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Abstract22

The Community Earth System Model version 2 (CESM2) includes three main atmospheric23

configurations, the Community Atmosphere Model version 6 (CAM6), CAM6 with com-24

prehensive tropospheric and stratospheric chemistry representation (CAM6-chem), and25

the Whole Atmosphere Community Climate Model version 6 (WACCM6). This paper26

describes the organic aerosol (OA) schemes available in the different atmospheric con-27

figurations of CESM2 and discusses differences in aerosol burden and resulting climate28

forcings. Large regional differences in radiative forcing and Aerosol Optical Depth (AOD)29

occur between model versions that use the simplified aerosol and chemistry description30

compared to model configurations that include prognostic stratospheric aerosols and a31

more comprehensive secondary organic aerosol (SOA) parameterization including the Volatil-32

ity Basis Set (VBS) approach. Using the comprehensive SOA approach, OA in WACCM633

agree within ≈ 20% with aircraft observations over remote regions, which is improved34

compared to the simplified parameterization. The predicted SOA formation is ≈ 143 Tg35

per year, which is in close agreement with observationally constrained estimates. We fur-36

ther use WACCM6 to identify source contributions of OA from biogenic, fossil fuel, and37

biomass burning emissions, to quantify SOA amounts and trends from these sources. In-38

creasing SOA trends between 1960–2015 are the result of increasing biogenic emissions39

aligned with increasing surface temperatures, which contribute at least two thirds to the40

total SOA burden. In addition, SOA source contributions from fossil fuel emissions be-41

come more important, with largest values over Southeast Asia. The estimated total an-42

thropogenic forcing of OA in WACCM6 for 1995–2010 conditions is 0.43 W/m2, mostly43

from the aerosol direct effect.44

1 Introduction45

Organic aerosols (OA) are important climate forcers and contribute to reduced air46

quality in many regions, but have not been well represented in climate models. Param-47

eterizations of OA in Earth System Models are often rather simplified. Amounts of the48

derived OA differ largely between different models and underestimate observational es-49

timates in remote regions [Tsigaridis et al., 2014]. This is in part because the complex50

formation processes of OA through oxidative chemistry from various precursors [e.g., Pan-51

dis et al., 1991] are not sufficiently well represented. There is also still an incomplete un-52

derstanding of the composition, aging, deposition, radiative absorption, and other pro-53
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cesses in the atmosphere [Hallquist et al., 2009; Heald et al., 2011; Hodzic et al., 2016;54

Shrivastava et al., 2017; Tsigaridis and Kanakidou, 2018, and references therein]. Or-55

ganic aerosols are important short-lived climate forcers due to their direct effect in scat-56

tering and reflecting sunlight, their radiative warming effects through light absorption57

in particular from brown carbon [Zhang et al., 2017], and indirectly through interactions58

with clouds [Carslaw et al., 2013; Hodzic and Duvel , 2018]. Due to the insufficient de-59

scription in many climate models there is a large uncertainty in the magnitude of the60

radiative effects of OA.61

OA can be classified into two types: primary and secondary. The primary type, known62

as Primary Organic Matter (POM), is directly emitted from fossil fuel combustion and63

biomass burning. POM undergoes transport, chemical aging, and eventual removal by64

dry and wet deposition. In addition, POM can evaporate, and further oxidize to form65

Secondary Organic Aerosols (SOA) [Robinson et al., 2007; Hodzic et al., 2010; Jathar et al.,66

2014]. The dominant sources of SOA are precursor emissions of Volatile Organic Com-67

pounds (VOC). Biogenic VOC emissions in the model include isoprene and monoterpenes,68

emissions from biomass burning and anthropogenic sources include aromatics and lin-69

ear and branched hydrocarbons. The oxidation of these gaseous precursors, mainly with70

OH radicals and ozone (O3) during the day and nitrate radicals (NO3) at night, leads71

to the formation of hundreds of semi-volatile condensable organics that can condense to72

form SOA. The processing of these gases depends on the atmospheric composition, in73

particular the concentrations of oxidants (OH, ozone) and NOx [Hallquist et al., 2009].74

These gas-phase semi-volatile condensable sources of SOA are referred to as SOAG herein.75

Global climate models cannot fully represent the complex tropospheric chemistry76

that would allow for a comprehensive description of organic aerosol (OA) formation in77

the same way as included in process models, because of computational limitations. Ex-78

plicit mechanisms represent reactivity of organic carbon in various phases down to the79

ultimate oxidation products, CO and CO2, and include thousands of species and reac-80

tions [Aumont et al., 2005]. Simplified parameterizations to represent OA of various com-81

plexity have been implemented into GCMs in recent years. For POM, often very sim-82

ple descriptions based on emissions, chemical aging, and deposition, have been imple-83

mented [Liu et al., 2012, 2016]. For SOA, one of the simpler approaches uses prescribed84

SOAG emission fluxes that are directly proportional to the emissions of precursors [e.g.,85

Chin et al., 2002; Colarco et al., 2010; Liu et al., 2012, 2016], or an empirically deter-86
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mined emission flux scaled to CO emissions [Hodzic et al., 2010; Spracklen et al., 2011].87

Another frequently used approach is the two-product SOA representation as used in ear-88

lier CESM configurations [e.g., Heald et al., 2011; Tilmes et al., 2016]. This approach89

includes the oxidation of precursors into two condensable organic products that can form90

SOA [Odum et al., 1996]. Tsigaridis et al. [2014] showed that these commonly used ap-91

proaches in ≈ 30 global models that participated in the AeroCom-II intercomparison led92

to a substantial underprediction of surface SOA concentrations near source regions.93

Currently, one of the most advanced parameterization in global models is the Volatil-94

ity Basis Set (VBS) scheme, which groups hundreds of intermediate semi-volatile organic95

compounds by bins of volatility that are produced by oxidative chemistry from the emit-96

ted precursors [Donahue et al., 2006; Tsimpidi et al., 2010; Shrivastava et al., 2013; Hodzic97

et al., 2016]. VBS parameterizations are typically adjusted to reproduce the SOA for-98

mation yields in chamber experiments for various individual precursors and atmospheric99

conditions [e.g., Ng et al., 2007]. The VBS implementation into global models can, how-100

ever, vary significantly as it is based on different sets of chamber data and their inter-101

pretation. For instance, VBS parameterizations can be based on traditional chamber data102

that suffer from wall losses [Pye and Seinfeld , 2010], or modified to account for further103

aging of organics in the atmosphere beyond chamber timescales [Shrivastava et al., 2015],104

or adjusted to wall-loss corrected chamber data [Hodzic et al., 2016]. This latter scheme105

has been shown to reproduce SOA budgets and distributions fairly well in a global model106

[Hodzic et al., 2016].107

In this paper, we compare two different representations of OA that are available108

in CESM2. For the standard CESM2 version, the Community Atmosphere Model (CAM6)109

uses a simplified SOA formation description [Liu et al., 2012, 2016]. SOAG yields are110

directly derived from emissions and emitted without the consideration of continuous chem-111

ical formation processes. CESM2 versions with extended chemistry, as used in the CAM6112

with chemistry, CESM2-CAM6-chem (hereafter CAM6-chem), and in the Whole Atmo-113

sphere Community Climate model CESM2-WACCM6 (hereafter WACCM6), have been114

updated to the more sophisticated SOA approach. This approach, based on Hodzic et al.115

[2016], includes the VBS scheme for simulating SOA formation, as well as additional pro-116

cesses, as described below. The new SOA description in WACCM6 and CAM6-chem also117

allows separating of precursor emissions from biogenic, anthropogenic (or fossil fuel) and118
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biomass burning sources, to be able to identify the importance of different sources of SOA119

formation in past, present and future climates.120

The model description and different OA parameterizations in CESM2 and exper-121

iments performed for this study are described in Section 2. In Section 3, results from dif-122

ferent model configurations are compared, including differences in aerosol burden, SOA123

formation, deposition, lifetime, and differences in radiative forcing. In addition, compar-124

isons of OA to observations are performed. OA in the remote troposphere are evaluated125

using observations from the NASA ATom aircraft mission [Wofsy et al., 2018]. In Sec-126

tion 4, the time evolution of SOA source contributions from separate precursors over se-127

lected regions are summarized. We discuss the importance of anthropogenic precursor128

emissions to the total SOA burden and quantify the effects on radiation. Discussions and129

conclusions are presented in Section 5.130

2 Model Description and Experiments131

2.1 Model Description132

The experiments performed in this study are all based on the CESM2.0 release ver-133

sion. Some minor updates were performed between CESM2.0 and CESM2.1, with the134

latter version being used for CMIP6 simulations. Those changes have no impact on the135

results or conclusions of this paper. In CESM2, the WACCM6 and CAM6 setups are as136

similar as possible with the intention to achieve a similar climate outcome with the two137

versions of the model [Gettelman et al., 2019]. The high-top (WACCM6) and low-top138

(CAM6 and CAM6-chem) configurations of CESM2 include the same atmospheric physics139

in the troposphere. They only differ in a few specifications, including the vertical grid,140

required gravity wave additions in WACCM6, and structure of the so-called “sponge-layer”141

at the CAM6 model top. While WACCM6 uses 72 vertical layers up to about 150 km,142

CAM6 only uses 32 vertical layers and reaches vertically up to about 1 hPa (40 km). Fur-143

thermore, WACCM6 includes convective, frontal, and orographic sources of gravity waves,144

which propagate to drive the circulation of the middle atmosphere, CAM6 includes only145

orographic sources. As a result, CAM6 has a degraded stratospheric circulation compared146

to WACCM6. Both WACCM6 and CAM6 configurations use a 0.95◦ in latitude by 1.25◦147

in longitude horizontal grid. Two WACCM6 experiments presented in this paper were148

performed with the specified dynamics (SD) version of WACCM6, whereby the winds,149
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temperature and surface fluxes are nudged towards NASA GMAO GEOS5.12 meteoro-150

logical analysis with a Newtonian relaxation of 50 hours for the years 2016-2017, for com-151

parisons with observations. The SD version of the model adopts the levels of GEOS5 be-152

low 50 km, and has a total of 88 vertical levels reaching to the model top.153

The standard version of WACCM6 uses comprehensive troposphere, stratosphere,154

mesosphere and lower thermosphere chemistry, also called TSMLT. A specified chem-155

istry configuration of WACCM6, called WACCM6-SC, has been used to represent sim-156

plified chemistry and a simple SOA parameterization, similar to standard CAM6 [Get-157

telman et al., 2019]. Both, WACCM6-SC and CAM6 use the simple SOA parameteri-158

zation with a single lumped semi-volatile organic gas-phase species, called SOAG, since159

the simplified chemistry does not include the oxidation of VOCs. The pre-processed sur-160

face emissions of SOAG are derived from emission datasets of five primary VOCs, us-161

ing the following mass yields: 5% BIGALK (lumped butanes and larger alkanes), 5% BI-162

GENE (lumped butenes and larger alkenes), 15% aromatics, 4% isoprene, 25% monoter-163

penes [Liu et al., 2012]. SOAG undergoes condensation and evaporation into the Aitken164

and accumulation modes of the Modal Aerosol Model (MAM). These processes depen-165

dent on the gas saturation vapor concentration, temperature, and POM concentration,166

10% of which is assumed to be oxygenated [Liu et al., 2012]. As in CESM1, SOAG emis-167

sions have been increased by a factor of 1.5 [Liu et al., 2012] and SOAG does not un-168

dergo dry and wet removal. We call this simplified approach the “SOAG scheme”.169

WACCM6 and CAM6-chem include a comprehensive SOA parameterization based170

on the VBS model framework following the approach by Hodzic et al. [2016]. The pa-171

rameterization is based on chamber measurements and explicit modeling, as briefly sum-172

marized next. The scheme includes both updates to the SOA formation and removal path-173

ways. In terms of SOA formation, semi-volatile SOAGs are produced from anthropogenic174

and biomass burning precursor emissions at the surface, as well as biogenic emissions from175

the Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 [Guen-176

ther et al., 2012]. For traditional precursors (biogenic VOCs, aromatics and short-chain177

alkanes), the required parameters for applying the VBS scheme were fitted to the wall-178

corrected chamber data, performed in the Caltech chambers, as summarized in Zhang179

et al. [2014], and extrapolated to longer times beyond the duration of the experiment.180

SOA formation from the oxidation of long-chain n-alkanes emitted from fossil-fuel, bio-181

fuel, and biomass burning sources is considered [e.g., Robinson et al., 2007; Gentner et al.,182
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Table 1. Reactions added to represent molar yields from different SOA precursors. These are dependent on volatility and binned into logarithmically spaced bins

(see text for more detail).

Reactions Rates

XYLENES + OH → XYLENES + OH + 0.1677*SOAGff0 + 0.0174*SOAGff1 + 0.0860*SOAGff2 + 0.0512*SOAGff3 + 0.1598*SOAGff4 ; 1.7e-11

TOLUENE + OH → TOLUENE + OH + 0.1364*SOAGff0 + 0.0101*SOAGff1 + 0.0763*SOAGff2 + 0.2157*SOAGff3 + 0.0738**SOAGff4 ; 1.7e-12*exp(352./t)

BENZENE + OH → BENZENE + OH +0.0023*SOAGff0 + 0.0008*SOAGff1 + 0.0843*SOAGff2 + 0.0443*SOAGff3 + 0.1621*SOAGff4 ; 2.3e-12*exp(-193./t)

ISOP + NO3 → ISOP + NO3 + 0.059024*SOAGbg3 + 0.025024*SOAGbg4 ; 3.03e-12*exp(-446./t)

ISOP + O3 → ISOP + O3 + 0.0033*SOAGbg3 ; 1.05e-14*exp(-2000./t)

ISOP + OH → ISOP + OH + 0.0031*SOAGbg0 + 0.0035*SOAGbg1 + 0.0003*SOAGbg2 + 0.0271*SOAGbg3 + 0.0474*SOAGbg4 ; 2.54e-11*exp(410./t)

BCARY + NO3 → BCARY + NO3 + 0.17493*SOAGbg3 + 0.59019*SOAGbg4 ; 1.9e-11

BCARY + O3 → BCARY + O3 + 0.2202*SOAGbg0 + 0.2067*SOAGbg1 + 0.0653*SOAGbg2 + 0.1284*SOAGbg3 + 0.114*SOAGbg4 ; 1.2e-14

BCARY + OH → BCARY + OH + 0.2202*SOAGbg0 + 0.2067*SOAGbg1 + 0.0653*SOAGbg2 + 0.1284*SOAGbg3 + 0.114*SOAGbg4 ; 2e-10

MTERP + NO3 → MTERP + NO3 + 0.17493*SOAGbg3 + 0.59019*SOAGbg4 ; 1.2e-12, 490

MTERP + O3 → MTERP + O3 + 0.0508*SOAGbg0 + 0.1149*SOAGbg1 + 0.0348*SOAGbg2 + 0.0554*SOAGbg3 + 0.1278*SOAGbg4 ; 6.3e-16*exp(-580./t)

MTERP + OH → MTERP + OH + 0.0508*SOAGbg0 + 0.1149*SOAGbg1 + 0.0348*SOAGbg2 + 0.0554*SOAGbg3 + 0.1278*SOAGbg4 ; 1.2e-11*exp(440./t)

IVOCbb + OH → 0.2381*SOAGbb0 + 0.1308*SOAGbb1 + 0.0348*SOAGbb2 + 0.0076*SOAGbb3 + 0.0113*SOAGbb4+ OH ; 1.34e-11

SVOCbb + OH → 0.5931*SOAGbb0 + 0.1534*SOAGbb1 + 0.0459*SOAGbb2 + 0.0085*SOAGbb3 + 0.0128*SOAGbb4+ OH ; 1.34e-11

IVOCff + OH → 0.2381*SOAGff0 + 0.1308*SOAGff1 + 0.0348*SOAGff2 + 0.0076*SOAGff3 + 0.0113*SOAGff4+ OH ; 1.34e-11

SVOCff + OH → 0.5931*SOAGff0 + 0.1534*SOAGff1 + 0.0459*SOAGff2 + 0.0085*SOAGff3 + 0.0128*SOAGff4+ OH ; 1.34e-11

GLYOXAL → SOAGbg0

–
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2012]. The formation of semi volatile organic carbons (SVOC) are assumed as being pro-183

duced from 60% of POM emissions; intermediate volatility organic carbons (IVOC) are184

assumed to be produced from 20% of NMVOC emissions (not including SVOC emissions).185

These precursor emissions were oxidized into SOAGs in each volatility bin (see Table 1).186

For long-chain n-alkane (number of carbons > 12) precursors species, VBS param-187

eters were derived from the simulations of an explicit chemical model performed for n-188

alkanes mixtures. Parameters were derived for both low and high NOx conditions. Cur-189

rently, only low NOx conditions are considered CESM2, which is appropriate for a coarse190

horizontal resolution of the model grid. However, especially for finer horizontal resolu-191

tions than used here, shortcomings of this assumption may exist for highly polluted re-192

gions over large cities as well as regions that experience intensive biomass burning.193

In contrast to the implementation described by Hodzic et al. [2016], the SOAG prod-194

uct species in CESM2 are binned by their saturation concentration (C∗) into 5 instead195

of 6 logarithmically spaced bins (of 0.01, 0.1, 1., 10. and 100 µg m−3 at 300K). This has196

been done by lumping together the two most volatile bins with the purpose of reducing197

computational costs. The resulting products are called SOAG0, SOAG1, SOAG2, SOAG3,198

SOAG4 in the model. The isoprene oxidation with ozone only produces a gas product199

in the volatility of 10 µg m−3 (SOAG3) based on Kleindienst et al. [2007].200

With the new parameterization, the importance of different precursor emissions on201

SOA can be investigated using an extended version of the released model, the so called202

“extended VBS (VBSext)” version of WACCM6, or WACCM6-VBSext. Depending on203

their precursor emissions, the products are separated into SOAGff (for fossil fuel), SOAGbb204

(for biomass burning), and SOAGbg (for biogenic) for WACCM6-VBSext. Likewise, POM205

species have been separated into POMff and POMbb in WACCM6-VBSext. For the stan-206

dard VBS version in WACCM6, SOAG yields are not separated by precursor sources to207

reduce computational costs. For the formation of SOAG from different precursor emis-208

sions, all the mass yields listed in Hodzic et al. [2016] have been converted to molar yields209

(Table 1).210

In addition to the VBS formation scheme, dry and wet deposition for all interme-211

diate VBS gaseous SOAG species was added, and depends on the hygroscopicity of or-212

ganic gaseous species. The water solubility of gaseous species is given as a function of213

volatility following Hodzic et al. [2014]. Furthermore, the photolytic removal of partic-214
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ulate SOA has also been included with a value for JSOA of 0.04 × JNO2
, as discussed215

in Hodzic et al. [2015, 2016], and the SOA formation from glyoxal in aqueous aerosols216

is considered based on Knote et al. [2014].217

The new SOA parameterization has only been applied to CESM2 model configu-218

rations that include comprehensive tropospheric chemistry, WACCM6 and CAM6-chem.219

The description of the diurnal cycle and interactive chemistry of precursors and oxidants220

are important for the SOA production. For this study, an additional model configura-221

tion has been developed in order to determine the impact of the advanced SOA scheme222

in WACCM6. This so called WACCM6-SOAG configuration includes fully interactive223

aerosol and chemistry, the same as WACCM6, however, the simplified SOA scheme has224

been implemented as used in WACCM6-SC and CAM6. This setup does not include the225

VBS scheme, or any of the additions listed above.226

In addition to the differences in the OC description in the different model versions,227

prognostic stratospheric sulfate aerosols are included in configurations that run with the228

comprehensive chemistry. Carbonyl sulfide (OCS), an important non-volcanic source of229

stratospheric sulfate, has been added to the chemical mechanism [Mills et al., 2017]. Dimethyl230

sulfide (DMS) is largely emitted from oceans, as well as to a small extent from biomass231

burning and adds an additional source of tropospheric sulfate aerosols in WACCM6. Changes232

in the sulfate aerosol burden are discussed in this paper, since they are important for dis-233

cussing differences in the radiative forcings between the different CESM2 configurations.234

2.2 Model Experiments235

CESM2.0 has been used to perform 13 different experiments using configurations236

of different complexity (as listed in Table 2). All the model simulations are performed237

with observed sea-surface temperatures and sea-ice conditions. The first set of 5 exper-238

iments were performed for pre-industrial (PI) conditions, with emissions and lower bound-239

ary conditions (greenhouse gas concentrations) fixed to levels from the year 1850. PI ex-240

periments with TSMLT chemistry include constant time-averaged stratospheric emis-241

sions from eruptions over the historical period (1850-2014), in order to impose an av-242

erage forcing from volcanic eruptions reaching the stratosphere. The second set of ex-243

periments started from 1960 spun-up conditions (with a spin-up time of at least 10 years244

each) and continued until the end of 2014. For these experiments CMIP6 emissions and245
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Table 2. Overview of simulations for pre-industrial and present-day conditions and specified dynamics (SD). 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.

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-NA 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

–
1
0
–
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surface concentrations for the historical period have been used [Hoesly et al., 2018]. The246

transient model experiments with TSMLT chemistry include the SO2 emissions from vol-247

canic eruptions, based on version 3.11 of Volcanic Emissions for Earth System Models248

(VolcanEESM) [Neely, R. R. and Schmidt , 2016], as described in Gettelman et al. [2019].249

For all WACCM6-SC and CAM6 experiments performed here, prescribed ozone, oxidants250

and stratospheric aerosol datasets are derived from the corresponding WACCM6 exper-251

iments.252

One additional transient WACCM-VBSext experiment has been performed with-253

out any anthropogenic OA contributions, called WACCM-NoAnthro, or short WACCM-254

NA from here on. This experiment does include all SOA formation processes and POM255

emissions besides those from anthropogenic sources (i.e. benzene, toluene, xylenes, and256

long-chain n-alkane). In this way, the gas-phase chemistry has not changed compared257

to the standard WACCM simulation, and only the formation of anthropogenic SOAG258

has been removed. The purpose of this experiment is to identify the impact and radia-259

tive forcings of SOA from anthropogenic sources, as further discussed in Section 4.260

The two SD experiments (using WACCM6-VBSext and WACCM6-SOAG config-261

urations) were performed for the years 2016 and 2017 to reproduce the observed mete-262

orological conditions and to allow a direct comparison with results from ATom aircraft263

observations [Wofsy et al., 2018]. These experiments use anthropogenic CMIP6 emis-264

sions from the year 2014, and daily fire emissions for 2016 and 2017 from QFED [Dar-265

menov et al., 2015], prepared by using the QFED CO2 fields, multiplied by the species266

emissions factors collated in Fire INventory from NCAR Version 1.5 (FINNv1.5) [Ta-267

ble S1 at http://bai.acom.ucar.edu/Data/fire/] [Wiedinmyer et al., 2011].268

3 Aerosol burden and radiative forcings for different CESM2 config-269

urations270

The main differences between CAM6 and WACCM6, besides the model top, is the271

description of chemistry and aerosols that leads to differences in radiative forcings. Here272

we explore the importance of differences between CESM2 configurations on aerosol bur-273

den and distribution in the model and the effects on radiation. In addition, a compar-274

ison of OA to observations is performed to identify improvements in using configurations275

with a comprehensive SOA parameterization.276
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First, we compare results derived from standard WACCM6 and WACCM6-VBSext277

(Figure 1, black and blue lines, and Tables 3 and 4). In WACCM6-VBSext, SOAGs from278

biogenic sources use slightly different values of water solubility than those from biomass279

burning and fossil fuel emissions [Hodzic et al., 2014]. In the WACCM6 standard ver-280

sion, SOAG are lumped together and an average value is used for all of them. Only very281

small differences (less than 1%) in wet and dry deposition and aerosol formation exist282

between the two versions. Differences in aerosol burden are within the internal variabil-283

ity of the model and are therefore not further discussed. In conclusion, the simplified VBS284

scheme is giving the same results for lower computational costs (around 15% less) than285

the extended VBS version, and can be used for simulations where information of SOA286

precursor sources is not required, for instance for long climate simulations.287

3.1 Changes based on the new SOA VBS aerosol scheme290

To understand the benefits of using the updated comprehensive SOA scheme com-291

pared to the fixed yield SOAG scheme, we compare simulations with and without the292

VBS scheme, in particular we compare WACCM6-VBSext and WACCM6-SOAG. WACCM6-293

SOAG and configurations that include the simplified SOA scheme like CAM6 and WACCM6-294

SC, show consistently larger SOA burden for PI conditions of around 15-20% (Table 3).295

On the other hand, values of SOA burden agree between WACCM6 and WACCM6-SOAG296

for present day at around 1.05 Tg for all the configuration (Table 4, and Figure 1). Re-297

sulting trends in SOA burden between PI conditions and present day are therefore dif-298

ferent in the two configurations leading to a 20% increase in SOA for WACCM6 and WACCM6-299

VBSext and less than 10% increase for WACCM6-SOAG and other experiments using300

the simplified SOA schemes. The two schemes are therefore expected to result in a dif-301

ferent response to changes in climate.302

Differences in aerosol burden, deposition, SOA formation, and lifetime (Tables 3310

and 4) between these different approaches arise from the very different way SOAG for-311

mation is described in both approaches, considerations of SOAG removal through dry312

and wet deposition, and the considered glyoxal uptake. For the simplified SOA scheme,313

SOAG is emitted at the surface and will go through gas-to-aerosol partitioning imme-314

diately, while for the VBS approach, SOAG is formed from precursor emissions while re-315

acting with OH, O3 and NO3, resulting in changes in the temporal and spatial aerosol316

distributions. In particular, larger SOA mass mixing ratio in the upper tropical tropo-317
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Table 3. Averaged aerosol burden for pre-industrial conditions.288

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 (<500hPa) (TgS) 0.084 0.085 0.084 0.075 0.076

SO4 Formation (TgS/yr) 0.39 0.39 0.39 0.39 0.39

SO4 DRYDEP (TgS/yr) 1.41 1.43 1.41 1.29 0.97

SO4 WETDEP (TgS/yr) 10.83 10.86 10.88 10.39 10.44

SO4 CHMP (TgS/yr) 11.85 11.90 11.90 11.29 11.02

SO4 LIFETIME (<500hPa) (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
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Table 4. Averaged aerosol burden for 1995-2010 conditions.289

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 (<500hPa) (days) 4.49 4.48 4.74 4.77 5.04 4.56

SO4 BURDEN (<500hPa) (TgS) 0.29 0.29 0.29 0.27 0.27 0.29

SO4 Formation (TgS/yr) 1.81 1.81 1.81 1.81 1.81 1.81

SO4 DRYDEP (TgS/yr) 4.98 4.93 4.99 4.88 3.70 5.08

SO4 WETDEP (TgS/yr) 31.27 31.22 31.28 30.47 30.44 31.18

SO4 TOTAL PROD (TgS/yr) 34.45 34.34 34.46 33.543 32.33 34.44

SO4 LIFETIME (<500hPa) (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
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Figure 1. Annually and globally averaged aerosol burdens for simulations (see legend, and

Table 2), SOA (top left), SO4 only for altitudes below 500hPa (top right), POM (middle left),

BC (middle right), dust (bottom left), and sea-salt (bottom right).

303
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305
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Figure 2. Secondary Organic Aerosol (SOA) zonal and annual mean distribution for

WACCM6-SOAG (left) and WACCM6-VBSext (right), averaged over 10 years for preindustrial

conditions (top) and between 1995-2010 (bottom).

306

307

308

Figure 3. As Figure 2, but instead for Primary Organic Matter (POM).309
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sphere in WACCM6-VBSext compared to WACCM6-SOAG (as shown in Figure 2) is318

the result of the slower formation processes of SOA near the surface due to chemical pro-319

cessing for both PI conditions and present day. Furthermore, the reduced SOA levels in320

stratosphere and high latitudes in WACCM6-VBSext is likely a result of the addition-321

ally included photolytic removal of SOA and the deposition of SOAG.322

Changes in SOA formation between WACCM6-SOAG and WACCM6-VBSext also323

affect POM and BC (Figure 1, middle row, Figure 3). POM and BC global burdens are324

consistently larger in WACCM6-SOAG compared to WACCM6-VBSext; POM and BC325

are more than 20% larger for PI and somewhat less for present day. The zonal average326

distribution of POM shows larger values in the upper troposphere and in particular at327

high latitudes in WACCM6-SOAG compared to WACCM6-VBSext (Figure 4). The rea-328

son for changes in POM and BC (not shown) are linked to a strong increase of SOA for-329

mation over source regions using the VBS scheme in WACCM6-VBSext. In all the model330

configuration, POM and BC are emitted into the primary organic (hydrophobic) mode,331

and slowly age into the accumulation model through condensation and coagulation, with332

a threshold coating thickness of 8 hygroscopic monolayers of SOA [Liu et al., 2016]. The333

enhancement of SOA increases the internally mixed aerosol number that causes enhanced334

aging of POM and BC (see Tables 5 and 6). The primary carbon (hydrophobic) mode335

of POM and BC in the model is over 50% larger when using the SOAG scheme compared336

to configurations using the VBS scheme, while the accumulation mode (hydrophilic) is337

about 10% smaller. This results in increased dry deposition and decreased wet deposi-338

tion in WACCM6-SOAG, and therefore in larger POM and BC burdens. Increasing mix-339

ing ratios are in particular pronounced in the northern mid- and high latitudes. Smaller340

burdens in the accumulation mode also occur for sulfate aerosols (SO4), with a larger341

coarse mode burden in WACCM6-SOAG. These differences seem to have very little im-342

pact on the total SO4 burden for PI or PD conditions (Tables 5 and 6). Dust and sea-343

salt are also not impacted by the different SOA parameterizations (Figure 1, Tables 3344

and 4)345

Regional differences in the SOA formation process in the simple SOAG scheme com-358

pared to the VBS scheme further result in significantly smaller SOA burdens over source359

regions like South America, Southern Africa, Eastern China, and for present day also360

for the Eastern US and high northern altitudes if using the SOAG scheme (Figure 4).361

The SOA burden in WACCM6-SOAG is larger over other regions, including western US,362
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Figure 4. Annual averaged SOA burden within the lowest 5 km of the model for prein-

dustrial 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.

346

347

348

349
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Table 5. Aerosol burden separated into different modes, pre-industrial conditions350

SOA WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 0.915 0.791 0.124 13.530

accumulation 0.907 0.785 0.123 13.506

Aitken 0.008 0.007 0.001 7.879

Burden (Tg) (<500hPa) 0.526 0.421 0.105 19.950

POM WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 0.517 0.405 0.112 21.597

accumulation 0.280 0.308 -0.028 -10.110

primary carbon 0.237 0.097 0.140 59.000

Burden (Tg) (<500hPa) 0.402 0.323 0.079 19.719

BC WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 0.051 0.042 0.009 17.681

accumulation 0.029 0.032 -0.003 -11.406

primary carbon 0.023 0.010 0.012 54.699

Burden (Tg) (<500hPa) 0.040 0.033 0.007 16.857

SO4 WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (TgS) 0.512 0.515 -0.003 -0.667

accumulation 0.330 0.353 -0.022 -6.749

Aitken 0.019 0.017 0.002 8.714

coarse 0.163 0.145 0.017 10.588

Burden (TgS) (<500hPa) 0.089 0.088 0.001 0.997
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Table 6. Aerosol burden separated into different modes, 1995-2010351

SOA WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 1.049 1.069 -0.019 -1.858

accumulation 1.042 1.061 -0.019 -1.788

Aitken 0.007 0.010 -0.002 -31.125

Burden (Tg) (<500hPa) 0.636 0.699 -0.063 -9.869

POM WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 0.938 0.753 0.185 19.708

accumulation 0.627 0.635 -0.008 -1.348

primary carbon 0.311 0.118 0.193 62.106

Burden (Tg) (<500hPa) 0.623 0.536 0.088 14.048

BC WACCM6-SOAG WACCM6-VBSext difference rel diff(%)

Burden (Tg) 0.149 0.134 0.015 10.121

accumulation 0.109 0.112 -0.004 -3.428

primary carbon 0.040 0.021 0.019 46.762

Burden (Tg) (<500hPa) 0.102 0.094 0.008 7.748

SO4 WACCM6-SOAG WACCM6-VBS difference rel diff(%)

Burden (TgS) 0.582 0.582 -0.000 -0.060

accumulation 0.488 0.502 -0.014 -2.809

Aitken 0.014 0.013 0.001 6.343

coarse 0.080 0.068 0.012 15.566

Burden (TgS) (<500hPa) 0.303 0.303 0.000 0.136
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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.

352

353

354

North Africa, and Australia. In contrast, differences in POM and BC between WACCM6-363

SOAG and WACCM6-VBSext (Figure 5) show larger burdens in WACCM6-SOAG over364

source regions and over high northern latitudes in the primary organic carbon mode and365

reductions in the accumulation mode. This is the result of the slower aging of POM and366

BC using the SOAG scheme.367

Regional changes in aerosol mass and size between the two configurations impact368

Aerosol Optical Depth (AOD) and Cloud Condensation Nuclei (CCN), and therefore short-369

wave cloud forcing in the model (Figure 6). While the global averaged AOD values be-370

tween the two approaches is unchanged (Table 7), reductions in AOD and CCN occur371

over SOA production regions in WACCM6-SOAG compared to WACCM6-VBSext, with372

implications for the regional climate. On the other hand, the larger burden of SOA, POM373

and BC in WACCM6-SOAG is likely responsible for the increase in AOD elsewhere. How-374

ever, the increase in OA and BC burden does not lead to an increase in CCN and rather375

contributes to the decrease over the source regions and high northern latitudes (Figure376

6, middle panel). This is, because CCN is mostly controlled by the accumulation mode,377

which is actually decreasing in WACCM6-SOAG compared to WACCM6-VBS. For WACCM6-378
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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).

355

356

357
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SOAG, about one third of the burden resides in the primary organic carbon mode for379

present day conditions (Table 6), which contributes to the mass, but not to CCN, while380

in WACCM-VBSext, more than 75% of POM and BC mass resides in the accumulation381

mode. The smaller burden of all aerosols in the accumulation mode results in an increase382

in SWCF over the Arctic (Figure 5, left panels), may contribute to the changes in the383

shortwave cloud forcing (SWCF) over the Arctic (Figure 6, bottom panel).384

The global radiative budget, as listed in Table 7, is impacted by the regional change385

in SOA and the differences in POM and BC described above. Compared to WACCM6-386

VBSext, the top of the atmosphere radiative imbalance in WACCM6-SOAG is 0.15W/m2
387

smaller for PI conditions and 0.22 W/m2 smaller for present day. These numbers are within388

the standard deviation of the top of the atmosphere imbalance for the period considered389

and therefore not significant. However, these changes go along with a significant increase390

in SWCF in the simple SOAG configuration, in particular in high northern latitudes (Fig-391

ure 6, bottom panel). Those changes also go along with a significant reduction in sur-392

face net shortwave radiation under clear (called FSNSC) and under cloudy (called FSNS)393

conditions.394

In summary, differences in POM, BC and SOA burden and spacial and size dis-395

tributions between the simple SOAG schemes (included in CAM6, WACCM6-SC and396

WACCM6-SOAG) and the more comprehensive VBS scheme result in a stronger radia-397

tive forcing of around 0.2 W/m2 for PI and present-day conditions using the the sim-398

plified SOAG scheme. The apparent difference in SWCF in high northern latitudes is399

to at least some part due to changes in the OA and BC distribution between the differ-400

ent approaches. Resulting changes in the top of atmosphere imbalance, as well as regional401

AOD changes are expected to impact surface temperatures in a fully coupled simulation.402

The experiments performed in this study used the same sea surface temperatures for all403

the configurations, therefore changes in surface temperature will not be discussed.404

3.2 Changes based on prognostic stratospheric sulfate aerosols and sim-405

ple chemistry406

Differences in radiative forcing between CAM6 and WACCM6 are not only due to410

the differences in the SOA description, but also due to changes in the sulfate aerosol de-411

scription and chemistry. We now compare WACCM6-VBSext with the specified chem-412
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Table 7. Radiative quantities and aerosol burdens for WACCM6-VBS and differences between different experiments and WACCM-VBSext.

Years Experiment RF-TOA SWCF FSNS FSNSC AODVIS POM BC SOA SO4

W/m2 W/m2 W/m2 W/m2 Tg Tg Tg Tg

1850 (10) WA-VBSext 3.11 ± 0.28 -47.21 ± 0.18 166.14 ± 0.18 218.20 ± 0.09 0.125 ± 0.002 0.40 0.042 0.78 0.084

1850 (10) WA-SOAG – WA-VBSext -0.15 -0.30 -0.58 -0.24 0.002 0.11 0.009 0.12 -0.001

1850 (10) WA-SC – WA-VBSext 0.04 0.19 0.06 -0.05 -0.008 0.12 0.009 0.14 -0.011

1850 (10) CAM6 – WA-VBSext -0.05 0.86 0.89 0.06 -0.007 0.11 0.009 0.16 -0.012

1995-2010 WA-VBSext 3.34 ± 0.54 -48.60 ± 0.46 163.41 ± 0.61 216.75 ± 0.25 0.14 ± 0.003 0.74 0.132 1.05 0.290

1995-2010 WA-SOAG – WA-VBSext -0.22 -0.30 -0.64 -0.28 0.001 0.19 0.015 -0.02 0.00

1995-2010 WA-SC – WA-VBSext -0.05 0.21 0.06 -0.05 -0.005 0.19 0.014 -0.01 -0.020

1995-2010 CAM6 – WA-VBSext -0.43 0.86 0.33 -0.36 -0.002 0.20 0.015 0.02 -0.020

1995-2010 WA-NoAnthro – WA-VBSext 0.43 -0.01 0.43 0.42 -0.007 -0.33 0.00 -0.27 0.00

–
2
4
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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).
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istry configuration (WACCM6-SC); differences include both the different SOA param-413

eterization and differences in stratospheric sulfate aerosols. While WACCM6 and WACCM6ext414

include prognostic sulfates in both troposphere and stratosphere, stratospheric sulfate415

aerosols are prescribed in WACCM6-SC (and CAM6) and are not included in the total416

sulfate burden. Sulfate burdens in Figure 1 for WACCM6-SC and CAM6 do therefore417

not include the modal aerosol burden of stratospheric sulfates and only show the tro-418

pospheric fraction. In order to have a better comparison between results using these dif-419

ferent approaches, we only compare the sulfate aerosol burden below 500hPa for all con-420

figurations. Nevertheless, WACCM6 configurations (with prognostic stratospheric sul-421

fate) show a significantly larger sulfate burden below 500hPa than the other configura-422

tions and burdens vary with the amount of SO2 input by episodic volcanic eruptions. Such423

eruptions inject some SO2 directly into the troposphere in WACCM6, while more de-424

scends to the troposphere from the stratosphere. WACCM6-SC and CAM6 are lacking425

SO2 emissions from volcanic eruptions, as well as OCS, accounting for their reduced tro-426

pospheric burdens.427

The smaller tropospheric sulfate aerosol burden in WACCM6-SC results in reduced428

global AOD and increases clear sky net downwelling shortwave radiation, and in a re-429

duction in CCN over most regions (Figure 7). Despite the large reduction in CCN, dif-430

ferences in the shortwave cloud forcing are only slightly different from the changes caused431

by the new SOA implementation (Figure 6), in particular in high northern latitudes. This432

indicates that differences in the SOA parameterization may be mostly responsible for these433

differences and are not caused by the difference in the sulfate aerosol description. These434

changes have been shown to have implications for climate in particular the performance435

of sea-ice in the model between CAM and WACCM [Gettelman et al., 2019]. Neverthe-436

less, differences in the SOA scheme and the sulfate aerosol description impact both CCN437

and SWCF globally. The combined differences of the reduced sulfate forcing (reduced438

sulfate aerosol burden) and increased forcing (0.15 W/m2, see above) using a different439

SOA parameterizations between the two model versions, result in a combined small top440

of the atmosphere imbalance of 0.04 W/m2 for preindustrial conditions, and -0.05W/m2
441

for present day (Table 7).442
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3.3 Differences between high and low top versions of the model443

Differences between high and low top experiments can be identified if comparing444

CAM6 and WACCM6-SC. Aerosol burden in those simulations are very similar for most445

of the aerosols, with a somewhat larger SOA burden for CAM6 compared to the WACCM6446

configurations and a longer lifetime for most of the aerosols (Tables 3 and 4). Differences447

are attributed to reduced wet deposition of aerosols in CAM6 compared to WACCM6,448

which points to differences in precipitation. The slight increase in aerosol burden seems449

to have some effect on the SWCF, which is larger in CAM6 compared to WACCM6 for450

both PI and present day conditions. Other changes between WACCM6 and CAM6 are451

investigated in more detail in Gettelman et al. [2019].452

3.4 Comparisons of organic aerosols to observations453

Simulated present day total burdens of POM and SOA of 0.74 Tg and 1.05 Tg in454

WACCM6-VBSext and 0.93 Tg and 1.04 Tg for WACCM6-SOAG, respectively, are in455

the range of the AeroCom-II model ensemble [Tsigaridis et al., 2014]. These values are456

smaller than what has been estimated by observations of 1.84 Tg for the SOA burden457

[Spracklen et al., 2011]. Nevertheless, the formation of SOA from gas-to-aerosol exchange458

processes of ≈ 143 Tg per year in WACCM6-VBSext is in excellent agreement with es-459

timates of 140 Tg per year by Spracklen et al. [2011] using a top-down approach con-460

strained by a global data set of surface AMS measurements. These values are also com-461

parable to 132 Tg per year derived in Hodzic et al. [2016]. However, the simulated SOA462

formation from WACCM6-NA without fossil fuel sources of 105 Tg per year results in463

only ≈ 38 Tg per year contribution from anthropogenic sources, which is much lower than464

the estimated value of 100 Tg per year by Spracklen et al. [2011]. Simulated PI values465

of 100Tg per year in WACCM6-VBSext confirm the large fraction of SOA formation from466

biogenic sources in the model. For WACCM6-SOAG, SOA formation reaches only around467

80 Tg per year. The value of photolytic removal of SOA in WACCM6-VBSext of about468

57 Tg per year is very close to estimations by Hodzic et al. [2016]. Other removal pro-469

cesses, including wet and dry deposition are 73 Tg per year and 12.5 Tg per year, respec-470

tively, which is very close to the multi-model median values of AeroCom-II models of 70471

Tg per year and 13Tg per year, reported by Tsigaridis et al. [2014]. The resulting life-472

time of 4.5 years for SOA in WACCM6 further falls right within the range of AeroCom-473

II model results.474
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Figure 8. Comparison of regional-averaged OA vertical profiles from ATom1 measurements

(black line with open circles) with two specified dynamics (SD) WACCM6 configuration, SD

WACCM6-VBSext (red lines), and SD WACCM6-SOAG (purple line), 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 (grey). Model results were interpolated to the flight track of the observations and averaged

over the same region.
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Figure 9. As Figure 12, but for ATom2 instead.483

Comparisons of WACCM6 and WACCM6-SOAG to aircraft observations from the484

NASA ATom mission [Wofsy et al., 2018] have been performed to identify improvements485

of the SOA parameterization. Here we focus on evaluating the performance of OA ver-486

tical distributions over different latitude regions (Figures 8 and 9). ATom sampled the487

marine remote troposphere in both the Atlantic and Pacific Ocean Basins from 65◦S to488

82◦N from 0 to 12 km over four aircraft deployments. Submicron aerosol composition489

on board the NASA DC-8 aircraft was measured by the University of Colorado Aero-490

dyne High-Resolution Time-of Flight Instrument (CU-HR-AMS) at 1 Hz resolution [De-491

Carlo et al., 2006; Canagaratna et al., 2007; Nault et al., 2018]. Refractory black car-492

bon was measured by the NOAA SP2 instrument, also at 1 Hz resolution [Schwarz et al.,493

2006; Katich et al., 2018]. For this work, we are focusing on the first two deployments:494

ATom 1 observations were taken between July and August of 2016, and ATom 2 dur-495

ing January and February of 2017.496

To get the best comparison to the observations, WACCM6-VBSext and WACCM6-497

SOAG have been run with nudged GEOS5 meteorological analysis. In addition, the model498

has been sampled on the ATom flight track to produce output close (within 15 minutes)499

to the sample time of the observations. Aircraft and model results are averaged over pre-500

defined regions, to separate the characteristics of specific regions. Source contributions501
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of different sources for both SOA and POM from the model are indicated in different col-502

ors (Figures 8 and 9).503

For most cases, OA from WACCM6-VBSext agrees very well within about 20% of504

the observed OA profiles for ATom 1 and 2, except for a few regions. In particular dif-505

ferent magnitudes of OA observed between winter and summer are reproduced, includ-506

ing the largest OA values around the equator for the Atlantic Basin, which is caused by507

biomass burning smoke from the sub-Saharan African regions [Flamant et al., 2018]. The508

model has a tendency to underpredict OA in the lower troposphere in high northern lat-509

itudes over the Pacific basin and for the Atlantic basin in summer only, which is likely510

an underestimation of emissions from fires or anthropogenic pollution. The model is also511

underestimating OA in the northern mid-latitudes in winter, potentially a result of miss-512

ing anthropogenic sources. On the other hand, OA over the Pacific Basis at the equa-513

tor is overestimated. In this region the model suggests a large contribution of biogenic514

emissions that are likely overestimated over the Amazon. Despite the very good agree-515

ment of the total OA in WACCM6-VBSext, the ratio between POM and SOA in the model516

does not agree well with what is known from observations. For WACCM6-SOAG, OA517

mixing ratios are overestimated compared to observed values by in part over a factor of518

two in mid- to upper troposphere and at the Equator over the Pacific Basin. This bias519

is removed using the new SOA parameterization in WACCM6.520

The addition of the comprehensive SOA scheme in WACCM6 has resulted in a sig-521

nificant reduction in POM and BC burden compared to versions with the simplified SOA522

scheme, as discussed in Section 3.1. ATom 1 and 2 observations of BC are also compared523

to model results (Figures A.2. an A.3.). In general, the model overestimates BC for both524

WACCM6-VBSext and WACCM6-SOAG configurations especially in the mid- to upper525

troposphere in mid- and high latitudes. WACCM6-VBSext shows a slight improvement526

in this bias. Yu et al. [2019] have shown that wet scavenging above the cloud top in all527

CESM2 configurations is largely underestimated, which results in the high bias. On the528

other hand, WACCM6-VBSext shows much more realistic BC values in the lower tro-529

posphere (below 5km) compared to WACCM6-SOAG. This difference could have a sig-530

nificant effect on lower clouds and potentially affects the radiation over high latitudes,531

which at least in part explains differences in summer sea-ice extent between CESM2 ver-532

sions with and without the comprehensive SOA scheme [Gettelman et al., 2019].533
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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 per yr) of anthropogenic sources (brown), biomass buring

sources (red) and biogenic sources (green and orange).

536

537

538

539

540

4 SOA source contributions, regional trends, and SOA anthropogenic534

radiative forcing535

SOA source contributions have been derived using WACCM6-VBSext (Figure 10,552

left panel). The majority (two thirds) of the total SOA burden are produced from bio-553

genic sources. The smallest contribution by far to the total SOA burden is from biomass554

burning. Both SOA burden from biogenic and fossil fuel sources are increasing between555

1960 and 2014. The global increase in biogenic emissions (Figure 10, right panel) mostly556

from isoprene and terpene emissions is liked to increasing surface temperatures and CO2557

concentrations. The global increases in anthropogenic emissions are discussed below.558

The regional distribution of OA (POM and SOA) columns in WACCM6-VBSext559

shows largest values over the Amazon, Central Africa, Eastern Asia, and Indonesia (Fig-560

ures 11 and 12). Biogenic emissions are the largest contributor to SOA formation, in par-561

ticular over the Amazon, Central Africa, Indonesia, and Australia. Over Eastern Asia,562

both, biogenic and fossil fuel emissions seem to be equally important for the production563

of SOA, with the strongest contribution over India and China. Over North America, Eu-564

rope and Northern Asia, the SOA burden is relatively small and largest contributions565

are from fossil fuel and biogenic emissions. For POM, fossil fuel contributions are the566

most important sources over Eastern China, India and West Africa (Nigeria) (Figure 11).567

However, largest contributions are from biomass burning over Central Africa, and over568

the Amazon and Indonesia, while they are much smaller over Eastern China and Siberia.569
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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 5km 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 5km is shown in brackets.
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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), av-

eraged over six regions as indicated in Figure 8, between 1960 and 2014 derived using WACCM6-

VBSext.
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Regional trends of total SOA burden and from the three separate sources between574

1960-2014 show changes in the importance of the source contributions with time and re-575

gion (Figure 13). The SOA burden over North America, Western Europe, and Australia,576

is illustrated using a different y-axis range compared to the other regions for better vis-577

ibility of the trends. Both North America and Western Europe show maximum fossil fuel578

contributions around 1970 and a steady decline from thereon, with up to 3 times larger579

values for North America compared to Western Europe. By around the year 2000, SOA580

burden from fossil fuel over Northern America is reaching below the burden produced581

from biogenic emissions. For Western Europe, SOA burden from fossil fuel is also ap-582

proaching the amount from biogenic emissions by the end of the considered time period.583

Biomass burning plays a minor role over these regions. South America, Australia, and584

Central Africa SOA burden is dominated by the SOA production from biogenic sources,585

with largest total contributions in the Amazon. The increasing trend of SOA burden from586

biogenic sources over the Amazon (Figure 13, bottom left), is most likely due to the ef-587

fects of the changes in surface temperature and changing CO2 concentrations on biogenic588

emissions in the model, which have been increasing (Figure 10, right panel).589

SOA burden over Southeast Asia is dominated by biogenic precursor emissions un-590

til around the year 2000. After that, fossil fuel emissions are the dominant contributor591

to SOA. The production of SOA from fossil fuel emissions is about 5 times as large as592

the anthropogenic amount produced over North America, and 10 times larger compared593

to Europe by around 2014 (the end of the simulations). SOA from biogenic emissions594

has been increasing in the last 20 years or so over Southeast Asia. The SOA production595

from biomass burning sources are largest over West to Central Africa. This region also596

shows a positive trend of SOA from biogenic and fossil fuel sources. In addition, con-597

tributions from fossil fuel emissions are increasing and almost reaching the levels of biomass598

burning in 2014. Since about 1990, SOA burden from fossil fuel over West and Central599

Africa is larger than anthropogenic contributions for North America, with still increas-600

ing trends.601

The total SOA trend (Figure 1, left panel) is dominated by the strong increase in602

SOA from fossil fuel precursor emissions over Eastern Asia and West and Central Africa,603

as well as the increase in biogenic emissions (as described above). To identify the im-604

portance of anthropogenic source contributions to total SOA burden, trends, as well as605

radiation, we performed the WACCM-NA sensitivity simulation. The trend in total aerosol606
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burden from this simulation is shown in Figure 1, green lines, and Table 3, right most607

column. The total SOA burden is reduced by more than 25% and the POM burden by608

more than 45%. Other aerosols, including SO4 and BC are not significantly impacted609

by the removal of anthropogenic SOA and POM.610

The combined impact of fossil fuel POM emissions and fossil fuel precursor emis-611

sions to the formation of SOA on the top of the atmosphere imbalance for present day612

(1995-2010) is -0.43 W/m2. Similar changes are simulated for all sky and clear sky down-613

welling shortwave net radiation at the surface (Table 7). The variability of the top of the614

imbalance is rather large, but differences between WACCM6-NA and WACCM6-VBSext615

in the net shortwave downwelling radiation at the surface for clear and full sky are 0.42616

W/m2 and 0.43 W/m2, respectively, and are significant and persistence throughout the617

entire time series between 1960-2014. On the other hand, the shortwave cloud forcing618

does not show any significant changes between the simulations. This indicates a minor619

indirect effect of the anthropogenic contribution of OA in the model. The derived to-620

tal radiative forcing of OA is on the higher end of the forcing reported in AeroCom-II621

models [Tsigaridis and Kanakidou, 2018].622

5 Discussion and Conclusions623

In this study, we discussed differences in chemistry and aerosol parameterizations624

for different CESM2 model configurations. Despite using the same physics description,625

WACCM6 and CAM6-chem include a more comprehensive and interactive SOA param-626

eterization following the approach by Hodzic et al. [2016]. WACCM6-SC and CAM6 use627

a simplified SOA parameterization, which has been already used in CESM(CAM5) [Liu628

et al., 2012, 2016]. The more comprehensive SOA scheme in WACCM6 uses the VBS ap-629

proach for SOA formation and includes updated removals and interactions with biogenic630

emissions through the coupling to MEGAN2.1. With this parameterization, source con-631

tributions of different SOA and POM precursors from biomass burning, anthropogenic632

and biogenic emissions (for SOA only) can be identified. In parallel, prognostic strato-633

spheric sulfates have been added in WACCM6 and CAM6-chem [Mills et al., 2017]. For634

the purpose of identifying changes and effects on radiation based on the different SOA635

parameterizations as well as other differences, a comparison of different WACCM6 and636

CAM6 versions has been performed. Those include the standard WACCM6 version, a637

WACCM6-VBSext version, which explicitly simulates OA source contributions, a WACCM6-638
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SC version, which uses simplified chemistry and aerosols, and WACCM6-SOAG, which639

includes the same chemistry and aerosols as WACCM6, but uses the simplified SOA pa-640

rameterization.641

Due to the improved interactions between biogenic emissions and SOA formation,642

WACCM6 describes stronger trends of SOA between 1960 and 2014 than what is esti-643

mated using the simplified SOA scheme. These differences point to a different SOA re-644

sponse to climate change between WACCM6 and WACCM6-SOAG and therefore CAM6,645

with potential implication for climate sensitivity. Furthermore, differences in SOA in par-646

ticular over source regions result in an increased aging of BC and POM in WACCM6,647

which causes changes in wet and dry removal, aerosol mass and size distribution. These648

differences between WACCM6 and WACCM6-SOAG impact AOD and shortwave cloud649

forcing in particular over the source regions and northern high latitudes. Potential changes650

in sea-ice between WACCM6 and CAM6 [Gettelman et al., 2019] are likely a result of651

changes in the aerosol description in the two models.652

The new parameterization in WACCM6 performs very well with regard to SOA for-653

mation in comparison to observational estimates from Spracklen et al. [2011]. Estimates654

of OA burden, removal and lifetime are very close to the multi-model mean estimate from655

the AeroCom-II model ensemble [Tsigaridis et al., 2014]. OA mixing ratios further agree656

within 20% with ATom 1 and 2 aircraft observations over the remote troposphere. CESM2657

configurations without comprehensive chemistry show a high bias in OA in particular658

in the upper troposphere. However, in general all CESM2 configurations show reason-659

able OA burdens compared to AeroCom-II models. Nevertheless, shortcomings in the660

partitioning between POM and SOA contributions to the total OA mass compared to661

observations even with the more comprehensive SOA parameterization in WACCM6 have662

to be investigated in future studies and more work has to be done to improve the tran-663

sition between POM and SOA.664

Shortcomings in the model still exist, including the omission of representing high665

NOx conditions in the comprehensive SOA parameterization. Furthermore, the exper-666

imental evidence suggests that under low-NOx conditions (typical of forest regions), iso-667

prene SOA is mainly formed due to multiphase chemistry from isoprene epoxydiols (IEPOX-668

SOA) in aqueous particles, and that pure gas-phase VBS parameterizations are not ap-669

propriate to represent this irreversible IEPOX uptake into aqueous SOA. Jo et al. [2019]670
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showed that the isoprene SOA concentrations predicted with the VBS were substantially671

lower over remote regions, and somewhat higher over isoprene source regions than those672

predicted with the IEPOX-SOA parameterization [Marais et al., 2016]. Shrivastava et al.673

[2019] estimated that over the Amazon forest ≈ 30% of biogenic SOA (formed through674

oxidation of both isoprene and terpenes) was IEPOX-SOA formed through multiphase675

chemistry versus 70% from pure gas-phase chemistry and partitioning represented by the676

VBS approach. Similarly, Hu et al. [2015] reported that ≈ 34% of OA could be attributed677

to IEPOX-SOA over the pristine Amazon forest. This chemistry will be included in the678

future model versions and is expected to increase the SOA global burden and reduce some679

of the SOA concentrations over the Amazon source region. Additional future improve-680

ments for the model include the addition of brown carbon [Brown et al., 2018] and up-681

dates in below cloud-top scavenging. These will likely improve the high bias of BC (and682

POM) in mid-to upper troposphere as pointed out by Yu et al. [2019]. Both these up-683

dates are expected to further impact radiative effects in CESM2.684
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A: Comparisons of AOD between WACCM6 and MODIS satellite ob-978

servations979

For a comparison of AOD, we use satellite observations from the Moderate Res-980

olution Imaging Spectroradiometer (MODIS) sensors on the Terra and Aqua platforms981

[Sayer et al., 2014]. The retrievals from the two instruments agree on many features of982

annually averaged AOD between 2002-2014, including largest values of AOD over South-983

east Asia, and Northern India, as well as over West and Central Africa. Lowest values984

over land occur over Australia. Smaller differences are apparent over the subtropical ocean985

(Figure A.1., first row). For comparisons to the model, we use an average of both satel-986

lite instruments.987

AOD from WACCM6-VBSext and WACCM6-SOAG (Figure A.1., second row) show988

slight differences over the SOA source regions, consistent with Figures 5 and 7. In com-989

parison to observations, the largest overestimation of AOD occurs over Saharan Africa,990

and over Asian desert regions in both model configurations. In addition, AOD in WACCM6991

is larger over the subtropical ocean and in the Southern Ocean. These differences are likely992

a result of potential overestimation of sea salt emissions in the model, but may be also993

caused by too little rainfall in particular over the subtropical oceans. Furthermore, the994

observations may misrepresent AOD over desert areas. Differences in the subtropical ar-995

eas may be caused from comparing clear sky observations with full sky model results.996

The model further underestimates higher AOD values over Indonesia, likely due to the997

underestimation for biomass burning over these regions.998

Comparisons over SOA source regions indicate that largest differences in AOD be-999

tween the different SOA schemes occur over the Amazon, Central Africa forest regions,1000

and Eastern China. Both model versions strongly underestimate AOD over Eastern China,1001

with only a very small improvement in WACCM6-VBSext, pointing to an underestima-1002

tion of aerosol emissions and aerosol precursor emissions. Differences over Central Africa1003

have only been slightly improved in WACCM6-VBSext compared to WACCM6-SOAG.1004

Over the Amazon, WACCM6-SOAG shows a slight underestimation of AOD, while WACCM6-1005

VBSext slightly overestimates AOD. The overestimation of AOD over Australia in WACCM6-1006

SOAG has been somewhat improved in the WACCM6-VBSext.1007
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Figure A.1. Aerosol Optical Depth in the visible (550nm), 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).

1008

1009

1010

1011

1012

–49–



Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

 !"!#!$!!

%&'()*'+,
-"
.

$#

$!

/

0

 

#

!

'1
23
43
5
6
7
'(
8
,
.

/!! !!!  !"!#!$!!  !"!#!$!!

 !"!#!$!!

$#

$!

/

0

 

#

!

 !"!#!$!!  !"!#!$!!  !"!#!$!!  !"!#!$!!

1329)34:'%9+4)

;9:4<4:'%9+4)'

=>53?7@)'A:79) ='B46'C9343567+ DE593>@492 F'B46'C9343567+ F';>29@

%&
&D=B#
'
1G>,-$
'

'B>672'H43?'I%=
'B>672'HJ>'I%=
'AK+7@L934>)+

Figure A.2. As 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.
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Figure A.3. As Figure A.2, but for ATom2 instead.1015
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