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Abstract. The Goddard Chemistry Aerosol Radiation and
Transport (GOCART) model, which controls the sources,
sinks, and chemistry of aerosols within the Goddard Earth
Observing System (GEOS), recently underwent a major
refactoring and update, including a revision of the emis-
sions datasets and the addition of brown carbon. A 4-year
benchmark simulation utilizing the new version of the model
code, termed GOCART Second Generation (GOCART-2G)
and coupled to the Goddard Earth Observing System (GEOS)
model, was evaluated using in situ and spaceborne mea-
surements to develop a baseline and prioritize future devel-
opment. A comparison of simulated aerosol optical depth
between GOCART-2G and MODIS retrievals indicates the
model captures the overall spatial pattern and seasonal cy-
cle of aerosol optical depth but overestimates aerosol extinc-
tion over dusty regions and underestimates aerosol extinction
over Northern Hemisphere boreal forests, requiring further
investigation and tuning of emissions. This MODIS-based
analysis is corroborated by comparisons to MISR and se-
lected AERONET stations; however, discrepancies between
the Aqua and Terra satellites indicate there is a diurnal com-
ponent to biases in aerosol optical depth over southern Asia
and northern Africa. Despite the underestimate of aerosol op-
tical depth in biomass burning regions in GEOS, there is an
overestimate in the surface mass of organic carbon in the
United States, especially during the summer months. Over

Europe, GOCART-2G is unable to match the summertime
peak in aerosol optical depth, opposing the observed late fall
and early spring peaks in surface mass concentration. A com-
parison of the vertical profile of attenuated backscatter to
observations from CALIPSO indicates the GEOS model is
capable of capturing the vertical profile of aerosol; however,
the mid-troposphere plumes of dust in the North Atlantic and
smoke in the southeastern Atlantic are perhaps too low in al-
titude. The results presented highlight priorities for future de-
velopment with GOCART-2G, including improvements for
dust, biomass burning aerosols, and anthropogenic aerosols.

1 Introduction

Aerosols are an important component of the atmosphere,
with implications for air quality, cloud lifecycle, and the ra-
diation budget. As general circulation models strive to take
a comprehensive Earth system approach, aerosol modules
have become coupled to the atmosphere for use in numer-
ical weather prediction (Colarco et al., 2010; Rémy et al.,
2019), seasonal prediction (Molod et al., 2020), and reanal-
yses (Buchard et al., 2017; Randles et al., 2017) and have
been shown to increase forecast skill through changes in tem-
perature (Bozzo et al., 2020). Aerosol modules handle the
sources, sinks, and chemistry within models; however, they
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vary in complexity and their diverse assumptions result in
uncertainty and diversity in the simulated aerosol life cycle
and optical properties (Textor et al., 2006; Tsigaridis et al.,
2014; GliB et al., 2021). A commonly used bulk aerosol mod-
ule is the Goddard Chemistry Aerosol Radiation and Trans-
port (GOCART) module, which traces its origin to an of-
fline aerosol transport model driven by the assimilated me-
teorological fields from the Goddard Earth Observing Sys-
tem (GEOS; Chin et al., 2002, 2004). GOCART was later
coupled to GEOS to enable short-term aerosol forecasts and
provide a platform for aerosol data assimilation (Colarco et
al., 2010). It has also been implemented in NOAA’s Uni-
fied Forecast System (Lu et al., 2016; Zhang et al., 2022)
and the Weather Research and Forecasting Model (WRF). In
its legacy form, GOCART has handled the aerosols within
the GEOS model and its individual systems. Near-real-time
aerosol forecasts began in GEOS Forward Processing (FP)
in 2011 (Fig. S1 in the Supplement), though GOCART had
previously been used within GEOS for field campaign sup-
port. An aerosol analysis has been produced retrospectively
in reanalysis systems such as the Modern Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-
2, Randles et al., 2017; Buchard et al., 2017), and GOCART
is included in the subseasonal-to-season forecast system,
GEOS S2S (Molod et al., 2020). This paper serves to out-
line updates that have been implemented in GOCART since
the production of MERRA-2, including a suite of science
changes and code improvements that encompass GOCART
second generation (GOCART-2G). GOCART-2G is intended
to be used in future versions of GEOS numerical weather
prediction, subseasonal-to-seasonal prediction, and reanaly-
sis products. Although GEOS is a modular system that can be
run with other aerosol modules for research purposes (e.g.,
Case et al., 2023), sectional and modal schemes are too com-
putationally expensive to be used in a near-real-time, oper-
ational environment. Therefore, proper documentation and
evaluation for GOCART-2G is a necessity.

Embedded within the GEOS model, GOCART has partic-
ipated in aerosol model intercomparison studies associated
with AeroCom and is included in the International Cooper-
ative for Aerosol Prediction (ICAP) multi-model ensemble
(MME) (Xian et al., 2019). Notable features of the mod-
ule have been documented in the literature as a result. The
all-sky aerosol optical depth (AOD) in GEOS-GOCART is
very close to the median for the models that participated
in AeroCom Phase III; however, there is variability among
the aerosol species (Glif3 et al., 2021). The optical depth and
mass burden for nitrate and dust in GEOS-GOCART is above
the AeroCom Phase III model median. In fact, the burden for
nitrate in GEOS-GOCART was the highest among the Aero-
Com models (Glif} et al., 2021). Focusing on African dust,
Kim et al. (2014) showed that GOCART had over double the
dust emissions from all other models investigated, leading to
an overestimate of AOD over northern Africa yet and under-
estimated AOD in the transport region of the North Atlantic.
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Yu et al. (2021) noted that GEOS underestimated emissions
of dust from haboobs and did not loft dust high enough into
the middle troposphere for sufficient transport, resulting in
an underestimate of the dust AOD in the Caribbean during
a substantial dust event in June 2020. It was also pointed
out by Kramer et al. (2020) that transported dust is over-
abundant in the boundary layer and has a particle size that is
too large. Concerns have also been documented for organic
aerosol, which was shown to have a median burden on par
with other AeroCom models yet an optical depth and mass
extinction coefficient over 10 % larger than the participating
aerosol models (Glif3 et al., 2021). Corroborated with respect
to observations by Collow et al. (2022), Burgos et al. (2020)
demonstrated that GEOS-GOCART has an excessive hygro-
scopic growth rate for carbonaceous aerosol and a smaller
variability for f(RH) relative to the other participating mod-
els. This indicates that even if the mass burden is the same,
the optical depth could be very different from other models
solely due to relative humidity and vice versa.

As described in Sect. 2, a recent overhaul of the GOCART
module has been completed to pave the way for future de-
velopment of the aerosol module. A 4-year simulation is
then evaluated in Sect. 4 to benchmark the performance of
GOCART-2G and provide a reference for future development
of aerosol modeling within GEOS. One major difference be-
tween the evaluation presented here compared to prior eval-
vations of aerosols within GEOS from the MERRA-2 sys-
tem (Randles et al., 2017; Buchard et al., 2017) is that here
aerosol optical depth (AOD) is not assimilated as in Colarco
et al. (2010). While meteorology is constrained in the bench-
mark simulation, no aerosol data assimilation is included,
and aerosol distributions are governed solely by processes
in the model.

2  GOCART aerosol module in GEOS
2.1 Background

GOCART-2G includes seven radiatively active aerosol trac-
ers that are considered externally mixed: sea salt, dust, or-
ganic carbon, brown carbon, black carbon, sulfate, and ni-
trate. Like in MERRA-2, sea salt (SS) and dust (DU) are
comprised of five non-interacting size bins (Table Al). Sea
salt emissions are based on Gong (2003), with the follow-
ing key modifications: (1) friction velocity is used instead
of 10m wind speed, which required tuning for the constants
within the parameterization, and (2) addition of a correc-
tion term dependent on sea surface temperature, similar to
the work of Jaegle et al. (2011) but tuned to improve the
agreement of simulated sea salt AOD with MODIS retrieved
AOD. Default dust emissions follow Ginoux et al. (2001);
see Table 1. Organic (OC), brown (BR), and black (BC) car-
bon have hydrophobic and hydrophilic components. Upon
emission, 50 % of organic carbon, 50 % of brown carbon,
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and 80 % of black carbon are considered hydrophobic (Chin
et al., 2002) and transition to hydrophilic at an e-folding
timescale of 2.5d (Maria et al., 2004). A factor of 1.8 is
implemented upon emission to convert organic carbon, in-
cluding the tracer for brown carbon, to particulate organic
matter (POM), which has been increased from the factor of
1.4 used in MERRA-2 based on observations from recent air-
borne campaigns (Hodzic et al., 2020). Emission sources of
carbonaceous aerosol include biomass burning, biogenic, and
anthropogenic emissions. Biomass burning emissions are re-
leased uniformly throughout the planetary boundary layer
(PBL) depth, while anthropogenic emissions enter only in the
lowest model level. While the source data for biomass burn-
ing emissions is consistent with MERRA-2 (the Quick Fire
Emissions Dataset, QFED; Darmenov and da Silva, 2015),
anthropogenic emissions now come from the Community
Emissions Data System (CEDS) v_2021_04_21 (Table 1;
Hoesly et al., 2018; https://doi.org/10.528 1/zenodo0.4741285,
O’Rourke et al., 2021); currently CEDS emissions are avail-
able up to 2019. The CEDS emissions dataset was chosen to
be consistent with other modeling efforts including the Cou-
pled Model Intercomparison Project Phase 6 (CMIP6; Feng
et al., 2020) and the Chemistry-Climate Model Initiative. Ad-
ditional information is provided in the Supplement pertain-
ing to the implementation of brown carbon and secondary
organic aerosol (SOA) as these tracers were added as part of
GOCART-2G.

A single tracer is used for the sulfate ion, SOﬁ_. Volcanic
emissions of SO, are from Carn et al. (2017) with explo-
sive emissions updated through 2021 as of this writing, while
biomass burning and anthropogenic emissions of SO, and
SOi_ are consistent with the carbon emissions (Table 1).
Sulfate chemistry follows Chin et al. (2000) in which sul-
fate is formed from the oxidation of SO; and the precursor
dimethyl sulfide (DMS) in the presence of hydroxide (OH)
and NO3 and aqueously via titration of hydrogen peroxide
(H0»). In a traditional GOCART-2G simulation, these oxi-
dant fields are provided in archived monthly data from pre-
vious full chemistry simulations, and the diurnal cycle is im-
posed on the OH field. GOCART-2G can also run interac-
tively with a gas chemistry module in which these oxidant
fields are updated at every time step.

Nitrate was incorporated into GEOS in 2017, after pro-
duction began for MERRA-2, based on the approach used
for the Global Modeling Initiative (GMI) chemistry trans-
port model (CTM) (Bian et al., 2017). Three particle size
groups are included for nitrate aerosol in GOCART-2G: a
fine-mode bin and two coarse-mode bins (Table 1 in Bian et
al., 2017). The fine-mode bin for nitrate is simulated using
the thermodynamic equilibrium model Regional Particulate
Model Aerosol Reacting System (RPMARES) (Saxena et al.,
1986) for the gas phase, aqueous chemical cycling of nitrate
gas—aerosol partitioning in a system of SOi_—NOS_—NHI—
H,O (Table 2 in Bian et al., 2017), and a first-order heteroge-
nous reaction of HNO3; on mineral dust and sea salt. The
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two coarse-mode bins form from heterogenous production
only. Additional tracers are included for ammonia (NH3) and
the ammonium ion (N Hj{) that are necessary for the SOif—
NO; —NHI—HZO system. Biomass burning, anthropogenic,
and oceanic emissions of NHj3 are prescribed from emission
datasets (Table 2). Precursor gases for sulfate and nitrate are
prescribed based on a prior GEOS simulation that was cou-
pled to the GMI stratosphere—troposphere chemical mecha-
nism and constrained by MERRA-2 meteorology (MERRA-
2 GMI,; Strode et al., 2019).

Optics lookup tables (LUTs) to convert from the simu-
lated aerosol masses to optical quantities such as aerosol
optical depth (AOD) are derived from Mie (spherical) cal-
culations using parameters from the Optical Properties of
Aerosols and Clouds (OPAC; Hess et al., 1998) and as de-
scribed in Chin et al. (2002) and Colarco et al. (2010), ex-
cept for dust, which is based on Colarco et al. (2014), and
for brown carbon (see below). Optical properties are a func-
tion of aerosol species, particle size, and relative humidity
(except for dust which is assumed hydrophobic). From an
optics perspective, hygroscopic growth occurs based on a
specified growth factor as listed in the Appendices of Kemp-
pinen et al. (2022). The resulting optics tables are avail-
able for download at https://portal.nccs.nasa.gov/datashare/
iesa/aerosol/AerosolOptics/ (last access: 5 December 2022),
and the versions used in the initial release of GOCART-2G
are given in Table A2. These high spectral resolution tables
are useful for computing diagnostic optical quantities like
AOD and backscatter, as shown later. They are also avail-
able in an aggregated format to provide optical properties
needed to compute aerosol forcing at the spectral bands used
in the model’s radiative transfer code, RRTMG (Clough et
al., 2005; Tacono et al., 2008).

2.2 Updates incorporated into GOCART-2G

Three major changes with regards to aerosol speciation were
implemented as part of GOCART-2G to either represent pro-
cesses that were previously not included or improve the in-
teraction between aerosols and radiation. Brown carbon was
added as a new radiatively active sub-species of carbon. This
was done to account for differences in absorption properties
between organic carbon emitted by biomass burning (from
QFED) and anthropogenic sources (from CEDS), as de-
scribed by Colarco et al. (2017). Secondary organic aerosol
(SOA) is now used to form brown and organic carbon from
volatile organic carbon (VOC). Finally, a mechanism to pro-
duce sulfate in the stratosphere (StratChem; Nielsen et al.,
2017) has been added to simulate sulfate more realistically
at higher altitudes. StratChem is too computationally expen-
sive to employ in a near-real-time system like GEOS FP but
can be used for research purposes.

A major refactoring of the GOCART source code was
completed to improve performance, flexibility, and code
quality within GOCART-2G. This was essential to allow for

Geosci. Model Dev., 17, 1443-1468, 2024
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Table 1. Summary of aerosol emissions in the GOCART-2G benchmark simulation. GOCART-2G can be run with differing emissions
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sources and dataset resolutions if desired.

Emission type

Species

Source

Temporal resolution

Spatial resolution

Anthropogenic (includ-
ing ship and aircraft)

OC, BC, SO», SO4,
NH3

CEDS (https://doi.org/10.
5281/zenodo.4741285,
O’Rourke et al., 2021)

Monthly

0.5, downscaled to
0.15625

Biomass burning

BR, BC, SO,, NH3

QFED v2.5r1 (Darmenov
and da Silva, 2015)

Daily, with a fixed diur-
nal cycle based on lati-
tude

0.1

Volcanic SO, Carn et al. (2017) Daily eruptive and out-  Point sources
gassing
Dust DU Wind driven (Ginoux et Model Model resolution
al., 2001)
Sea salt SS Wind driven (Gong, 2003;  Model Model resolution
Jaegle et al., 2011)
Species prescribed for H,O,, OH, NO3, MERRA-2 GMI (Strode Monthly 0.5 x0.625
. HNO3 etal., 2019)
aerosol chemistry
DMS Lana et al. (2011); Liss Monthly 0.5 x 0.625
and Merlivat (1986)
Open-ocean NH3 Bouwman et al. (1997) Monthly 0.5 x 0.625

Table 2. Summary of aerosol parameterizations in GOCART-2G.

Function Specie(s)  Parameterization

Boundary layer turbulent mixing  All Lock et al. (2000); Louis (1979)

Moist convection All Grell and Freitas (2014)

Settling velocity All Fuchs (1965)

Dry deposition All Wesely (1989)

Wet deposition All Giorgi and Chameides (1986); Balkanski et al. (1993); Liu et al. (2001)
Optical properties All Hess et al. (1998); Colarco et al. (2014, 2017)

Sulfate chemistry Sulfate Chin et al. (2000)

Nitrate chemistry Nitrate Bian et al. (2017); Saxena et al. (1986)

future development of the aerosol module and for the code to
be effectively shared with external organizations. The code
refactoring itself is intended to produce identical results,
within roundoff errors, to the legacy GOCART code. An im-
portant improvement in terms of flexibility was the addition
of user supplied wavelengths for aerosol diagnostics. Previ-
ously, GOCART provided aerosol optical properties at the
specific bands required by the radiation package, but diag-
nostic file output was restricted to the 550 nm wavelength. To
better support data assimilation of multi-wavelength aerosol
data, the model is now able to directly output aerosol optical
properties at multiple wavelengths without the need for an
offline utility. The model is also able to output stratospheric
AOD using the GEOS tropopause height. Additional details
on the code changes and refactoring are in the Supplement.
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3 Observational datasets used for model evaluation
3.1 Moderate Resolution Imaging Spectroradiometer
(MODIS) Neural Net Retrieval (NNR)

Here we evaluate AOD at 550nm in GOCART-2G using
observations from Collection 6.1 of the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) aboard the Aqua
satellite (Levy et al., 2015). The particular MODIS dataset
used for this evaluation is the Neural Net Retrieval (NNR)
described in Sect. 3.2.2 of Randles et al. (2016), which
bias corrects and homogenizes MODIS observations to be
consisted with AERONET. The NNR algorithm relies on
cloud-cleared, gas-corrected reflectances used by the Deep
Blue (Sayer et al., 2019) and Dark Target (Remer et al.,
2020) retrievals and uses a neural net trained on co-located
AERONET direct sun AOD measurements. The monthly

https://doi.org/10.5194/gmd-17-1443-2024
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Figure 1. Emissions of (a) dust, sea salt, (b) black carbon, (c¢) organic carbon, (d) brown carbon, and (e) sulfate as well as the production
of (d) brown carbon from secondary organic aerosol, (e) sulfate, and (f) nitrate averaged for the period of January 2016 through December

2019 in the GEOS GOCART-2G benchmark simulation.

mean NNR AOD retrievals are obtained by a weighted aver-
age based on the number of pixels available for a given 0.25°
latitude by 0.3125° longitude grid box. The same NNR-based
analysis was also carried out for the Terra satellite, com-
plemented by additional measurements from the Multi-angle
Imaging SpectroRadiometer (MISR); these results are pre-
sented in the Supplement. GEOS has been sampled such that
model data is only included when and where MODIS obser-
vations are available at the 3-hourly time step of the MODIS
NNR product.

3.2 AERONET

The AErosol RObotic NETwork (AERONET) is a collection
of ground-based stations equipped with Cimel sun photome-
ters for measuring spectral sun irradiance and sky irradiances
(Holben et al., 1998). Under cloud-free conditions, AOD is
computed as the total optical depth measured by the sun pho-
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tometer minus the contribution from Rayleigh scattering and
trace gases. For comparison to GEOS, version 3 of the level
2 product, which includes cloud screening, is utilized (Giles
et al., 2019). Although AERONET provides spectrally vary-
ing AOD, only AOD at 550 nm is examined in addition to
the Angstrém exponent computed using 470 and 870 nm. For
stations that do not report AOD at 550 nm, the Angstrom ex-
ponent for 440 and 675 nm is used to convert the AOD at 500
to 550 nm.

3.3 OMPS-LP

The Ozone Mapping and Profiler Suite (OMPS) aboard the
Joint Polar Satellite System (JPSS) Suomi National Polar-
orbiting Partnership (S-NPP) satellite contains a limb pro-
filer (LP) that can observe aerosol in the stratosphere. Strato-
spheric AOD at 869 nm is evaluated using observations from
OMPS-LP (Taha et al., 2021) to validate volcanic eruptions

Geosci. Model Dev., 17, 1443-1468, 2024
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Figure 2. Time series of emissions and production of (a) dust, (b) sea salt, (c) black carbon, (d) organic carbon, brown carbon, (e) sulfate,
and (f) nitrate for the period of January 2016 through December 2019 in the GEOS GOCART-2G benchmark simulation.

and pyrocumulonimbus (PyroCB) reaching the stratosphere.
The data from OMPS-LP are presented as the daily, zonal
mean of the stratospheric AOD, evaluated by integrating the
retrieved extinction from the GEOS-derived tropopause al-
titude to the 40 km top altitude of the OMPS-LP retrievals.
Data are not available during periods of instrument issues
and under low-sun or no-sun conditions (e.g., polar night).
Although the algorithm includes cloud screening, some po-
lar stratospheric clouds are evident in the dataset, as shown
below.

34 CALIOP

Since 2006, the Cloud Aerosol Lidar with Orthogonal Polar-
ization (CALIOP), aboard NASA’s CALIPSO A-train satel-
lite (Winker et al., 2007, 2009), has provided insights about
aerosol vertical structure. For this study, the highest-quality
lidar Level 1.5 standard data product version V1.00 was
employed (NASA/LARC/SD/ASDC, 2019): a cloud-cleared
dataset with a 20 km horizontal and 60 m vertical resolution
for a height up to 20.2km. The observations include con-
tributions from both aerosols and gas molecules (Rayleigh
scattering), so our analysis is limited to the total (aerosols +
molecular) attenuated backscatter coefficient.

Geosci. Model Dev., 17, 1443-1468, 2024

3.5 Surface particulate matter from IMPROVE and
EMEP

Like in Buchard et al. (2016) and Provencal (2017), sur-
face aerosol mass is evaluated over the United States using
data provided by the Interagency Monitoring of Protected
Visual Environments (IMPROVE, http://vista.cira.colostate.
edu/Improve/, last access: 12 February 2024) Program and
over Europe using data from the European Monitoring and
Evaluation Programme (EMEP, https://ebas.nilu.no/, last ac-
cess: 12 February 2024). IMPROVE and EMEP monitor-
ing sites are typically located in rural areas representative
of the region and with minimal influence from localized ur-
ban pollution. Following the module description for the IM-
PROVE network (Hand et al., 2011), PM» 5 in GOCART-2G
was computed using the equation below for aerosol with an
aerodynamic diameter of 2.5 pm (Collow et al., 2023a). Vari-
able names in the equation are consistent with those given in
the file specification document for GEOS Forward Process-
ing (Lucchesi, 2018). The multiplication factors of 0.9614
for bin 1 of dust and 0.4752 for bin 3 of sea salt account for
a conversion to aerodynamic diameter and the fact that only
a portion of the bin is smaller than 2.5 ym. Though not done
here, other studies have used the entirety of bin 1 for dust in

https://doi.org/10.5194/gmd-17-1443-2024
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Figure 3. Deposition of (a) dust, sea salt, (b) black carbon, (c) organic carbon, (d) brown carbon, (e) sulfate, and (f) nitrate averaged for the
period of January 2016 through December 2019 in the GEOS GOCART-2G benchmark simulation.

comparison to IMPROVE observations due to a wide range
in the shape factor for dust (Kim et al., 2021).
Reconstructed PM5 5 is given by

PM, 5 = 0.9614 - DUOO1 + fq.1n - (SS001 4 SS002
+0.4752 - SS003)+
+ OCPHOBIC + BCPHOBIC + BRPHOBIC
+ foeth - OCPHILIC+
+ foerh - BCPHILIC + fir g, - BRPHILIC + fiyrn
-SO4+ fuimn - NH4a + foim - NO3anl,

where the growth factor with relative humidity, f; m, for each
species is calculated as

3
Sermh=1+ (Vrh) —1 xm , 1)
ro Pdry species

https://doi.org/10.5194/gmd-17-1443-2024

using the radius specified for a given relative humidity from
the optics files listed in Table A2 as ry, and the radius at 0 %
relative humidity for ry.

Following their respective documentation, PMj 5 for the
IMPROVE sites in the United States was computed using a
relative humidity of 35 % (Hand et al., 2011) while PMj 5
for the EMEP sites in Europe was computed using a rel-
ative humidity of 50 %. GEOS was sampled according to
when and where observations were available. Note that IM-
PROVE observations are collected every 3 d while data from
EMEP ranges in temporal frequency from 1h to 6d. EMEP
observations are also not homogeneous with respect to the
instruments and measurements of individual aerosol species
at each site.

Geosci. Model Dev., 17, 1443-1468, 2024
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Table 3. Global annual mean emission and/or production, lifetime, and burden of aerosols in GEOS-Legacy GOCART and GEOS-

GOCART?2G for 2016 and GEOS-GOCART-2G for 2016 through 2019. n/a — not applicable

A. B. Collow et al.: Benchmarking GOCART-2G in the Goddard Earth Observing System (GEOS)

Legacy GOCART GOCART-2G w/o GOCART-2G  GOCART-2G

(2016)  StratChem (2016) (2016)  (2016-2019)

Brown carbon emissions [Tg yr_l] n/a 63.58 63.63 65.08
Brown carbon lifetime [d] n/a 5.76 5.76 6.02
Brown carbon burden [Tg] n/a 0.99 0.99 1.07
Brown carbon AOD n/a 0.012 0.012 0.013
Black carbon emissions [Tg yr—1] 10.27 9.62 9.62 9.62
Black carbon lifetime [d] 6.47 6.57 6.57 6.70
Black carbon burden [Tg] 0.18 0.17 0.17 0.18
Black carbon AOD 0.004 0.003 0.003 0.004
Dust emissions [Tg yr71 ] 1114 1752 1752 1726
Dust lifetime [d] 5.27 5.49 5.49 5.46
Dust burden [Tg] 16.07 25.66 25.66 25.27
Dust AOD 0.019 0.029 0.029 0.028
Nitrate production [Tg yr_l] 101.15 137.60 137.62 139.88
Nitrate lifetime [d] 3.8 3.23 3.23 3.28
Nitrate burden [Tg] 0.33 0.52 0.52 0.54
Nitrate AOD 0.003 0.005 0.005 0.006
Organic carbon emissions [Tg yr_l] 94.71 99.00 99.00 96.97
Organic carbon lifetime [d] 5.51 4.15 4.15 4.33
Organic carbon burden [Tg] 1.42 1.11 1.11 1.14
Organic carbon AOD 0.018 0.017 0.017 0.017
Sulfate emissions and production [Tg yr_l] 127.85 120.91 121.06 118.4
Sulfate lifetime [d] 3.59 3.54 4.30 4.55
Sulfate burden [Tg] 1.24 1.16 1.41 1.46
Sulfate AOD 0.03 0.028 0.03 0.031
Sea salt emissions [Tg yr_l] 4582 4581 4581 4512
Sea salt lifetime [d] 0.82 0.82 0.82 0.82
Sea salt burden [Tg] 10.32 10.25 10.25 10.08
Sea salt AOD 0.036 0.036 0.036 0.036

4 Evaluation of GOCART-2G

A benchmark simulation for GOCART-2G was car-
ried out for the period of 2016 through 2019 using
GEOS Release 10.23.0 (https://github.com/GEOS-ESM/
GEOSgcm/releases/tag/v10.23.0, last access: 12 February
2024; https://doi.org/10.5281/zenodo.8059710, Global Mod-
eling and Assimilation Office, 2023) on a cubed-sphere
cl180 grid (~0.5° spatial resolution) with 72 vertical lev-
els. Meteorology, particularly atmospheric temperature, spe-
cific humidity, and winds were replayed to the analysis from
MERRA-2 (Gelaro et al., 2017), while boundary condi-
tions for sea surface temperature and sea ice concentration
were from the Reynolds analysis (Reynolds et al., 2002).
The benchmark simulation uses a one-moment microphysics
scheme such that aerosols are not used as cloud condensa-
tion nuclei for the formation of liquid or ice clouds. Two
pyroCb events were included in the simulation for British
Columbia in 2017 (Torres et al., 2020; Das et al., 2021) and
Australia in late December 2019 (Schwartz et al., 2020) and
the StratChem mechanism is turned on. There is no assim-
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ilation of aerosol optical depth or observational constraint
for aerosol extinction or mass. Therefore, all observations
used for comparison are independent from the model simu-
lation. Additional 1-year simulations, overlapping for 2016,
were completed using the legacy GOCART configuration of
GEOS as well as GOCART-2G without the stratospheric sul-
fate mechanism. Aside from the code changes described in
Sect. 2, the legacy GOCART configuration used an older
dataset for anthropogenic emissions as described in Randles
et al. (2017).

4.1 Aerosol mass budget

Emissions and production from each aerosol species are
presented in Figs. 1 and 2, while details pertaining to the
global mass budget can be found in Table 3. Wind-driven
dust is emitted primarily over Saharan Africa, Saudi Ara-
bia, the Asian deserts, the Simpson Desert of Australia, and
the southern tip of South America (Fig. 1a), in agreement
with Colarco et al. (2010), Randles et al. (2017) and Rémy et
al. (2019). The seasonal cycle of dust emissions peaks in bo-

https://doi.org/10.5194/gmd-17-1443-2024
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Figure 4. Average AOD at 550 for the period of January 2016 through December 2016 in the (a) GEOS Legacy GOCART simulation,
(b) GEOS GOCART-2G benchmark simulation, (¢) MODIS NNR observational product from Aqua, and (d) the closeness to the observations

defined as | GOCART-2G-MODIS | — | Legacy GOCART-MODIS |.

Table 4. Global annual mean AOD at 550 nm for 2016 in legacy GOCART, GOCART-2G, and the satellite-based datasets as well as for the
period of 2016 through 2019 in the GEOS-GOCART2G model and the satellite-based datasets.

Observation Legacy GOCART GOCART-2G  Observation GOCART-2G

(2016) (2016) (2016) (2016-2019)  (2016-2019)

MODIS NNR Terra (Global) 0.1349 0.1093 0.1373 0.1272 0.1395
MODIS NNR Terra (Ocean) 0.1067 0.0933 0.1066 0.0980 0.1088
MODIS NNR Terra (Land) 0.1839 0.1389 0.1939 0.1786 0.1961
MODIS NNR Aqua (Global) 0.1415 0.1093 0.1372 0.1360 0.1392
MODIS NNR Aqua (Ocean) 0.1081 0.0924 0.1057 0.0996 0.1077
MODIS NNR Aqua (Land) 0.2013 0.1407 0.1956 0.2015 0.1974
MISR (Global) 0.1606 0.1198 0.1397 0.1612 0.1414
MISR (Ocean) 0.1294 0.0999 0.1090 0.1301 0.1107
MISR (Land) 0.2172 0.1521 0.1949 0.2175 0.1967

real spring and is minimized during the fall months (Fig. 2a).
An increase in dust emissions is present in GOCART-2G rel-
ative to legacy GOCART due to an intentional increase in the
emissions scaling factor to match the global mean AOD for
dust of 0.028 from Kok et al. (2021). Most dust is deposited
near the source regions; however, there is notable transport
of Saharan dust across the Atlantic Ocean (Fig. 3a).

Sea salt emissions are enhanced along the northern and
southern hemisphere storms tracks as well as the Intertropical
Convergence Zone (ITCZ), with little variability across the
seasonal cycle. While the spatial pattern is similar, sea salt
emissions have decreased from MERRA-2 (Randles et al.,

https://doi.org/10.5194/gmd-17-1443-2024

2017). In a correction since MERRA-2, sea salt is not emitted
over the Great Lakes or Caspian Sea. Most sea salt is emitted
in the coarse mode, with the largest contribution from bin 3
(mode radius of 2.4 um). Relative to the largest three bins,
emissions from bins 1 and 2 are negligible to the total mass
(Fig. 2b). Nearly all sea salt is deposited over the ocean, in
elevated quantities over the storm tracks and ITCZ (Fig. 3b).
The global mean AOD for sea salt did not change with the
version of GOCART and remains slightly below the median
relative to other AeroCom Phase III models (Table 3; Glif et
al., 2021).

Geosci. Model Dev., 17, 1443-1468, 2024
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Figure 5. Time series of ocean area-averaged (a) monthly mean AOD from the Aqua MODIS NNR observational product and the speciated
AOD from the GEOS GOCART-2G benchmark simulation, (b) mean seasonal cycle, and the difference between the model and observations
for the (¢) monthly mean AOD and (d) seasonal cycle of AOD. Total AOD in the Legacy GOCART simulation is added in grey lines for

reference in (a) and (c).

Carbonaceous aerosol is emitted over land (Fig. 1b—d),
with a seasonal cycle that peaks in the boreal summer due
to the temporal variability in biomass burning (Fig. 2c—d).
Anthropogenic emissions account for, on average, 62 % of
the total black carbon emissions and 21 % of the organic
aerosol emissions. Brown carbon, emitted through biomass
burning, ranges from 37 % to 65 % of the monthly emissions
of organic aerosol. There is also a contribution of brown car-
bon produced from SOA. Due to the mechanism for biogenic
emissions introduced in GOCART-2G, there is an increase in
the total emissions of organic matter relative to legacy GO-
CART (Table 3). Subsequently, there is an increase in burden
for organic and brown carbon that is near the median for the
AeroCom Phase III models (Glif3 et al., 2021).

Sulfate is directly emitted within GEOS from the anthro-
pogenic emissions and has a contribution that is produced
from the oxidation of dimethyl sulfide (DMS), methane sul-
fonic acid (MSA), and sulfur dioxide (SO3). Emission and
production of sulfate is maximized in densely populated ar-
eas including China, India, Europe, and the eastern United
States (Fig. 1e). Anthropogenic emission of SO; is the largest
contribution to sulfate production and is responsible for the
subtle downward trend of sulfate production over the 4-year

Geosci. Model Dev., 17, 1443-1468, 2024

time series. The summertime peaks in sulfate production dur-
ing 2018 and 2019 are in response to the explosive volcanic
eruptions of Kilauea in May 2018 and Raikoke in June 2019
(Fig. 2e) while the broader summertime peaks in gaseous
production of sulfate are associated with biomass burning
emissions of SO,. There is a small impact of the stratospheric
sulfate mechanism on the total burden and AOD for sulfate
(Table 3).

Nitrate aerosol is not directly emitted. Most nitrate forms
in response to heterogenous production on dust and sea salt
aerosols (Fig. 2f). A somewhat bimodal seasonal cycle in the
production of nitrate occurs due to spring and fall peaks in
the emission of ammonia (NH3). Due to the anthropogenic
and agricultural nature of ammonia emissions, the spatial
pattern of nitrate deposition is very similar to that for organic
and brown carbon. Most nitrate aerosol is deposited close to
the source while some is transported over the ocean by the
atmospheric circulation (Fig. 3f). An increase in nitrate pro-
duction in GOCART-2G relative to legacy GOCART resulted
in an overall increase in the nitrate burden and optical depth,
which brings the nitrate burden even further from the median
of the AeroCom III participating models (Glif} et al., 2021).
The increase in nitrate is likely in response to the newer emis-

https://doi.org/10.5194/gmd-17-1443-2024
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sions and a change in the input dataset for the oxidant fields
relevant for nitrate chemistry.

4.2 Comparison to observational datasets
4.2.1 Satellite-based aerosol optical depth

A broad, global comparison of the AOD between MODIS
Aqua and both versions of GOCART for 2016 is shown in
Fig. 4. Over the ocean there is little difference in the annual
mean AOD between legacy GOCART and GOCART-2G,
and the model generally performs well over the ocean rela-
tive to MODIS (Fig. 4a—c). However, there are notable biases
and differences between the model versions over land (Fig. 4;
Table 4). Most notably, AOD increased in the model over
northern South America, Africa, Saudi Arabia, and south-
ern Asia. While this increase led to an improvement in AOD
compared to MODIS over South America and southern Asia,
there are indications that an increase in dust led to a degrada-
tion in GOCART-2G elsewhere. A positive bias in AOD with
GOCART-2G is present across Saudi Arabia and northern
Africa, extending over the central Atlantic, presumably from
transported dust. The positive bias in AOD is larger in magni-
tude when GEOS with GOCART-2G is compared to MODIS
aboard Terra relative to Aqua (Fig. S5). This suggests there
could be a further issue with the diurnal cycle of dust emis-
sions as Terra has a morning overpass while Aqua has an
afternoon overpass. However, this positive bias in AOD in
dusty regions is not as large when GEOS with GOCART-
2G is compared to MISR, also aboard Terra, (Fig. S6) or
AERONET (Fig. 9, shown later). Conversely, a negative bias
in AOD is present in the Northern Hemisphere boreal regions
that is larger in magnitude when the comparison is made to
Aqua, again indicating a concern in the diurnal cycle. In gen-
eral, the AOD over land is larger for Aqua than Terra in the
MODIS NNR product (Table 4), in disagreement with what
is presented by Levy et al. (2018) for the Dark Target algo-
rithm. However, Levy et al. (2018) points out that differences
due to satellite should not be used to indicate diurnal biases.

Monthly mean time series of global mean AOD over
ocean, in addition to the mean seasonal cycles, can be found
in Fig. 5. In the top two panels, the solid black line represents
the MODIS observations, while the colored shading accu-
mulates the optical depth for each aerosol species in GEOS.
Though difficult to see in the global spatial map, it is evident
that AOD is underestimated in the model over the ocean, and
this bias has been reduced in GOCART-2G (Fig. 5¢). How-
ever, this could have resulted from an overestimate in the
outflow of Saharan dust that was introduced in GOCART-
2G (Fig. 4). There is a seasonal cycle in the bias such that
it is maximized during the months of March, September, and
October and minimized during the boreal summer and winter
(Fig. 5d). MODIS indicates a bimodal seasonal cycle for total
AOD, with one peak in the Northern Hemisphere late winter
and early spring that is not present in GEOS, and another dur-
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ing the summer that persists later into the season than in the
model. The largest contribution to the total AOD comes from
sea salt, and in agreement with the fact that emissions cover a
large fraction of the domain, there is little temporal variabil-
ity in the optical depth for sea salt. Peaking in April, nitrate
makes up the smallest contribution to the total AOD over the
ocean. Peaks in sulfate are present in the boreal summers of
2018 and 2019, coincident with peaks in the gaseous produc-
tion of sulfate due to large volcanic eruptions as shown in
Fig. 2e.

The analysis of AOD over land is broken down into
eight continental scale regions. A spatial map demonstrating
the geographic extent of each region is in the Supplement
(Fig. S8). Beginning with northern Africa in Fig. 6a, the re-
gion is dominated by dust that typically peaks in the spring
and summer months. GEOS can produce the observed tem-
poral variability in AOD; however, the magnitude of AOD is
higher than MODIS throughout the entire time series. This is
likely due to an overestimate of dust emissions in GOCART-
2G.

GEOS underestimates the AOD in southern Asia, North
America, South America, Siberia, and Europe (Fig. 6d-h).
The Americas, Siberia, and southern Asia are influenced by
biomass burning aerosol. Biomass burning aerosol is often
underestimated in models, including GEOS, and in many
cases the datasets contain errors due to assumptions made
for the particle properties (Zhong et al., 2022, and references
within). Collow et al. (2022) demonstrated the GEOS strug-
gles to match the observed mass extinction efficiency within
a smoke plume. It is likely that the negative bias in these
regions is in response to biomass burning aerosol. Europe
and southern Asia are more complicated due to higher rela-
tive proportions of dust and sulfate. Dust emissions are tuned
in GEOS using a global metric. It is therefore plausible that
there are errors in the transport of dust to Europe and the
overall life cycle of dust from Asian deserts such as the Gobi
and Taklamakan deserts. A lack of the negative bias in AOD
over southern Asia in comparison to Terra indicates that the
underestimation of AOD in GEOS contains a diurnal cycle
(Fig. S94d).

GEOS completely misses the observed seasonal cycle in
AOQOD over Europe, regardless of the version of GOCART. For
this reason, Europe was further divided into subregions as in-
dicated by Fig. 7 (See Fig. S12 for the geographical depiction
of the subregions). There is decent agreement with respect to
the annual cycle in AOD between MODIS and GEOS over
the Iberian Peninsula and Scandinavia. Conversely, GEOS
does not capture the summertime maxima in AOD across
central Europe or the United Kingdom. This will be further
elaborated upon through a comparison with AERONET ob-
servations in Sect. 4.2.2 and an evaluation of surface mass in
Sect. 4.2.5.

There is remarkable agreement in the AOD over southern
Africa and Australia, with GEOS capturing the seasonal cy-
cle and magnitude from the observations (Fig. 6b—c). The
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Figure 8. (a) Time series of hourly AOD at 550 nm, (b) 2-D kernel density estimate for AOD at 550 nm computed as log(AOD+0.01), (c) time
series of Angstrém exponent, and (d) 2-D kernel density estimate for Angstrt‘)m exponent over the AERONET station in Mainz, Germany,
for all co-located data points from the observations and GEOS GOCART-2G benchmark simulation. The statistics in (b) are computed as
log(AOD+-0.01). The dashed black line in (b) and (d) indicates the one-to-one line, while the dashed blue lines are the one-to-one line plus

or minus one of the one-to-one line.

fact that southern Africa is also dominated by biomass burn-
ing aerosol but does not have the negative bias seen in other
biomass burning regions suggests there could be an over-
estimate of AOD due to another species or that the optical
properties for brown and organic carbon in GEOS are better
suited for the fuel types burned in Africa rather than the bo-
real forests of North America and Siberia and the rainforests
of South America.

4.2.2 AERONET

Representative AERONET stations were selected for eval-
uation based on a comparison among dozens of stations in
North America, Europe, and northern Africa. Due to the poor
agreement in the seasonal cycle of AOD in Europe between
GEOS and MODIS, Mainz, Germany, was selected as the
site demonstrates characteristics of others in the area. The
AERONET site is adjacent to both rural and urban land-
scapes and is in a moderately to highly polluted region. In
agreement with the comparisons to MODIS, GEOS tends to
underestimate the AOD with respect to the AERONET obser-
vations and has a mean negative bias of 0.28 in log space that
tends to be larger in magnitude during the summer months
(Fig. 8). In addition to smaller values of AOD occurring more
frequently in GEOS compared to the observations, there is
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also less variability in the AOD. GEOS has a better agree-
ment for the Angstrom exponent, computed using 440 and
675 nm, accurately having the dominant aerosol in the fine
mode. Potential reasons for the underestimate in AOD may
be due to uncertainties in the CEDS dataset (McDuffie et al.,
2020) or insufficient biomass burning aerosol that is trans-
ported from North America.

Comparisons between GEOS and AERONET stations
across northern Africa and Saudi Arabia are consistent with
respect to the mean bias in the model relative to MODIS
NNR. Tamanrasset was chosen for additional evaluation
since it is in northern Africa where GEOS overestimates
AOD compared to MODIS (Fig. 9). The AERONET site is
in the highlands of the Algerian Sahara, away from indus-
trial activity, making dust the primary aerosol species. Here,
there is a positive mean bias in the modeled AOD of 0.18 and
a reasonable correlation between GEOS and AERONET of
R = 0.84, computed using log(AOD+0.01) (Fig. 9b). GEOS
overestimates the AOD when the AERONET observations lie
between 0.1 and 0.5 as demonstrated in Fig. 9b. Agreement
between the model and observations is not as good for the
Angstrbm exponent as the correlation is only 0.48 and there
is a mean bias of —0.15, indicating that aerosol in the model
is often coarser than seen by AERONET.

Geosci. Model Dev., 17, 1443-1468, 2024
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As shown in the comparison to MODIS, Southern Africa
is dominated by biomass burning aerosol. Mongu, located
in central southern Africa within Zambia, was selected as a
representative site for smoke. Despite good agreement be-
tween GEOS and MODIS on a continental scale for southern
Africa, there is considerable underestimation in AOD within
the model when compared to AERONET at a local scale
(Fig. 10a and b). This is especially the case for the Southern
Hemispheric winter months when biomass burning is preva-
lent. The correlation of 0.85 at Mongu is on par with what
was reported for the M2Replay, a MERRA-2-like simulation
without the assimilation of AOD, in Randles et al. (2017).
As shown by the kernel density estimate in Fig. 10b, the
correlation between the observations and GEOS is weaker
for lower values of AOD. GEOS has a smaller amplitude in
the Angstrom exponent such that there is an underestimate
during the Southern Hemisphere summer months (Fig. 10c).
GEOS is likely correctly characterizing the July peaks in
AQOD as biomass burning aerosol but is missing coarse-mode
aerosols, perhaps dust, during the warmer months.

The AERONET station in Langley, Virginia, demonstrates
behavior typical of other stations and is close to the national
average time series for AOD across the United States. Lo-
cated on the southern tip of the Chesapeake Bay less that
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40 km from Norfolk, Virginia, the Langley AERONET site
often experiences urban and marine aerosol regimes, with oc-
casional intrusions of smoke and dust. At this station, GEOS
overestimates the lower values of AOD and underestimates
the higher values of AOD (Fig. 11a), giving a poorer corre-
lation than at the sites in Europe and the Sahel (Fig. 11b).
GEOS does not have as much variability in the Angstrém
exponent as the observations but accurately represents that
there is fine-mode aerosol. A summary for 77 AERONET
stations across the United States and Canada is given in the
form of a kernel density estimate in Fig. S15. Numerous
stations underestimate AOD during the summer months, in
agreement with the MODIS evaluation. Exceptions to this are
stations in the desert southwest including Tucson, Flagstaff,
Table Mountain (CA), and USC, where GEOS simulates
higher AOD than AERONET. These stations are character-
ized by a measured AOD below national average (Fig. S15).

4.2.3 OMPS-LP stratospheric AOD

Newly added diagnostics in GOCART-2G include total
aerosol scattering and extinction in the stratosphere, which
allows for comparison to observations from OMPS-LP. Fig-
ure 12 shows the daily, zonal mean stratospheric AOD at
870 nm from OMPS LP (Fig. 12a) and the GEOS simulation

https://doi.org/10.5194/gmd-17-1443-2024
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Figure 10. (a) Time series of hourly AOD at 550 nm, (b) 2-D kernel density estimate for AOD at 550 nm computed as log(AOD+0.01),
(c) time series of Angstrém exponent, and (d, e) 2-D kernel density estimate for Angstrém exponent over the AERONET station in Mongu,
Zambia, for all co-located data points from the observations and GEOS GOCART-2G benchmark simulation. The statistics in (b) are com-
puted as log(AOD+0.01). The dashed black line in (b) and (d) indicates the one-to-one line, while the dashed blue lines are the one-to-one

line plus or minus one of the one-to-one line.

(Fig. 12b). GEOS modeled fields are masked where OMPS
LP does not report retrievals either due to polar night condi-
tions, scattering angle filtering, or missing data from space-
craft operation issues. Note some high AOD values along
the northernmost points hugging the polar night line, partic-
ularly evident in January; these are unfiltered polar strato-
spheric cloud artifacts present in the OMPS LP data set
(Ghassan Taha, personal communication, 2023) not included
in the GEOS simulation. Generally, the model reproduces the
observed seasonal variability and magnitude of the strato-
spheric AOD and has markers for significant stratospheric
perturbing events such as volcanic eruptions (Aoba in the
tropics in 2018, Ulawun in the tropics in 2019, Raikoke
at high northern latitudes in 2019) and pyrocumulonimbus
events (notably the British Columbia fires in high northern
latitudes in late 2017). Even the seasonal variability evident
exiting polar night is captured well in the model. Persistence
of volcanic plumes following events, however, is not well
captured in the model, suggesting difficulties with vertical
placement and so long-range transport.
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4.2.4 Vertical profile of attenuated backscatter

To assess the vertical structure of aerosols in the GEOS-
GOCART-2G model, we selected four regions of particular
interest, as defined by Buchard et al. (2017). These included
the dust transport region from northern Africa to the North
Atlantic, the biomass burning regions of southern Africa and
the Amazon, and an area over the continental United States.
Figure 13 shows the June—July—August 2016 regional av-
erage of CALIOP 532 nm aerosol attenuated backscatter in
black, and the corresponding attenuated backscatter sam-
pled in space and time from GEOS-GOCART-2G in red
(Supplement Figs. S17-S20 show curtain plots of attenu-
ated backscatter coefficients over the same regions). Gener-
ally, the GEOS-GOCART-2G attenuated backscatter profile
tends to exhibit comparable vertical structure to CALIOP in
all four regions of study. Notably, GEOS-GOCART-2G at-
tenuated backscatter values agree well with CALIOP values
within the CALIOP 25th-75th percentile range, and their
maximum values are located at around the same height.
GEOS-GOCART-2G overestimates attenuated backscatter
near the surface and underestimates attenuated backscatter
just above the boundary layer over the United States and
South American regions, which may be due to insufficient
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Figure 11. (a) Time series of hourly AOD at 550 nm, (b) 2-D kernel density estimate for AOD at 550 nm computed as log(AOD+0.01),
(c) time series of Angstrom exponent, and (d, e) 2-D kernel density estimate for Angstrom exponent over the AERONET station in Langley,
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one-to-one line plus or minus one of the one-to-one line.

convective transport between the boundary layer and free tro-
posphere, or the lack of a plume rise parameterization for in-
tense fires. Similar biases in the vertical profile in aerosol ex-
tinction over the southern African region in the GEOS model
were pointed out by Das et al. (2017) and attributed to the
transport of smoke.

As observed in our MERRA-2 study (Buchard et al.,
2017), near-surface attenuated backscatter is underestimated
relative to CALIOP in the northern and southern African re-
gions, particularly for sea salt type aerosols near the ocean
(Figs. S19-S20). This could be due to either errors in the
aerosol mass or in the hygroscopic growth assumption dur-
ing the conversion from aerosol mass to optical properties.
Nonetheless, calibration errors in CALIOP also need to be
considered as they tend to accumulate near the surface, mak-
ing it difficult to place too much confidence in CALIOP val-
ues near the surface.

4.2.5 Surface mass

Across the United States, surface particulate matter is eval-
uated in the GEOS-GOCART-2G model relative to the IM-
PROVE network. GEOS overestimates PM; 5 throughout the
entire period of 2016 through 2019; however, the model is
well correlated to the observations (Fig. 14). The 2017 and

Geosci. Model Dev., 17, 1443-1468, 2024

2018 wildfire seasons were particularly bad in the United
States, as indicated by the summertime maxima in PM; 5 in
the IMPROVE observations and GEOS. The total fine sur-
face matter is further divided into individual aerosol species
in Fig. 15. Like with the total PM3 5, sulfate aerosol is consis-
tently overestimated in GEOS. The IMPROVE observations
indicate a seasonal cycle in sulfate that peaks in the sum-
mer, which is muted in GEOS. GEOS also struggles with
the seasonal cycle for fine-mode nitrate, overexaggerating
the summertime minimum and wintertime maximum. The
largest contributor to the overestimate of PMj; 5 in GEOS is
organic carbon. During biomass burning events in the sum-
mers of 2017 and 2018, the mean surface concentration of
organic matter in the model exceeds the mean plus 1 stan-
dard deviation in the observations. Although the sampling
differs, AOD is underestimated with respect to satellite ob-
servations during the same events (Fig. 6e). This indicates
either too much aerosol is at the surface and not transported
higher in the atmosphere and/or that the mass extinction effi-
ciency for smoke is too low in the model. Dust suffers from
the opposite problem. Both the mean and the variability are
underestimated by GEOS, with the largest bias during the
summer months. Dust emissions were tuned for more promi-
nent regions such as the Sahara Desert. It is likely that the
emissions are not representative of the soil conditions in the
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Figure 12. Time series of zonal mean stratospheric AOD at 869 nm from (a) OMPS-LP observations and (b) the GEOS GOCART-2G

benchmark simulation.

United States in addition to deficiencies in the long-range
transport (Kim et al., 2019, 2021).

The European Monitoring and Evaluation Programme
(EMEP) had 67 stations across Europe with PM; 5 data for
the period of 2016 through 2019; however, only a fraction
of those also provided sulfate, nitrate, and carbon. There
were no observations of dust available. Four representative
stations within Germany and one in Poland have been se-
lected due to their availability of data and consistency with
instrumentation. GOCART-2G overestimates surface PM> s,
especially during the winter months (Fig. 16). This is the
opposite bias from Provencal et al. (2017), which evaluated
the MERRAero reanalysis, and there are multiple reasons as
to why there could be a larger aerosol concentration in the
GOCART-2G simulations (which do not assimilate aerosol
data). Aside from investigating a later time period for a sub-
set of stations, nitrate and brown carbon were not included
in MERRAero, although data assimilation may have appor-
tioned the mass adjustments to the represented species. Ad-
ditionally, we used an aerodynamic diameter for the particle
size and accounted for hygroscopic growth since the obser-
vations are acclimated to a relative humidity of 50 % prior to
being recorded, in contrast to the geometric diameter and as-
sumption of dry aerosol used by Provengal et al. (2017). Re-
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lating the seasonal cycle of surface aerosol mass in Central
Europe to the AOD in Fig. 7d, there is an evident mismatch.

To further diagnose potential contributions to positive bias
in PM; 5 over Europe, sulfate, nitrate, and carbon are eval-
uated. Like with PM3 5, all species are overestimated by the
model (Fig. 17). Most easily seen by comparing the spread
between the 25th and 75th percentiles, GEOS captures the
seasonal cycle of nitrate, organic carbon, and black carbon
to some extent. The late winter peak in nitrate occurs a
month too early in the model, with a drastic decrease in
the spring, perhaps indicating an issue with the emissions.
While the seasonal cycle of carbonaceous aerosols is exag-
gerated in GOCART-2G, it correctly predicts a summertime
minimum and a November maximum in black carbon. Given
that PM; s, sulfate, nitrate, and carbon are all overestimated
in Europe, it is evident that there is a concern much larger
than processes related to a single species, as was the case
for the United States. With only five stations analyzed, repre-
sentativeness becomes a concern when comparing a single
point to a box with a resolution of roughly 50km. How-
ever, the site description for Melpitz, one of the stations
used, states that the site is representative of the Central Eu-
ropean background troposphere following comparison with
multiple other sites (https://gawsis.meteoswiss.ch/GAWSIS/
#/search/station/stationReportDetails/0-20008-0-MEL, last

Geosci. Model Dev., 17, 1443-1468, 2024
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access: 24 February 2023). Other plausible explanations in-
clude biases in the modeled planetary boundary layer height
and aggressive hygroscopic growth to match a relative hu-
midity of 50 %.

5 Discussion

GOCART, the underlying aerosol module within the God-
dard Earth Observing System (GEOS), underwent an over-
haul that coupled science changes with a code refactoring to
enable future development of modeled aerosols within the
system. Primary science changes focused on a repartitioning
of carbonaceous aerosol, distinguished based on the emission
sources for organic matter. Scientifically, no changes were
made to dust, sea salt, nitrate, or sulfate when moving from
the legacy GOCART code to GOCART-2G. Therefore, any
biases in these species in GOCART-2G were either inher-
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ited from prior versions of GOCART or introduced based on
changes to emissions.

The modernization of GOCART-2G was necessary to en-
able future development. The use of multiple instances for
a single species is employed for the three sub-species of car-
bon. This development could be expanded upon in future ver-
sions with, for example, ash as an additional instance of dust.
The ability to have diagnostics provided in multiple user se-
lected wavelengths is particularly useful for aerosol assimi-
lation and facilitates the comparison of the model with other
sensors, such as OMPS LP. At the present time, GEOS assim-
ilates AOD at 550 nm. It is anticipated that additional wave-
lengths will be added for aerosol assimilation after GEOS
transitions to a Joint Effort for Data assimilation Integration
(JEDI)-based system. Assimilated information pertaining to
the Angstrém exponent will be highly beneficial, giving the
model a sense of the aerosol speciation from the observa-
tions.
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Figure 14. (a) Time series of monthly median and (b) median sea-
sonal cycle of reconstructed PM; 5 for the IMPROVE monitoring
stations across the United States from the observations and GEOS
GOCART-2G benchmark simulation. Shading lies between the 25th
and 75th percentiles.

In its current form, GOCART-2G can reproduce observed
aerosol properties but has some notable potential for im-
provement. The spatial pattern of AOD across the globe
is generally captured, and the magnitude and seasonal cy-
cle of AOD agrees well with MODIS satellite observations.
Conversely, regions characterized by dust or biomass burn-
ing aerosols have overestimated and underestimated AOD,
respectively. Further evaluation of surface aerosol mass in
the United States suggests the mass extinction efficiency for
biomass burning aerosol is too low in GOCART-2G. This
is corroborated by evaluations of GEOS with GOCART-2G
using data collected from recent airborne field campaigns
(Collow et al., 2022). An additional concern elucidated by
comparing the seasonal cycle of AOD over North America
with the seasonal cycle of surface mass is the loading of ni-
trate as both are overestimated in the winter and underesti-
mated in the summer. Nitrate loading is likely only part of
the reasoning behind the AOD bias as nitrate is minor con-
tributor to the total aerosol. Nevertheless, the seasonal cycle
of nitrate, controlled by the prescribed oxidant fields from
the MERRA-2 GMI simulation, should be further evaluated.
Finally, the modeled surface mass concentration of dust is bi-
ased low during the summer months across the United States,
coinciding with the underestimate in AOD. GOCART-2G is
likely missing local sources of agricultural dust in the United
States.
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Figure 15. Time series of the monthly median and median seasonal
cycle for fine (a, e) sulfate, (b, f) nitrate, (c, g) organic carbon, and
(d, h) dust averaged for the IMPROVE monitoring stations across
the United States from the observations and GEOS GOCART-2G
benchmark simulation. Shading lies between the 25th and 75th per-
centiles.
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Figure 16. (a) Time series of monthly median and (b) median sea-
sonal cycle of reconstructed PMj 5 from four EMEP monitoring
stations across Germany and one in Poland from the observations
and GEOS GOCART-2G benchmark simulation. Shading lies be-
tween the 25th and 75th percentiles.

The concerns regarding the seasonal cycle of the AOD
bias over Europe are more complicated. The EMEP database
did not include surface observations of dust for the time
period of our benchmark simulation. On occasion, African
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dust is transported northward into Europe with the occur-
rence of dust atmospheric rivers peaking in the spring months
(Chakraborty et al., 2022), and this is a feature that was not
sufficiently evaluated here. Should dust in the model be de-
posited too quickly and not reach central Europe, a nega-
tive bias in AOD would occur. Another possibility for the
summertime AOD bias in GOCART2G is a deficiency in
the aerosol extinction from long-range transported smoke
from boreal wildfires. As was the case with the 2017 py-
roCB events in British Columbia, wildfire smoke was lofted
high enough such that it could circumnavigate the North-
ern Hemisphere and cause aerosol extinction to occur in the
stratosphere over Europe. Das et al. (2021) demonstrated the
GEOS modeled aerosol extinction in Germany was underes-
timated within the smoke plume that was transported from a
PyroCB event in British Columbia, while Shang et al. (2023)
showed that MERRA-2 struggled with the aerosol speciation
during a smoke transport event that impacted Europe. In a
situation such as this, the total column AOD would be im-
pacted by the upper-level smoke; however, this is not corrob-
orated by an increase in the concentration of surface partic-
ulate matter. Furthermore, we only included select PyroCB
events, which means there could be additional cases in which
smoke from Canada reaches Europe that are not represented
in the model because the aerosol was emitted too low in al-
titude and deposited before crossing the Atlantic Ocean. Fi-
nally, the seasonal cycle of surface nitrate is amplified com-
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pared to observations. Uncertainty remains pertaining to the
wet deposition of aerosols and how that may contribute to
biases in the seasonal cycle of AOD of Europe, warranting
future investigation.

Prescribed anthropogenic emissions are a source of uncer-
tainty in the GEOS-GOCART2G modeled AOD and surface
mass concentrations, particularly for regions such as North
America, Europe, and southern Asia. Emissions of SO over
China, India, western Europe, and the United States from
the CEDS inventory are in general lower than version 6 of
the Emissions Database for Global Atmospheric Research
(EDGAR) and the recent estimates from the Copernicus
Atmosphere Monitoring Service (Soulie et al., 2023). The
spread between the different emission data products is par-
ticularly large over Asia. Moreover, these data products pro-
vide monthly estimates that the GEOS-GOCART2G model
linearly interpolates to a daily timescale. When doing so, the
model does not impose a scaling based on the day of the week
or the time of day, which could be an important indicator of
the emissions on a sub-monthly timescale.

Based on the analysis presented here and results from pre-
vious studies found in literature, priorities for future devel-
opment within GOCART-2G should include the following
steps:

— implementing a more physically based emission scheme
and size distribution for dust to ease the overestimate in
AOQOD over northern Africa and improve the long-range
transport of dust,

— increasing the mass extinction efficiency for biomass
burning aerosol to decrease the overestimate in partic-
ulate matter while increasing the AOD in biomass burn-
ing regions,

— quantifying the uncertainty in AOD and surface particu-
late matter due to anthropogenic emissions and how this
may change with a scaling factor for the day of the week
or time of day,

— investigating the seasonal cycle of nitrate and precur-
sor gaseous species that lead to the production of nitrate
aerosol.

Although this evaluation was comprehensive in terms of
aerosol optical depth, surface mass, and the vertical profile
of attenuated backscatter, the sources and sinks of individual
aerosol species were not thoroughly evaluated and warrant
future study.
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Appendix A

Table A1. Aerosol particle size ranges for dust, sea salt, carbon, sulfate, and nitrate in GOCART-2G. Note a lower and upper radius is not
given for carbon or sulfate as there are not discrete size bins. The smallest size bin for dust is further divided into four sub-bins for optics

calculations according to Tegen and Lacis (1996).

Aerosol  Effective radius assumed

Radius lower bound  Radius upper bound

bin for radiation (um) (um) (um)
DU001 0.636 0.1 1
DU002 1.324 1 1.8
DU003 2.301 1.8 3
DU004 4.167 3 6
DU005 7.671 6 10
SS001 0.079 0.03 0.1
SS002 0.316 0.1 0.5
SS003 1.119 0.5 1.5
SS004 2.818 1.5 5
SS005 7.772 5 10
BC 0.0392
BR 0.0876
ocC 0.0876
SU 0.156
NIOO1 0.156
NIO02 2.10
NIO03 6.86

Table A2. Optics table versions in the initial release of GOCART-2G.

Species

Optics table

Black carbon
Brown carbon

Dust
Nitrate

Organic carbon

Sea salt
Sulfate

optics_BC.vl_3.nc
optics_BRC.v1_5.nc
optics_DU.v15_3.nc
optics_NIL.v2_5.nc
optics_OC.v1_3.nc
optics_SS.v3_3.nc
optics_SU.v1_3.nc
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Code availability. GEOS, including GOCART-2G, is a publicly
available Earth System model with source code at https://github.
com/GEOS-ESM and  https://doi.org/10.5281/zenod0.8059710
(Global Modeling and Assimilation Office, 2023). The archived
code includes software to set up and run the model, compute AOD
from MODIS Level 2 reflectances, and post process the model
output.

Data availability. All observational data used are from publicly
available datasets. MODIS Level 2 reflectances are available
from https://doi.org/10.5067/MODIS/MODO04_L2.006 (Levy et al.,
2015a), for Terra and https://doi.org/10.5067/MODIS/MYDO04_L2.
006 (Levy et al., 2015b) for Aqua, CALIOP data can be down-
loaded at https://doi.org/10.5067/CALIOP/CALIPSO/LID_L.15-
STANDARD-V1-00 (NASA/LARC/SD/ASDC, 2019), AERONET
observations can be downloaded at https://aeronet.gsfc.nasa.gov/
cgi-bin/webtool_aod_v3 (last access: 13 February 2024, Giles et
al., 2019), IMPROVE data can be downloaded from the Fed-
eral Land Manager Environmental Database (2024) at http:/
views.cira.colostate.edu/fed/DataWizard/Default.aspx, and EMEP
data can be downloaded from EBAS at https://ebas-data.nilu.no/
(European Monitoring and Evaluation Programme, 2024). Model
data, in addition to the observational data used, is archived at
https://doi.org/10.5281/zenodo.8212822 (Collow et al., 2023b).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-17-1443-2024-supplement.
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