0.29 0.29 0.27 0.27 0.29
SO4 Formation (Tg S/yr) 1.81 1.81 1.81 1.81 1.81 1.81
SO4 DRYDEP (Tg S/yr) 4.98 4.93 4.99 4.88 3.70 5.08
SO4 WETDEP (Tg S/yr) 31.27 31.22 31.28 30.47 30.44 31.18
SO4 TOTAL PROD (Tg S/yr) 34.45 34.34 34.46 33.543 32.33 34.44
SO4 LIFETIME (<500 hPa) (days) 2.92 2.93 2.92 2.79 2.89 2.91
DUST BURDEN (Tg) 25.91 25.97 25.87 25.43 26.77 26.54
Sea-salt BURDEN (Tg) 8.91 8.90 8.87 8.84 8.92 8.86

Differences in aerosol burden, deposition, SOA formation, and lifetime (Tables 3 and 4) between these
different approaches arise from the very different way SOAG formation is described in both approaches,
considerations of SOAG removal through dry and wet deposition, and the considered glyoxal uptake. For
the simplified SOA scheme, SOAG is emitted at the surface and will go through gas-to-aerosol partitioning
immediately, while for the VBS approach, SOAG is formed from precursor emissions while reacting with OH,
O3 and NO3, resulting in changes in the temporal and spatial aerosol distributions. In particular, larger SOA
mass mixing ratio in the upper tropical troposphere in WACCM6-VBSext (extended SOA scheme) compared
to WACCM6-SOAG (fixed yields SOAG scheme; as shown in Figure 2) is the result of the slower formation
processes of SOA near the surface due to chemical processing for both PI conditions and present day. Fur-
thermore, the reduced SOA levels in stratosphere and high latitudes in WACCM6-VBSext is likely a result
of the additionally included photolytic removal of SOA and the deposition of SOAG.

Changes in SOA formation between WACCM6-SOAG and WACCM6-VBSext also affect POM and BC
(Figure 1, middle row and Figure 3). POM and BC global burdens are consistently larger in WACCM6-SOAG
compared to WACCM6-VBSext; POM and BC are 22% and 18% larger for PI and 20% and 10% larger for
present day (see Tables 5 and 6). The zonal average distribution of POM shows larger values in the upper tro-
posphere and in particular at high latitudes in WACCM6-SOAG compared to WACCM6-VBSext (Figure 4).
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Figure 2. Secondary (SOA) zonal and annual mean distribution for WACCM6-SOAG (left) and WACCM6-VBSext
(right), averaged over 10 years for preindustrial conditions (top) and between 1995 and 2010 (bottom).

The reason for changes in POM and BC (not shown) are linked to a strong increase of SOA formation over
source regions using the VBS scheme in WACCM6-VBSext. In all model configurations, POM is emitted into
the primary organic (hydrophobic) mode, where it is coated by sulfate and SOA and then transferred into
the accumulation model and slowly aged through condensation and coagulation, with a threshold coating
thickness of eight hygroscopic monolayers of SOA (Liu et al., 2016). In the accumulation mode, aerosols
are hydrophilic with a volume weighted hygroscopicity calculated based on the volume mixing rule. The
enhancement of SOA increases the internally mixed aerosol number that causes enhanced aging of POM
and BC (see Tables 5 and 6). The primary carbon (hydrophobic) mode of POM and BC in the model is over
50% larger when using the SOAG scheme compared to configurations using the VBS scheme, while the accu-
mulation mode (hydrophilic) is about 10% smaller. This results in increased dry deposition and decreased
wet deposition in WACCM6-SOAG, and therefore in larger POM and BC burdens. Increasing mixing ratios
are in particular pronounced in the northern middle and high latitudes. Smaller burdens in the accumula-
tion mode also occur for sulfate aerosols (SO4), with a larger coarse mode burden in WACCM6-SOAG. These
differences seem to have very little impact on the total SO4 burden for PI or PD conditions (Tables 5 and 6).
Dust and sea salt are also not impacted by the different SOA parameterizations (Figure 1 and Tables 3 and 4).

Regional differences in the SOA formation process in the simple SOAG scheme compared to the VBS scheme
further result in significantly smaller SOA burdens over source regions like South America, Southern
Africa, Eastern China, and for present day also for the Eastern United States and high northern altitudes
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Figure 3. As in Figure 2 but instead for primary organic matter (POM).

if using the SOAG scheme (Figure 4). The SOA burden in WACCM6-SOAG is larger over other regions,
including western United States, North Africa, and Australia. In contrast, differences in POM and BC
between WACCM6-SOAG and WACCM6-VBSext (Figure 5) show larger burdens in WACCM6-SOAG over
source regions and over high northern latitudes in the primary organic carbon mode and reductions in the
accumulation mode. This is the result of the slower aging of POM and BC using the SOAG scheme.

Regional changes in aerosol mass and size between the two configurations impact Aerosol Optical Depth
(AOD). Comparisons of AOD to the satellite observations from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) sensors on both the Terra and Aqua platforms (Levy et al., 2013; Sayer et al., 2014) show
improvements of the low AOD bias over Eastern China and Central Africa, and the high bias over Australia
in WACCM6 with the comprehensive SOA description (see Appendix and Figure A1). Using the more com-
prehensive SOA description compared to the simple description reverses the slight underestimation of AOD
over the Amazon toward a slight overestimation of AOD.

Despite rather small differences between the different configurations compared to overall AOD bias between
the model and observations, different configurations have a significant impact on cloud condensation nuclei
(CCN) and the short-wave cloud forcing in the model (Figure 6). While the global averaged AOD values
between the two approaches is unchanged (Table 7), reductions in AOD and CCN over SOA production
regions in WACCM6-SOAG compared to WACCM6-VBSext can have implications for the regional climate.
On the other hand, the larger burden of SOA, POM and BC in WACCM6-SOAG is likely responsible for the
increase in AOD elsewhere. However, the increase in OA and BC burden does not lead to an increase in CCN
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Table 5
Aerosol Burden Separated Into Different Modes, Preindustrial Conditions

SOA WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 0.915 0.791 0.124 13.53
Accumulation 0.907 0.785 0.123 13.51
Aitken 0.008 0.007 0.001 7.88
Burden (Tg) (<500 hPa) 0.526 0.421 0.105 19.95
POM WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 0.517 0.405 0.112 21.60
Accumulation 0.280 0.308 −0.028 −10.11
Primary carbon 0.237 0.097 0.140 59.00
Burden (Tg) (<500 hPa) 0.402 0.323 0.079 19.72
BC WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 0.051 0.042 0.009 17.68
Accumulation 0.029 0.032 −0.003 −11.41
Primary carbon 0.023 0.010 0.012 54.70
Burden (Tg) (<500 hPa) 0.040 0.033 0.007 16.86
SO4 WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg S) 0.512 0.515 −0.003 −0.67
Accumulation 0.330 0.353 −0.022 −6.75
Aitken 0.019 0.017 0.002 8.71
Coarse 0.163 0.145 0.017 10.59
Burden (Tg S) (<500 hPa) 0.089 0.088 0.001 1.00

Table 6
Aerosol Burden Separated Into Different Modes, 1995–2010

SOA WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 1.049 1.069 −0.019 −1.86
Accumulation 1.042 1.061 −0.019 −1.79
Aitken 0.007 0.010 −0.002 −31.13
Burden (Tg) (<500 hPa) 0.636 0.699 −0.063 −9.87
POM WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 0.938 0.753 0.185 19.71
Accumulation 0.627 0.635 −0.008 −1.35
Primary carbon 0.311 0.118 0.193 62.11
Burden (Tg) (<500 hPa) 0.623 0.536 0.088 14.05
BC WACCM6-SOAG WACCM6-VBSext Difference Rel diff (%)
Burden (Tg) 0.149 0.134 0.015 10.12
Accumulation 0.109 0.112 −0.004 −3.43
Primary carbon 0.040 0.021 0.019 46.76
Burden (Tg) (<500 hPa) 0.102 0.094 0.008 7.75
SO4 WACCM6-SOAG WACCM6-VBS difference Rel diff (%)
Burden (Tg S) 0.582 0.582 −0.000 −0.06
Accumulation 0.488 0.502 −0.014 −2.81
Aitken 0.014 0.013 0.001 6.34
coarse 0.080 0.068 0.012 15.57
Burden (Tg S) (<500 hPa) 0.303 0.303 0.000 0.14
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Figure 4. Annual averaged SOA burden within the lowest 5 km of the model for preindustrial conditions (left) and
present day (right), and for WACCM6-SOAG (top panels) and WACCM6-VBSext (middle panels). (bottom panels)
Differences between WACCM6-SOAG and WACCM6-VBSext.

and rather contributes to the decrease over the source regions and high northern latitudes (Figure 6, middle
panel). This is because CCN is mostly controlled by the accumulation mode, which is actually decreasing in
WACCM6-SOAG compared to WACCM6-VBS. For WACCM6-SOAG, about one third of the burden resides
in the primary organic carbon mode for present-day conditions (Table 6), which contributes to the mass, but
not to CCN, while in WACCM-VBSext, more than 75% of POM and BC mass resides in the accumulation
mode. The smaller burden of all aerosols in the accumulation mode results in an increase in shortwave cloud
forcing (SWCF) over the Arctic (Figure 5, left panels), may contribute to the changes in the SWCF over the
Arctic (Figure 6, bottom panel).

The global radiative budget, as listed in Table 7, is impacted by the regional change in SOA and the differ-
ences in POM and BC described above. Compared to WACCM6-VBSext, the top of the atmosphere radiative
imbalance in WACCM6-SOAG is 0.15 W/m2 smaller for PI conditions and 0.22 W/m2 smaller for present
day. These numbers are within the standard deviation of the top of the atmosphere imbalance for the period
considered and therefore not significant. However, these changes go along with a significant increase in
SWCF in the simple SOAG configuration, in particular in high northern latitudes (Figure 6, bottom panel).
Those changes also go along with a significant reduction in surface net shortwave radiation under clear
(called FSNSC) and under cloudy (called FSNS) conditions.

In summary, differences in POM, BC, and SOA burden and spatial and size distributions between the sim-
ple SOAG schemes (included in CAM6, WACCM6-SC, and WACCM6-SOAG) and the more comprehensive
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Figure 5. Differences of annual averaged POM (top) and BC (bottom) burden below 5 km between WACCM6-SOAG
and WACCM6-VBSext. Left panels show the accumulation mode burden differences, right panels show differences of
the primary carbon mode.

VBS scheme result in a stronger top of the atmosphere radiative imbalance o around 0.2 W/m2 using the
simplified SOAG scheme for both PI and present-day conditions. The apparent difference in SWCF in high
northern latitudes is to at least some part due to changes in the OA and BC distribution between the dif-
ferent approaches. Resulting changes in the top of atmosphere imbalance, as well as regional AOD changes
are expected to impact surface temperatures in a fully coupled simulation. Furthermore, regional changes
of the aerosol burden and its effects on low clouds over high northern latitudes is likely responsible for
the improved representation of summer sea ice in WACCM-VBSext compared to using the simplified SOA
approach, as further discussed in section 3.3. The experiments performed in this study used the same
sea surface temperatures for all the configurations, therefore changes in surface temperature will not be
discussed.

3.2. Changes Based on Prognostic Stratospheric Sulfate Aerosols and Simple Chemistry
Differences in radiative forcing between CAM6 and WACCM6 are not only due to the differences in the
SOA description but also due to changes in the sulfate aerosol description and chemistry. We now compare
WACCM6-VBSext (extended SOA scheme) with the specified chemistry configuration (WACCM6-SC); dif-
ferences include both the different SOA parameterization and differences in stratospheric sulfate aerosols.
While WACCM6 and WACCM6-VBSext include prognostic sulfates in both troposphere and stratosphere,
stratospheric sulfate aerosols are prescribed in WACCM6-SC (and CAM6) and are not included in the total
sulfate burden. Sulfate burdens in Figure 1 for WACCM6-SC and CAM6 do therefore not include the modal
aerosol burden of stratospheric sulfates and only show the tropospheric fraction. In order to have a better
comparison between results using these different approaches, we only compare the sulfate aerosol burden
below 500 hPa for all configurations. Nevertheless, WACCM6 configurations (with prognostic stratospheric
sulfate) show a significantly larger sulfate burden below 500 hPa than the other configurations and bur-
dens vary with the amount of SO2 input by episodic volcanic eruptions. Such eruptions inject some SO2
directly into the troposphere and stratosphere in WACCM6, while more descend to the troposphere from the
stratosphere. WACCM6-SC and CAM6 are lacking SO2 emissions from volcanic eruptions, as well as OCS,
accounting for their reduced tropospheric burdens.

The smaller tropospheric sulfate aerosol burden in WACCM6-SC results in reduced global AOD and
increases clear sky net downwelling shortwave radiation and in a reduction in CCN over most regions
(Figure 7). Despite the large reduction in CCN, differences in the shortwave cloud forcing are only slightly
different from the changes caused by the new SOA implementation (Figure 6), in particular in high northern
latitudes. This indicates that differences in the SOA parameterization may be mostly responsible for these
differences and are not caused by the difference in the sulfate aerosol description. These changes have been
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Figure 6. Differences between WACCM6-SOAG and WACCM6-VBSext for the period 1995-2010, for Aerosol Optical
Depth (top), Cloud Condensation Nuclei (middle) and Short-Wave Cloud Forcing (bottom).

shown to have implications for climate in particular the performance of sea ice in the model between CAM
and WACCM (Gettelman et al., 2019). Nevertheless, differences in the SOA scheme and the sulfate aerosol
description impact both CCN and SWCF globally. The combined differences of the reduced sulfate forcing
(reduced sulfate aerosol burden) and increased forcing (0.15 W/m2, see above) using a different SOA param-
eterization between the two model versions results in a combined small top of the atmosphere imbalance of
0.04 W/m2 for preindustrial conditions, and −0.05 W/m2 for present day (Table 7).

3.3. Differences Between High and Low Top Versions of the Model
Differences between high and low top experiments can be identified if comparing CAM6 and WACCM6-SC,
both using the specified chemistry scheme. Aerosol burden in those simulations are very similar for most
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Figure 7. Differences between WACCM6-SC and WACCM6-VBSext for the period 1995–2010, for aerosol optical depth
(top), cloud condensation nuclei (middle), and short-wave cloud forcing (bottom).

of the aerosols, with a somewhat larger SOA burden for CAM6 compared to the WACCM6 configurations
and a longer lifetime for most of the aerosols (Tables 3 and 4). Differences are attributed to reduced wet depo-
sition of aerosols in CAM6 compared to WACCM6. The slight increase in aerosol burden seems to have some
effect on the SWCF, which is larger in CAM6 compared to WACCM6 for both PI and present-day conditions.
Other changes between WACCM6 and CAM6 are investigated in more detail in Gettelman et al. (2019).

3.4. Comparisons of Organic Aerosols to Observations
Simulated present-day total burdens of POM and SOA of 0.74 and 1.05 Tg in WACCM6-VBSext (extended
SOA scheme) and 0.93 and 1.04 Tg for WACCM6-SOAG (fixed yields SOAG scheme), respectively, are in
the range of the AeroCom-II model ensemble (Tsigaridis et al., 2014). These values are smaller than what
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Figure 8. Comparison of regional-averaged OA vertical profiles from ATom 1 measurements (black lines with open
circles) with two specified dynamics (SD) WACCM6 configuration, SD WACCM6-VBSext (red lines), and SD
WACCM6-SOAG (purple lines), indicated in the legend as CESM2, VBS, and CESM2, no VBS. Contributions from
different sources for POM and SOA in the model are indicated by different colors, fossil fuel for POM (blue), biomass
burning for POM (brown), biomass burning for SOA (light brown), biogenic for SOA (green), and fossil fuel for SOA
(gray). Model results were interpolated to the flight track of the observations and averaged over the same region.

has been estimated by observations of 1.84 Tg for the SOA burden (Spracklen et al., 2011). Nevertheless, the
formation of SOA from gas-to-aerosol exchange processes of ≈143 Tg/yr in WACCM6-VBSext is in excellent
agreement with estimates of 140 Tg/yr by Spracklen et al. (2011) using a top-down approach constrained by
the available surface AMS measurements. These values are also comparable to 132 Tg/yr derived in Hodzic
et al. (2016). However, the simulated SOA formation from WACCM6-No-ff without fossil fuel sources of 105
Tg/yr results in only ≈38 Tg/yr contribution from anthropogenic sources, which is much lower than the
estimated value of 100 Tg/yr by Spracklen et al. (2011). Simulated PI values of 100 Tg/yr in WACCM6-VBSext
confirm the large fraction of SOA formation from biogenic sources in the model. For WACCM6-SOAG, SOA
formation reaches only around 80 Tg/yr. The value of photolytic removal of SOA in WACCM6-VBSext of
about 57 Tg/yr is very close to estimations by Hodzic et al. (2016). Other removal processes, including wet
and dry deposition are 73 and 12.5 Tg/yr, respectively, which is very close to the multimodel median values
of AeroCom-II models of 70 and 13 Tg/yr, reported by Tsigaridis et al. (2014). The resulting lifetime of 4.5
years for SOA in WACCM6 further falls right within the range of AeroCom-II model results.

Comparisons of WACCM6 and WACCM6-SOAG to aircraft observations from the NASA ATom mission
(Wofsy, 2018) have been performed to identify improvements of the SOA parameterization. Here we focus
on evaluating the performance of OA vertical distributions over different latitude regions (Figures 8 and 9).
ATom sampled the marine remote troposphere in both the Atlantic and Pacific Ocean Basins from 65◦S to
82◦N from 0 to 12 km over four aircraft deployments. Submicron aerosol composition on board the NASA
DC-8 aircraft was measured by the University of Colorado Aerodyne High-Resolution Time-of Flight Instru-
ment (CU-HR-AMS) at 1 Hz resolution (Canagaratna et al., 2007; DeCarlo et al., 2006; Nault et al., 2018).
Refractory black carbon was measured by the NOAA SP2 instrument, also at 1 Hz resolution (Katich et al.,
2018; Schwarz et al., 2006). For this work, we are focusing on the first two deployments: ATom 1 observa-
tions were taken between July and August of 2016, and ATom 2 during January and February of 2017. More
details about the selection of the different regions and a detailed description of OA measurements and eval-
uation of several global models including WACCM6 during ATom 1 and ATom 2 campaigns is presented in
Hodzic et al. (2019).
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Figure 9. As in Figure 12, but for ATom 2 instead.

To get the best comparison to the observations, WACCM6-VBSext and WACCM6-SOAG have been run with
nudged GEOS5 meteorological analysis. In addition, the model has been sampled on the ATom flight track
to produce output close (within 15 min) to the sample time of the observations. Aircraft and model results
are averaged over predefined regions, to separate the characteristics of specific regions. Source contributions
of different sources for both SOA and POM from the model are indicated in different colors (Figures 8 and 9).

For most cases, OA from WACCM6-VBSext agrees very well within about 20% of the observed OA profiles for
ATom 1 and ATom 2, except for a few regions. In particular different magnitudes of OA observed between
winter and summer are reproduced, including the largest OA values around the equator for the Atlantic
Basin, which is caused by biomass burning smoke from the sub-Saharan African regions (Flamant et al.,
2018). The model has a tendency to underpredict OA in the lower troposphere in high northern latitudes
over the Pacific Basin and for the Atlantic Basin in summer only, which is likely an underestimation of
emissions from fires or anthropogenic pollution. The model is also underestimating OA in the northern
midlatitudes in winter, potentially a result of missing anthropogenic sources. On the other hand, OA over
the Pacific Basin at the equator is overestimated. In this region the model suggests a large contribution of
biogenic emissions that are likely overestimated over the Amazon. Despite the very good agreement of the
total OA in WACCM6-VBSext, the ratio between POM and SOA in the model does not agree well with what
is known from observations, as discussed in Hodzic et al. (2019). For WACCM6-SOAG, OA mixing ratios are
overestimated compared to observed values by in part over a factor of 2 in middle to upper troposphere and
at the equator over the Pacific Basin. This bias is removed using the new SOA parameterization in WACCM6.

The addition of the comprehensive SOA scheme in WACCM6 has resulted in a significant reduction in POM
and BC burden compared to versions with the simplified SOA scheme, as discussed in section 3.1. ATom
1 and ATom 2 observations of BC are also compared to model results (Figures A2 an A3). In general, the
model overestimates BC for both WACCM6-VBSext and WACCM6-SOAG configurations especially in the
middle to upper troposphere in middle and high latitudes, including the Arctic. WACCM6-VBSext shows a
slight improvement in the high bias, and a significant improvement in BC in the Arctic lower troposphere
(Figures A2 and A3). Yu et al. (2019) have shown that wet scavenging above the cloud top in all CESM2 con-
figurations is largely underestimated, which results in the high bias. On the other hand, WACCM6-VBSext
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Figure 10. (left panel) Annual and global averages of total SOA burden (black) and SOA burden from different
precursor sources, including biogenic (green), fossil fuel (brown), and biomass burning (red), between 1960 and 2014
derived using WACCM6-VBSext. (right panel) SOA precursor VOC emissions (in Tg/yr) of anthropogenic sources
(brown), biomass buring sources (red), and biogenic sources (green and orange).

shows much more realistic BC values in the lower troposphere (below 5 km) compared to WACCM6-SOAG.
This difference could have a significant effect on lower clouds and potentially affects the radiation over high
latitudes, which at least in part explains differences in summer sea ice extent between CESM2 versions with
and without the comprehensive SOA scheme (Gettelman et al., 2019).

4. SOA Source Contributions, Regional Trends, and SOA Anthropogenic
Radiative Forcing

SOA source contributions have been derived using WACCM6-VBSext (Figure 10, left panel). The majority
(two thirds) of the total SOA burden are produced from biogenic sources. The smallest contribution by far
to the total SOA burden is from biomass burning, which is directly related to the VOC source emissions
(Figure 10, right panel). The VOC emissions from biomass burning emissions is with ≈14 Tg/yr comparable
to earlier studies by Spracklen et al. (2011), who estimated the biomass burning SOA source of 3 Tg/yr from
direct emissions of its precursors and 23 Tg/yr from POA processing (mostly from biomass burning). Hodzic
et al. (2016) estimated the biomass burning SOA contribution to 15.5 Tg/yr. A recent overview study of
biomass burning field measurements by Hodshire et al. (2019) reported that SOA formation from biomass
burning sources is unlikely to exceed the emissions of POA from biomass burning. The emissions of biomass
burning POA is ≈20 Tg/yr in our study is therefore in line with those findings.

Both SOA burden from biogenic and fossil fuel sources are increasing between 1960 and 2014. The global
increase in biogenic emissions (Figure 10, right panel) mostly from isoprene and terpene emissions is likened
to increasing surface temperatures and CO2 concentrations. The global increases in anthropogenic emis-
sions are discussed below. The regional distribution of OA (POM and SOA) columns in WACCM6-VBSext
shows largest values over the Amazon, Central Africa, Eastern Asia, and Indonesia (Figures 11 and 12).
Biogenic emissions are the largest contributor to SOA formation, in particular over the Amazon, Central
Africa, Indonesia, and Australia. Over Eastern Asia, both, biogenic and fossil fuel emissions seem to be
equally important for the production of SOA, with the strongest contribution over India and China. Over
North America, Europe, and Northern Asia, the SOA burden is relatively small and largest contributions are
from fossil fuel and biogenic emissions. For POM, fossil fuel contributions are the most important sources
over Eastern China, India, and West Africa (Nigeria) (Figure 11). However, largest contributions are from
biomass burning over Central Africa, and over the Amazon and Indonesia, while they are much smaller
over Eastern China and Siberia.

Regional trends of total SOA burden and from the three separate sources between 1960 and 2014 show
changes in the importance of the source contributions with time and region (Figure 13). The SOA burden
over North America, Western Europe, and Australia, is illustrated using a different y axis range compared to
the other regions for better visibility of the trends. Both North America and Western Europe show maximum
fossil fuel contributions around 1970 and a steady decline from thereon, with up to 3 times larger values for
North America compared to Western Europe. By around the year 2000, SOA burden from fossil fuel over
Northern America has decreased below the burden produced from biogenic emissions. For Western Europe,
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Figure 11. Annual averages of total SOA burden within the lowest 5 km of the model for WACCM6-VBSext (top panel).
The lower three panels show SOA burden contributions produced by precursor emissions from biomass burning
(second panel), biogenic (third panel), and fossil fuel (fourth panel). The global total SOA burden for the entire column
is given on the top left of each panel, the total burden below 5 km is shown in brackets. Regional areas of interest as
discussed below are marked by black squares.
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Figure 12. Annual averages of total POM burden within the lowest 5 km of the model for WACCM6-VBSext (top
panel). The lower two panels show POM burden contributions produced by precursor emissions from biomass burning
(second panel) and fossil fuel (third panel). The global total POM burden for the entire column is given on the top left
of each panel, the total burden below 5 km is shown in brackets.

SOA burden from fossil fuel is also approaching the amount from biogenic emissions by the end of the
considered time period. Biomass burning plays a minor role over these regions. South America, Australia,
and Central Africa SOA burden is dominated by the SOA production from biogenic sources, with largest
total contributions in the Amazon. The increasing trend of SOA burden from biogenic sources over the
Amazon (Figure 13, bottom left), is most likely due to the effects of the changes in surface temperature and
changing CO2 concentrations on biogenic emissions in the model, which have been increasing (Figure 10,
right panel).
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Figure 13. Annually averaged total SOA burden (black), and SOA burden from separate precursor sources, including
biogenic (green), fossil fuel (brown), and biomass burning (red), averaged over six regions as indicated in Figure 8,
between 1960 and 2014 derived using WACCM6-VBSext.

SOA burden over Southeast Asia is dominated by biogenic precursor emissions until around the year 2000.
After that, fossil fuel emissions are the dominant contributor to SOA. The production of SOA from fossil fuel
emissions is about 5 times as large as the anthropogenic amount produced over North America, and 10 times
larger compared to Europe by around 2014 (the end of the simulations). SOA from biogenic emissions has
been increasing in the last 20 years or so over Southeast Asia. The SOA production from biomass burning
sources are largest over West to Central Africa. This region also shows a positive trend of SOA from bio-
genic and fossil fuel sources. In addition, contributions from fossil fuel emissions are increasing and almost
reaching the levels of biomass burning in 2014. Since about 1990, SOA burden from fossil fuel over West and
Central Africa is larger than anthropogenic contributions for North America, with still increasing trends.

The total SOA trend (Figure 1, left panel) is dominated by the strong increase in SOA from fossil fuel precur-
sor emissions over Eastern Asia and West and Central Africa, as well as the increase in biogenic emissions
(as described above). To identify the importance of anthropogenic source contributions to total SOA burden,
trends, as well as radiation, we performed the WACCM6-No-ff (without fossil fuel sources) sensitivity simu-
lation. The trend in total aerosol burden from this simulation is shown in Figure 1, green lines, and Table 3,
rightmost column. The total SOA burden is reduced by more than 25% and the POM burden by more than
45%. Other aerosols, including SO4 and BC are not significantly impacted by the removal of anthropogenic
SOA and POM. Biogenic SOA burdens between WACCM-No-ff and WACCM-VBSext are very similar (within
3%, Table 4), which points to only a small feedback on SOA from other sources.

TILMES ET AL. 4345



Journal of Advances in Modeling Earth Systems 10.1029/2019MS001827

The combined impact of fossil fuel POM emissions and fossil fuel precursor emissions to the forma-
tion of SOA on the top of the atmosphere imbalance for present day (1995–2010) is −0.43 W/m2 for
WACCM6-VBSext. Similar changes are simulated for all sky and clear sky downwelling shortwave net radi-
ation at the surface (Table 7). The variability of the top of the imbalance is rather large, but differences
between WACCM6-No-ff and WACCM6-VBSext in the net shortwave downwelling radiation at the surface
for clear and full sky are 0.42 and 0.43 W/m2, respectively, and are significant and persist throughout the
entire time series between 1960–2014. On the other hand, the shortwave cloud forcing does not show any
significant changes between the simulations. This indicates a minor indirect effect of the anthropogenic
contribution of OA in the model. The derived total radiative forcing of OA is on the higher end of the forcing
reported in AeroCom-II models (Tsigaridis & Kanakidou, 2018).

5. Discussion and Conclusions
In this study, we discussed differences in chemistry and aerosol parameterizations for different CESM2
model configurations. Despite using the same physics description, WACCM6 and CAM6-chem include
a more comprehensive and interactive SOA parameterization following the approach by Hodzic et al.
(2016). WACCM6-SC and CAM6 use a simplified SOA parameterization, which has been already used
in CESM(CAM5) (Liu et al., 2012, 2016). The more comprehensive SOA scheme in WACCM6 uses the
VBS approach for SOA formation and includes updated removals and interactions with biogenic emissions
through the coupling to MEGAN2.1. With this parameterization, source contributions of different SOA and
POM precursors from biomass burning, anthropogenic and biogenic emissions (for SOA only) can be iden-
tified. In parallel, prognostic stratospheric sulfates have been added in WACCM6 and CAM6-chem (Mills et
al., 2017). For the purpose of identifying changes and effects on radiation based on the different SOA param-
eterizations as well as other differences, a comparison of different WACCM6 and CAM6 versions has been
performed. Those include the standard WACCM6 version, a WACCM6-VBSext version, which explicitly sim-
ulates OA source contributions, a WACCM6-SC version, which uses simplified chemistry and aerosols, and
WACCM6-SOAG, which includes the same chemistry and aerosols as WACCM6, but uses the simplified
SOA parameterization.

Due to the improved interactions between biogenic emissions and SOA formation, WACCM6 describes
stronger increasing trends of SOA between 1960 and 2014 than what is estimated using the simplified SOA
scheme. These differences point to a different SOA response to climate change between WACCM6 and
WACCM6-SOAG and therefore CAM6, with potential implication for climate sensitivity. Furthermore, dif-
ferences in SOA in particular over source regions result in an increased aging of BC and POM in WACCM6,
which causes changes in wet and dry removal, aerosol mass and size distribution. These differences between
WACCM6 and WACCM6-SOAG impact AOD and shortwave cloud forcing in particular over the source
regions and northern high latitudes. Potential changes in sea ice between WACCM6 and CAM6 (Gettelman
et al., 2019) are likely a result of changes in the aerosol description in the two models. We would therefore
conclude that both the simplified and comprehensive SOA schemes are able to produce present-day OA
burdens from observations. However, a comprehensive and interactive SOA scheme, as presented here, has
been shown to change and possibly improve the response of OA to emissions and climate change.

The new parameterization in WACCM6 performs very well with regard to SOA formation in comparison
to observational estimates from Spracklen et al. (2011). Estimates of OA burden, removal, and lifetime are
very close to the multimodel mean estimate from the AeroCom-II model ensemble (Tsigaridis et al., 2014)
and a new multimodel comparison by Hodzic et al. (2019). OA mixing ratios further agree within 20%
with ATom 1 and 2 aircraft observations over the remote troposphere, as further discussed in Hodzic et al.
(2019). CESM2 configurations without comprehensive chemistry show a high bias in OA in particular in the
upper troposphere. However, in general all CESM2 configurations show reasonable OA burdens compared
to AeroCom-II models. Nevertheless, Hodzic et al. (2019) has pointed out shortcomings in the partitioning
between POM and SOA contributions to the total OA mass compared to observations even with the more
comprehensive SOA parameterization in WACCM6. More work has to be done to improve the transition
between POM and SOA.

Shortcomings in the model still exist, including the omission of representing high NOx conditions in
the comprehensive SOA parameterization. Furthermore, the experimental evidence suggests that under
low-NOx conditions (typical of forest regions), isoprene SOA is mainly formed due to multiphase chemistry
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Figure A1. Aerosol optical depth in the visible (550 nm), averaged between 2002 and 2014 from MODIS observations,
TERRA (top left) and AQUA (top right), and from WACCM6-VBSext (middle left) and WACCM6-SOAG (middle right).
Bottom panels show differences between WACCM6-VBSext and the observations (average between AQUA and TERRA;
left) and between WACCM6-SOAG and observations (right).

from isoprene epoxydiols (IEPOX-SOA) in aqueous particles and that pure gas-phase VBS parameterizations
are not appropriate to represent this irreversible IEPOX uptake into aqueous SOA. Jo et al. (2019) showed
that the isoprene SOA concentrations predicted with the VBS were substantially lower over remote regions,
and somewhat higher over isoprene source regions than those predicted with the IEPOX-SOA parameteri-
zation (Marais et al., 2016). Shrivastava et al. (2019) estimated that over the Amazon forest ≈30% of biogenic
SOA (formed through oxidation of both isoprene and terpenes) was IEPOX-SOA formed through multiphase
chemistry versus 70% from pure gas-phase chemistry and partitioning represented by the VBS approach.
Similarly, Hu et al. (2015) reported that ≈34% of OA could be attributed to IEPOX-SOA over the pristine
Amazon forest. This chemistry will be included in the future model versions and is expected to increase the
SOA global burden and reduce some of the SOA concentrations over the Amazon source region. Additional
future improvements for the model are planned to include the addition of the optical properties and radia-
tive effects of brown carbon (Brown et al., 2018) and updates in below cloud top scavenging. These will likely
improve the high bias of BC (and POM) in middle to upper troposphere as pointed out by Yu et al. (2019),
who used the same model code for cloud top scavenging. Both these updates are expected to further impact
radiative effects in CESM2.

Appendix A: Comparisons of AOD Between WACCM6 and MODIS Satellite
Observations
For a comparison of AOD, we use satellite observations from the MODIS sensors on the Terra and Aqua
platforms (Sayer et al., 2014). The retrievals from the two instruments agree on many features of annually
averaged AOD between 2002 and 2014, including largest values of AOD over Southeast Asia, and Northern
India, as well as over West and Central Africa. Lowest values over land occur over Australia. Smaller differ-
ences are apparent over the subtropical ocean (Figure A1, first row). For comparisons to the model, we use
an average of both satellite instruments.
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Figure A2. As in Figure 8 but comparing BC instead of POM and SOA. WACCM6-VBSext results are shown as solid
colored lines, WACCM6-SOAG results are shown as dashed lines.

AOD from WACCM6-VBSext and WACCM6-SOAG (Figure A1, second row) show slight differences over
the SOA source regions, consistent with Figures 5 and 7. In comparison to observations, the largest overes-
timation of AOD occurs over Saharan Africa and over Asian desert regions in both model configurations.
In addition, AOD in WACCM6 is larger over the subtropical ocean and in the Southern Ocean. These dif-
ferences are likely a result of potential overestimation of sea salt emissions in the model, but may be also
caused by too little rainfall in particular over the subtropical oceans. Furthermore, the observations may
misrepresent AOD over desert areas. Differences in the subtropical areas may be caused from comparing
clear sky observations with full sky model results. The model further underestimates higher AOD values
over Indonesia, likely due to the underestimation for biomass burning over these regions.

Figure A3. As in Figure A2 but for ATom 2 instead.
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Comparisons over SOA source regions indicate that largest differences in AOD between the different SOA
schemes occur over the Amazon, Central Africa forest regions, and Eastern China. Both model versions
strongly underestimate AOD over Eastern China, with only a very small improvement in WACCM6-VBSext,
pointing to an underestimation of aerosol emissions and aerosol precursor emissions. Differences over Cen-
tral Africa have only been slightly improved in WACCM6-VBSext compared to WACCM6-SOAG. Over the
Amazon, WACCM6-SOAG shows a slight underestimation of AOD, while WACCM6-VBSext slightly overes-
timates AOD. The overestimation of AOD over Australia in WACCM6-SOAG has been somewhat improved
in the WACCM6-VBSext.
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