
1. Introduction
Atmospheric aerosols directly and indirectly affect the radiative balance of the Earth; they are also key constitu-
ents of air pollution, exposure to which leads to the premature death of over 4 million people each year (Cohen 
et  al.,  2017; Seinfeld & Pandis,  2016). The chemical composition of aerosols and the processes that govern 
their life cycle are central to understanding their impact on air quality and climate. Understanding of global 
aerosol composition has advanced significantly in recent years in part due to the routine deployment of online 
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instrumentation in field campaigns. Despite these advancements, gaps and uncertainties remain in our knowl-
edge of how different processes, for example, emissions, transport, and deposition, affect the aerosol lifetime and 
abundance.

The lifetime of aerosols represents, on average, how long particles stay in the atmosphere before they are removed. 
It dictates long-range transport, the intercontinental impact of aerosols, and ultimately the policy-relevant ques-
tion of: What is the climate impact of a given emission? Early studies estimated that the lifetime of aerosols 
ranges from 4 to 60 days (Giorgi & Chameides, 1986; Graustein & Turekian, 1986; Martell & Moore, 1974), 
with shorter lifetimes associated with aerosols confined in source regions and longer lifetimes for long-range 
transported aerosols (Balkanski et al., 1993). For inorganic aerosols, AeroCom Phase III models exhibit global 
mean lifetimes of 2–7.8 days (mean of 5 days) for nitrate, 1.9–9.8 days (mean of 4.3 days) for ammonium, and 
0.86–7.6 days (mean of 4.5 days) for sulfate (Bian et al., 2017; Park et al., 2004). Tsigaridis et al. (2014) reported 
that the global mean lifetime of organic aerosol (OA) ranges from 3.8 to 9.6 days (mean of 5.7 days) across the 
AeroCom Phase II models. Pai et al.  (2020) estimated the OA lifetime simulated by GEOS-Chem at 4.9 and 
5.8 days for two different schemes. To supplement the AeroCom studies, X. Liu et al. (2012) calculated aerosol 
lifetimes using the modal aerosol module (MAM 3 and MAM7), which includes aerosol microphysics, in the 
atmospheric component (CAM5) of the Community Earth System Model (CESM1). The more complex MAM7 
reported sulfate lifetime at 3.8 days, ammonium at 3.4 days, primary organic matter (POM) at 5 days, secondary 
organic aerosol (SOA) at 4.1 days, and black carbon (BC) at 4.4 days. Several studies examined the lifetime of 
BC in AeroCom Phase I and other models, ranging from 3.3 to 11.4 days (Bond et al., 2013; Koch et al., 2009; 
Schulz et al., 2006). Several studies suggested that BC lifetime should be shorter than 4–5 days, based on model 
comparisons with HIPPO (HIAPER Pole-to-Pole Observations; Schwarz et al., 2017) measurements, the first 
set of BC observations over the remote ocean (Bauer et al., 2013; Samset et al., 2014; Q. Wang et al., 2014; X. 
Wang, Heald, et al., 2014).

Discrepancies between the modeled aerosol lifetime among different models led to further discussions on the 
governing processes. Yu et al. (2019) suggest that the convective scheme in the CESM model transports aerosol 
into the upper troposphere too efficiently, extending BC lifetime, and producing an overestimation of BC mass 
concentrations. While some studies have found that wet scavenging plays a crucial role in the lifetime of aerosols. 
For instance, Q. Wang et al. (2014) modified the wet scavenging scheme in the GEOS-Chem model to better 
match HIPPO observations; however, the median concentration remained biased high by a factor of 2. Using the 
same HIPPO observations, X. Wang, Heald, et al. (2014) decreased the simulated lifetime of BC by increasing 
the rate of aging from hydrophobic to hydrophilic aerosol and therefore the solubility of BC. Modifying the wet 
deposition process in CAM5, H. Wang et al. (2013) found stronger BC removal and a better simulated seasonal 
cycle. Bian et al. (2017) found wet deposition to be the main factor in nitrate and ammonium lifetime diversity 
between models.

Wet scavenging removes particles by precipitation and is generally more effective than dry deposition for fine 
aerosols (Textor et al., 2006). Despite the central importance of wet processes for controlling the mass load and 
redistribution of aerosols, this process is not well-constrained, and new efforts in recent studies have modified 
the representation of wet scavenging processes (Liu & Matsui, 2021; Shan et al., 2021; H. Wang et al., 2013; Yu 
et al., 2019). Models typically include rainout (in-cloud) and washout (below-cloud) as two mechanisms of wet 
scavenging; rainout loss is often parameterized as a first-order function of constant in-cloud condensed water 
(Giorgi & Chameides, 1986). There are limited observational constraints available to test this representation, 
particularly far from sources. Since inorganic aerosols concentrations are often overestimated in models (Bian 
et al., 2017; Heald et al., 2012; Nault et al., 2021; Pye et al., 2009; Walker et al., 2012; Zakoura & Pandis, 2018; 
L. Zhang et al., 2012), recent work by Luo et al. (2019; 2020) revised the existing representation of wet processes 
in the GEOS-Chem global chemical transport model.

The wide range of aerosol lifetime estimates in model comparison studies, as well as the suggestion of a shorter 
BC lifetime from HIPPO, highlight the importance of investigating aerosol lifetime using similar remote globally 
distributed observations for all aerosols. Previous chemical transport modeling comparisons against ground and 
aircraft observations focus primarily over or near continental regions. For these campaigns, aerosols are generally 
sampled within a few days of being emitted or formed; thus, they are often a good constraint on emission and 
formation processes. In addition, most studies focus on a single or a subset of fine aerosol species (e.g., BC, Q. 
Wang et al., 2014; X. Wang, Heald, et al., 2014; OA, Chung & Seinfeld, 2002; Heald et al., 2005, 2006, 2011; 
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Hodzic et al., 2009; and inorganic aerosols, Adams et al., 1999; Heald et al., 2012; Park et al., 2004]. The NASA 
Atmospheric Tomography Mission (ATom), which surveyed the remote atmosphere from nearly pole-to-pole 
over the Atlantic and Pacific Oceans, offers us a first comprehensive data set of the remote atmosphere for all 
four seasons (Wofsy et al., 2018). By exploring the whole suite of fine aerosols, OA, BC, sulfate, nitrate, and 
ammonium, this campaign provides a comprehensive picture of aerosol abundance and distribution as well as 
new insights into the spatial (Northern [NH] and Southern Hemispheres [SH], Atlantic, and Pacific Oceans) and 
temporal (all seasons) variability in aerosol composition, separated from near-field source influences.

In this paper, we evaluate fine aerosols simulated by the standard GEOS-Chem transport model against aircraft 
observations from the ATom mission. This is the first study to report a suite of simulated fine aerosol lifetimes 
from a model, based on concentrations evaluated against observations in the remote atmosphere.

2. Model Description
We use the GEOS-Chem global chemical transport model (www.geos-chem.org) version 12.1.1 (https://doi.
org/10.5281/zenodo.2249246) to simulate fine aerosols in this study. The simulations have a spin-up time of 
6 months, with a chemical timestep of 20 min and a transport timestep of 10 min, as recommended by Philip 
et  al.  (2016). The simulations are performed with a 2°  ×  2.5° horizontal resolution from the surface to the 
lower stratosphere in 47 vertical levels. The meteorology is driven by the Modern-Era Retrospective analysis for 
Research and Applications (MERRA-2) from the Goddard Earth Observing System (GEOS) of the NASA Global 
Modeling and Assimilation Office (Bey et al., 2001). Model simulations are performed for all four deployments 
of the ATom campaign (from 2016 to 2018) with the model sampled along the flight tracks.

The chemistry in GEOS-Chem includes SO4 2−-NO3 −- NH4 + thermodynamics using the ISORROPIA II model 
(Fountoukis & Nenes, 2007), which has been evaluated against measurements and performs well for the partition-
ing (Cheng et al., 2021; Guo et al., 2018; Nah et al., 2018), coupled to a HOx-NOx-VOC-O3 chemical mechanism 
(Mao et al., 2013; Miller et al., 2017; Travis et al., 2016) with integrated Cl-Br-I chemistry (Sherwen et al., 2016). 
The model simulates sulfate-nitrate-ammonium aerosol (Park, 2004; Pye et al., 2009), BC (Park et al., 2003), 
sea-salt (Jaeglé et al., 2011), and mineral dust (Fairlie et al., 2007; Ridley et al., 2012) using a bulk aerosol scheme 
with fixed log-normal modes (Martin et al., 2003). The simulation includes hydrophilic (BCPI) and hydropho-
bic (BCPO) black carbon, as well as oxygenated organic aerosol (OPOA) and emitted organic aerosol (EPOA), 
which represent hydrophilic and hydrophobic OA. BC and OA are emitted as 80% and 30%–50% hydrophobic, 
respectively (Park et al., 2004). We also adopt the conventionally used organic aerosol to organic carbon (OA:OC) 
ratio in our OA calculations, 1.4 for the fresh EPOA and 2.1 for the aged OPOA. GEOS-Chem employs two SOA 
schemes of different levels of complexity and mechanistic representation, commonly referred to as the “complex 
scheme” and the “simple scheme.” The former includes an explicit chemical mechanism for the oxidation of 
isoprene. POA is treated as semi-volatile, and SOA formation is modeled based on the volatility-basis set (Marais 
et al., 2016; Pye & Seinfeld, 2010); whereas, the latter offers a simple alternative that provides computational 
efficiency by neglecting mechanistic representation of the SOA evolution as well as partitioning by treating 
all OA as nonvolatile (Chin et al., 2002; Cooke et al., 1999). A comprehensive description and an evaluation 
of the two schemes against a suite of aircraft observations are detailed in Pai et al. (2020), and as noted by the 
authors, the simple scheme is not a simplified version of the complex scheme. We verify that, consistent with Pai 
et al. (2020), there is no significant difference in the total simulated OA mass concentrations during ATom using 
these two schemes. Since the complex scheme is the state-of-the-art OA scheme in GEOS-Chem and provides 
greater detail for OA speciation, we use the complex scheme for this study. In the complex scheme, OA is speci-
ated by their type: the anthropogenic SOA from light aromatic oxidation (ASOA), the terpene SOA from mono-
terpene and sesquiterpenes oxidation (TSOA), and isoprene SOA (ISOA) consisting of aerosol-phase glyoxal, 
isoprene epoxydiols (IEPOX), C4 epoxides, methylglyoxal, and low-volatility non-IEPOX products of isoprene 
hydroxy hydroperoxide oxidation, as well as various products from isoprene and monoterpene organo-nitrates 
oxidation pathways (OrgNit) whose components are split into OAs and nitrate for the comparisons shown here. 
GEOS-Chem also assumes externally mixed aerosols with fixed log-normal size distribution (Martin et al., 2003).

Emissions are configured using the Harvard-NASA Emissions Component (HEMCO; Keller et  al.,  2014), 
where global anthropogenic emissions are taken from the Community Emissions Data System (CEDS) v2018-
08 inventory (Hoesly et  al.,  2018). Regional inventories, for instance, the Big Bend Regional Aerosol and 
Visibility Observational (BRAVO) inventory for Mexico (Kuhns et  al.,  2005), the Criteria Air Contaminants 

http://www.geos-chem.org
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(CAC)  inventory for Canada, the Diffuse and Inefficient Combustion Emissions (DICE) inventory for Africa 
(Marais & Wiedinmyer, 2016), the European Monitoring and Evaluation Program (EMEP) inventory for Europe, 
the National Emissions Inventory (NEI 2011) for the United States, and the MIX inventory Asian emissions 
(Li et al., 2017), override emissions from CEDS. Monthly biomass burning emissions are from the Global Fire 
Emissions Database version 4 (GFED4; Giglio et al., 2013), and biogenic emissions are based on the Model of 
Emissions of Gases and Aerosols from Nature (MEGAN v2.1) emissions model (Guenther et al., 2012).

Removal processes in the model include dry and wet deposition. Gas and aerosol dry deposition use a 
resistor-in-series parameterization (Wesely, 1989; L. Zhang et al., 2001). Wet deposition includes in-cloud scav-
enging “rainout,” whose first-order parameterization and loss rate are based on Giorgi and Chameides (1986), 
and below-cloud scavenging “washout” (Amos et  al.,  2012; Jacob et  al.,  2000; H. Liu et  al.,  2001). Recent 
updates in the wet scavenging scheme in GEOS-Chem by Luo et al. (2019) reduce biases in simulated nitric acid, 
nitrate, and ammonium. Since studies have shown great difference between modeled and size-resolved washout 
rates (Andronache et al., 2006; Henzing et al., 2006; Laakso et al., 2003; X. Wang et al., 2010). The aerosol wet 
removal parameterization in GEOS-Chem consists of scavenging in convective updrafts and rainout and washout 
by precipitation (H. Liu et al., 2001). For scavenging in convective updrafts due to vertical transport, a fraction 
of aerosols in air (𝐴𝐴 𝐴𝐴 dz) is lost when the air is lifted up a distance of dz, where 𝐴𝐴 𝐴𝐴 is the scavenging efficiency. For 
a column of updraft air with a thickness of 𝐴𝐴 ∆z , the scavenged aerosol fraction f is calculated as 𝐴𝐴 𝐴𝐴 = 1 − e

−𝛼𝛼∆𝑧𝑧 .

For the rainout by precipitation, the rainout water-soluble species are originally parameterized in GEOS-Chem as:

𝐹𝐹 =
𝑃𝑃r

𝑘𝑘 ⋅ ICCW

(

1 − e
−𝑘𝑘⋅Δ𝑡𝑡

)

 

where F is the fraction of a water-soluble tracer in the grid box scavenged by rainout, 𝐴𝐴 Δ𝑡𝑡 is the model integration 
time step, and k is the first-order rainout loss rate (Giorgi & Chameides, 1986), ICCW is the in-cloud condensa-
tion water, and Pr is the rate of new precipitation formation (rain only) in the corresponding grid box.

The new scheme (Luo et al., 2019) replaced the previously assumed constant ICCW, as the authors found that 
fixed ICCW value led to overestimations of nitrate and ammonium mass concentration. The new scheme calcu-
lates F using time and location-dependent ICCW from the MERRA-2 meteorological fields, and considers Pr 
not as a grid-box mean value anymore, but as an in-cloud value by including the cloud fraction, consistent with 
ICCW. The updated ICCW is calculated as:

ICCW = LCW+ ICW + �r ⋅ ∆�
�c

 

where fc is the grid-box mean cloud fraction, LCW is the liquid-phase cloud water content, and ICW is the 
ice-phase cloud water content. The updated rainout loss fraction becomes: 

𝐹𝐹 =
𝑓𝑓c ⋅ 𝑃𝑃r

𝑘𝑘 ⋅ (LCW + ICW + 𝑃𝑃r ⋅ ∆𝑡𝑡)

(

1 − e
−𝑘𝑘⋅Δ𝑡𝑡

)

 

The rainout efficiency for water-soluble aerosols is set to be 100% in GEOS-Chem. In a subsequent study, Luo 
et al. (2020) further developed the scheme by updating rainout efficiencies for carbonaceous aerosols, as follows:

𝐹𝐹 =
𝑓𝑓c ⋅ 𝑃𝑃r

𝑘𝑘 ⋅ (LCW + ICW + 𝑃𝑃r ⋅ ∆𝑡𝑡)

(

1 − e
−𝐸𝐸r ⋅𝑘𝑘⋅Δ𝑡𝑡

)

 

where Er is the rainout efficiency for corresponding species. We have summarized the rainout efficiencies for the 
carbonaceous aerosols in Table S1 in Supporting Information S2.

For washout by precipitation, the model uses a constant washout rate, which is applied to the precipitating frac-
tion of the grid square, and the aerosol washout fraction is calculated by:

𝐹𝐹wash = 𝑓𝑓r (1 − exp (−𝑘𝑘wash∆𝑡𝑡)) 

where fr is the horizontal fraction of the precipitating area in the grid box, and kwash is the washout rate, which is 
calculated using: 
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𝑘𝑘wash = Λ

(

𝑃𝑃r

𝑓𝑓r

)𝑏𝑏

 

where 𝐴𝐴 Λ is the washout scavenging coefficient, and b is an exponential coefficient, both of which are treated 
as constants (Q. Wang et al., 2011). For the updated scheme, Luo et al. (2019, 2020), adopt species-specific 
scavenging coefficients (𝐴𝐴 Λ and b) based on field measurements (Laakso et  al.,  2003; X. Wang, Zhang, 
et al., 2014). These 𝐴𝐴 Λ and b values for aerosol washout rates by rain and snow are summarized in table 1 of 
Luo et al. (2020).

Shan et al. (2021), which used CESM2 CAM6, highlighted the main wet deposition parameters: aerosol activa-
tion, removal, and resuspension rates. We note here that aside from the removal rate determined by the rainout 
equation above, the model assumes its bulk aerosols are in the accumulation mode and are easily activated into 
cloud droplets. Therefore, their activation rate is assumed to be 100%. For resuspension, the model assumes 100% 
of the aerosols in rainwater would return to the atmosphere when resuspension takes place. The resuspension rate 
is calculated using R = 0.5 * �top −�bottom

�top
, where R is the resuspension rate, 𝐴𝐴 𝐴𝐴top is the rainwater from the layer top, 

and 𝐴𝐴 𝐴𝐴bottom is the rainwater from the layer bottom; this gives the range of resuspension rate to be 𝐴𝐴 0 ≤ 𝑅𝑅 ≤ 0.5. 
Please note that in this study, we first use the model's standard wet deposition scheme, then in Section 4.1, we 
explore the impact of using the updated wet deposition scheme from Luo et al. (2019).

3. ATom Observations
The ATom campaign (Wofsy et al., 2018) surveyed global cross-sections of aerosol composition in the remote 
troposphere, while flying near-continuous ascents and descents and profiling the atmosphere over 0.15–12.7 km 
over the Pacific and Atlantic Oceans from approximately 80°N to approximately 65°S (Brock et al., 2019); 
flight tracks are shown in Figure 1. This measurement scheme provides unbiased sampling, ideal for model 
validation on a global scale (Strode et al., 2015). The Aerodyne High-Resolution Time-of-Flight Aerosol Mass 
Spectrometer (AMS, Canagaratna et al., 2007; DeCarlo et al., 2006; Jimenez et al., 2019) is used to measure 
non-refractory submicron PM1 species in this study: OA, sulfate, nitrate, and ammonium; the Single Particle 
Soot Photometer (SP2; Katich et al., 2018) is used to capture the accumulation-mode refractory BC aerosol. 
Both the AMS and SP data are merged as 10 s mean. Details for the operation of the AMS can be found 
elsewhere (Guo et al., 2021; Nault et al., 2018; Schroder et al., 2018). Though the detection limits for OA, 
sulfate, nitrate, and ammonium can vary by region (Hodzic et al., 2020), they generally are on order 0.1, 0.015, 
0.015, and 0.005 μg/sm 3, respectively (Guo et al., 2021). The accuracy of the AMS mass concentration is 35% 
(sulfate, nitrate, and ammonium) and 38% (OA) (Bahreini et al., 2009; Guo et al., 2021). For most of ATom, 
the AMS quantified particles between 20 and 770 nm geometric diameter, fully capturing the accumulation 
mode and most of the Aitken mode in the remote troposphere (Brock et al., 2019; Guo et al., 2021; Williamson 

et  al.,  2019). Aerosol mass concentrations are reported at conditions of 
standard temperature and pressure (STP: T  =  273K, P  =  1  atm) in μg/
sm 3; note that model concentrations are also shown at STP.  The ATom 
dataset includes four surveys in July–August 2016 (ATom-1, NH summer), 
January–February 2017(ATom-2, NH winter), September–October 2017 
(ATom-3, NH fall), and April–May 2018 (ATom-4, NH spring). We use 
a land mask to filter the data set and only examine measurements over the 
oceans, representative of aged or remote conditions, and we only use data 
below the dynamic tropopause height to remove observations in the strat-
osphere. We also filter out concentrations above the 97th percentile from 
every species in the data set to eliminate the impact of any plumes that 
cannot be captured by Eulerian models (Rastigejev et al., 2010); we note 
that this includes some biomass burning plumes sampled off of Africa. We 
include measurements reported below the detection limit in our analysis to 
avoid biasing mean values; as discussed by Hodzic et al. (2020).Figure 1. Flight tracks for the four deployments of the ATom field campaign.
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4. Results
4.1. Mass Concentration of Remote Atmospheric Aerosols

The mean observed concentrations of remote OA, BC, sulfate, nitrate, and ammonium aerosols during ATom 
vary by season (Figure 2, we note that all seasonal labels herein follow NH designations); summer and fall have 
similar mean total concentrations at 0.37 and 0.39 μg/sm 3, whereas winter is cleaner at 0.26 μg/sm 3, and spring 
is more polluted at 0.52 μg/sm 3. Fine aerosol species concentrations are dominated by OA and sulfate in all 
deployments, making up more than 85% of the total aerosol concentration, with more OA present in summer and 
fall, and more sulfate in winter and spring. The fractional contribution of BC, nitrate, and ammonium show less 
variation across seasons, though mass concentrations of all peak in the spring. Comparing concentrations in NH 
and SH (Figure S1 in Supporting Information S1), the greatest difference is evident in ATom-4 (spring in the 
NH), where mean total aerosol concentrations are about twice as high in the NH than in the SH (0.61 and 0.3 μg/
sm 3 respectively), and the sulfate to OA ratio is about twice as high in the SH (1:1 and 2:1 in the North and South, 
respectively). To estimate source contributions, we turn off anthropogenic and biomass burning emissions in turn 
and difference these with the baseline simulation. Figure 3 shows that while anthropogenic sources contribute the 
majority of the simulated BC, nitrate, and ammonium sampled during the ATom deployments in all seasons, OA 
and sulfate, the two dominant species, have important non-anthropogenic sources (i.e., biogenic SOA, and natural 
sulfate from dimethyl sulfide oxidation).

Figure 4 compares the observed and simulated vertical distribution of aerosol mass concentrations of the five 
species for each ATom survey. The normalized mean bias, for which a positive number indicates that the model 
result is biased high, is listed as NMB on each of the subplots. Simulated mass concentrations reproduce the verti-
cal profile of the measurements, but are generally biased high, which is consistent with most other state-of-the-
art global models (Hodzic et al., 2020; Pai et al., 2020; Tilmes et al., 2019). This bias is most evident across all 
species in ATom-2 (NH winter). Lower tropospheric concentrations are also biased high in ATom-4 (NH spring) 
for all species except nitrate. Biases are more modest in ATom-1 (NH summer) and ATom-3 (NH fall). The model 
captures the vertical structure best for BC and sulfate (R 2 = 0.45–0.95) and worst for nitrate (R 2 = 0.26–0.78).

The bias during ATom-2 (NH winter) is dominated by aerosol in the North Pacific (shown in Figure 5 for OA 
and sulfate). Pai et al. (2020) also identified this model overestimate of the OA concentrations in ATom-2 and 
suggested that it was driven by anthropogenic organics in the North Pacific. Spatial cross-sections of all simu-
lated species mass concentration at 4 km, at which height the bias is most significant for NH winter (ATom-2), 
exhibit prominent Asian outflow for all five aerosols over the North Pacific Basin (Figure S2 in Supporting Infor-
mation S1). This is consistent with previous aircraft observations studies that identify transpacific transport of 
aerosols over the Pacific (Andreae et al., 1988; Arimoto et al., 1997; Clarke et al., 2001; Heald et al., 2006; Jordan 
et al., 2003; Maxwell-Meier et al., 2004; Price et al., 2003). Similarly, the NH spring (ATom-4) sulfate high bias 
in the lower troposphere is most prominent in the North Pacific, which is consistent with the springtime peak 
in intercontinental transport of aerosol from Asia (e.g., Heald et al., 2006). In addition, Figure S3 in Supporting 
Information S1 confirms that anthropogenic sources contribute the majority of all the simulated species during 
ATom-2 in the North Pacific, where the Asian outflow takes place.

Figure 2. Mean aerosol mass concentrations observed during each ATom survey (proportional to the area of each pie and listed at the bottom). Pie charts show the 
relative contribution of each species. Each deployment is labeled with the corresponding season in the Northern Hemisphere.
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We perform an idealized sensitivity test to confirm that the concentrations are sensitive to Asian emissions in 
winter. Figure 6 shows the comparison when we reduce Asian anthropogenic emissions from the MIX inventory 
by half. This emission reduction improves the simulations but does not entirely eliminate the high bias. Therefore, 
further Asian anthropogenic emissions reductions to resolve this bias would be unrealistic.

Since source biases are unlikely to explain the bias across species observed during ATom-2, we consider the role 
of aerosol removal. We find that with Luo et al. (2019)'s updates, wet removal generally decreases over the tropics 
and increases poleward. The top row of Figure 4 shows how the updated wet scavenging scheme improves the 
model simulation for ATom-2 (shown as thin colored lines). The high bias is almost entirely eliminated across all 
species (see improvement in NMB); furthermore, the shape of the vertical profiles and the aerosol concentration 
magnitudes are well captured by the model with these updates, with particularly significant improvements in 
the R 2 for nitrate and ammonium. We have also included the ATom-2 OA and sulfate profiles for each basin in 
Figure S4 in Supporting Information S1, which also compare better comparison and are consistent with results 
of overall totals for each aerosol shown in Figure 4. The effects of these updates are shown for all seasons in the 
subsequent rows of Figure 4. The impact of these wet scavenging updates is smaller for the ATom-1 and ATom-3 
simulations (which were previously less biased), but also generally improves the comparison with observations 
(both in terms of a reduction in NMB and a general, though not universal, increase in R 2). However, for ATom-4 
(NH spring), the wet scavenging updates appear to excessively remove aerosol particularly aloft, leading to a 
low bias. This could suggest the need for additional sources from Asia in this season, or alternatively, biases in 
the removal efficiency in this season; further investigation is needed, for instance, the newly adapted rates need 
further investigation, as noted in Luo et al. (2019), the difference in empirical washout rates from theoretical and 

Figure 3. Emission source contribution (anthropogenic in black, biomass burning in orange, and other sources in blue) to the 
simulated mass concentrations along the ATom flight tracks during each deployment in the North Pacific. Other here includes 
aerosol precursors such as DMS, natural sources of NOx, and biogenic VOCs.
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Figure 4. Mean vertical profiles of aerosol mass concentration as simulated with the standard GEOS-Chem model (thick colored lines) and observed (black, standard 
deviation shown in gray) during the ATom campaign for all four deployments (season in reference to Northern Hemisphere [NH]): ATom-1 (NH summer 2016), 
ATom-2 (NH winter 2017), ATom-3 (NH fall 2017), and ATom-4 (NH spring 2018). The normalized mean bias (NMB) and R 2 of the comparison are shown inset in 
each panel. Also shown are the concentrations simulated with updated wet scavenging (“Model + scav”; thin colored lines), and the associated NMB and R 2 in gray text.
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field studies remain large. We highlight here the significant sensitivity of remote aerosol concentrations to the 
parameterization of wet removal.

4.2. Organic Aerosols

Given the importance of OA during ATom and the complexity of this source of aerosol, here we expand our inves-
tigation of this species. Note that from this point, all simulations include the updated wet scavenging scheme. 

Figure 5. Vertical profiles of mean mass concentration simulated with GEOS-Chem (organic aerosol in green, sulfate in red) and observed (black) during ATom-2 (NH 
winter 2017) deployment divided into ocean basins (Northern Hemisphere is defined as 0–90°N, Southern Hemisphere is defined as 0–90°S). Standard deviation shown 
in gray.

Figure 6. Mean vertical profiles of aerosol mass concentrations observed (black lines) and simulated with GEOS-Chem (thick colored lines) ATom-2 (NH winter) 
(standard deviation in gray). Results from the sensitivity simulation where anthropogenic emissions from Asia have been decreased by half are shown as thin colored 
lines.
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Figure 7 shows that, with the emission inventories used in this study, the oxygenated OPOA dominates (>50%) 
total OA mass concentration, given that freshly emitted EPOA from anthropogenic and biomass burning sources 
age during transport to remote regions. EPOA is only present in winter (ATom-2), indicative of a small amount 
(<5%) of fresh OA. This EPOA is also only present in the North Pacific, consistent with higher wind speeds and 
faster intercontinental transport from Asia to North America (i.e., less aging).

The OA:OC ratio indicates the degree of organic carbon oxidation and increases with the chemical aging of OA; 
previous studies suggest a range of 1.2–2.5 (Aiken et al., 2008; Grosjean & Friedlander, 1975; Heald et al., 2010; 
Malm et al., 1994; Pang et al., 2006; Philip et al., 2014; Turpin & Lim, 2001; White & Roberts, 1977; Q. Zhang 
et al., 2005). ATom measurements represent some of the most aged air masses sampled by aircraft, and thus 
have a higher OA:OC ratio. Hodzic et al. (2020) show that values range from ∼1.5 to 3.5, with an average of 2.4 
during ATom-1 and ATom-2. Since we find that EPOA makes a negligible contribution to air masses sampled 
during ATom, the OA:OC assumed for this component does not impact our comparisons. The OA:OC applied 
to OPOA in the model is 2.1, only marginally smaller than the average observed during ATom; increasing to 2.4 
has a modest (∼15%) impact on the comparison of means shown in Figure 7. The ATom measurements clearly 
indicate that a spatially and/or temporally dynamic representation of OA:OC is needed to capture the observed 
range of aging; however, additional measurements constraining the evolution of OA:OC in continental export are 
needed to parameterize this process.

Figure 7 shows that upon updating our wet scavenging scheme, our model simulation of free tropospheric concen-
trations of OA are biased low, particularly in well-aged air masses aloft. This bias is systematic, that is, not 
limited to one particular basin or latitude (Figure S4 in Supporting Information S1). Implementing photochemical 
loss, as previously described by Hodzic et al. (2015, 2016) to the standard and updated model both produced 
extremely low OA concentrations; in winter completely zero'ing out OA. Photolysis loss is expected to peak in 
local summer; however, we find our model biases are at a minimum in this season (Figure 7). Recent laboratory 
experiments find that for some species, the loss rate of OA by photolysis slows significantly after an initial 
decline and plateaus, suggesting the existence of a non-photolabile fraction (O’Brien & Kroll, 2019; Zawadowicz 
et al., 2020). Considering the large impact of wet scavenging changes on simulated OA, as well as the lack of 
seasonal support and recent laboratory constraints on the photochemical sink, it seems unlikely that photochem-
ical loss is a dominant process for controlling remote aerosol lifetime, but rather that additional work on OA 
scavenging parameters is needed.

4.3. Lifetime of Aerosols

Aerosols in GEOS-Chem have been extensively explored and validated over continental regions (e.g., 
Leibensperger et  al.,  2012; Pai et  al.,  2020; Pye et  al.,  2009; X. Wang, Heald, et  al.,  2014], which gives us 

Figure 7. Mean vertical profiles of organic aerosol mass concentrations observed (black lines) and simulated with GEOS-Chem (colored sections show various 
contributions) for all four ATom deployments. Here simulations include the wet scavenging update. ASOA is anthropogenic SOA from light aromatic oxidation, EPOA 
is freshly emitted organic aerosol, OPOA is oxygenated organic aerosol, OrgNit is the organic portion of the organo-nitrates from isoprene and monoterpene, ISOA is 
aerosol-phase glyoxal, isoprene epoxydiols (IEPOX), C4 epoxides, methylglyoxal, and low-volatility non-IEPOX products of isoprene hydroxy hydroperoxide oxidation, 
and TSOA is terpene SOA from monoterpene and sesquiterpenes oxidation.
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confidence that the model generally captures near-field aerosol emissions 
and formation magnitudes (We note here that the GEOS-Chem model resolu-
tion does not resolve the very near-field (i.e., urban to sub-urban) evolution). 
However, aerosol lifetime which ultimately controls global aerosol abun-
dance, is rarely diagnosed in models.

Table  1 summarizes the annual mean simulated global burden, loss sepa-
rated by dry and wet deposition, and lifetime for the five aerosol species in 
the simulation year 2017, including the wet deposition updates. OA has the 
highest global burden at 1.4 Tg, and sulfate follows at 0.8 Tg. For all the 
species, wet deposition is more effective than dry deposition, contributing 
more than 80% of the loss. Aerosol lifetime ranges from 1.9 to 4 days, with 
carbonaceous aerosol having the longest lifetimes at 4 days, consistent with 
an initial hydrophobic fraction.

The aerosol lifetimes simulated with the updated wet scavenging are shorter than those found in previous stud-
ies (discussed in Section 1). The mean annual lifetime of BC is 4 days, which aligns with suggestions by Bauer 
et al. (2013) and Samset et al. (2014) that BC lifetime should be on the lower end of those simulated in current 
models (3.8–17.1 days), but shorter than the average of 5.5 days from Gliβ et al. (2021). The average lifetime of 
4.0 days for OA is on the lower end of a mean of 5.7 (±1.6 days) found in the AeroCom Phase II ensemble models 
(Tsigaridis et al., 2014). The lifetimes of the inorganic aerosols are also on the lower end of those simulated in the 
AeroCom Phase III models summarized by Bian et al. (2017) and Gliβ et al. (2021).

Figure 8 demonstrates that the aerosol lifetime is very sensitive to the wet removal scheme. Without the wet scav-
enging updates, the annual mean lifetimes of OA, sulfate, and ammonium are ∼2 days longer, and the BC and 
nitrate lifetimes are ∼1 day longer (see Table S2 in Supporting Information S2). There is little seasonal variation 
in global mean lifetime, with no more than half a day variation for each species across the seasons. However, as 
expected, the seasonal variability is more pronounced in each hemisphere, particularly for carbonaceous aerosol 
(Figure S5 in Supporting Information S1). Carbonaceous aerosol lifetimes are shortest during local summer and 
fall in each hemisphere; likely due to a combination of faster photochemical processing of SOA, increased precip-
itation, and changing transport. The longest aerosol lifetimes (5–6 days) are for carbonaceous aerosol in the SH 
during the fire season (July–November).

As shown in Section 4.1, the wet scavenging updates bring our simulated aerosol mass concentration into good 
agreement with observed concentrations in the NH winter as well as NH summer and NH fall, suggesting that 
such decreases in lifetime are necessary. However, as noted, the updates also led to excessive removal in the NH 
spring (Figure 4), suggesting that the simulated aerosol lifetime in April-May may be underestimated. Similarly, 
the underestimates in OA aloft shown in Section 4.2 may indicate that the OA lifetimes are too short throughout 

Species
Burden 

(Tg)
Loss 

(Tg/yr)
Dry 

dep. (Tg/yr)
Wet 

dep. (Tg/yr)
Lifetime 
(days)

OA 1.4 128.6 13.9 114.4 4.0

BC 0.1 8.9 1.5 7.4 4.0

Sulfate 0.8 140.8 11.8 129.0 2.1

Nitrate 0.1 17.1 3.2 13.9 3.1

Ammonium 0.2 38.2 3.0 35.3 1.9

Table 1 
Annual (2017) Simulated Aerosol Budget With Wet Scavenging Updates

Figure 8. Global mean seasonal and annual lifetime of the five aerosols in the base simulation and the updated wet 
scavenging simulation.
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the year. These comparisons highlight the need for further study of the aerosol removal process, and the sensitiv-
ity to precipitation processes.

5. Conclusions
The ATom measurements offer a first look at aerosol abundance and composition in the global remote atmos-
phere across seasons. Seasonal mean total aerosol concentrations range from 0.26 to 0.52 μg/sm 3, with ATom-2 
(NH winter) being the cleanest and ATom-4 (NH spring) the most polluted. Aerosol composition is dominated 
by OA and sulfate in all seasons, and the former has a higher fraction in the NH summer and NH fall, whereas 
the latter has a higher fraction in the winter and spring. Comparisons of simulated and observed aerosol concen-
trations during the ATom-2 campaign show a systematic NH winter high bias for all aerosols. Wet scavenging 
updates in the model by Luo et al. (2019, 2020) eliminate the bias during ATom-2; however, the new scheme 
appears to excessively remove aerosol during ATom-4 (NH spring) and underestimate OA aloft. The updated 
simulation otherwise captures the vertical distribution, magnitude, and composition of remote aerosols observed 
during ATom.

We show that anthropogenic, biomass burning, and biogenic sources all contribute about equally to mean simu-
lated remote OA concentrations, with important seasonal variations between ATom deployments. We find that, 
including photolysis, loss produces extremely low to zero OA concentrations in the model. Finally, we note 
that while the large variability in observed OA oxidation level (OA:OC) is unlikely to substantially impact our 
comparison of mean concentrations, it strongly supports the need to develop a dynamic OA aging scheme to 
better constrain and represent the OA evolution from continental to remote regions, as also noted by Hodzic 
et al. (2020).

Wet removal processes determine the magnitude of the aerosol lifetime in GEOS-Chem. Our results show that 
the aerosol lifetime is very sensitive to the updates in the wet scavenging scheme, which reduces the lifetime of 
all aerosols by 1–2 days. Given that concentrations generally compare well against ATom, the first such extensive 
remote data set, after these updates, our comparisons suggest that the lifetime of aerosols may have been overesti-
mated by previous versions of GEOS-Chem and other similar models. Quantifying the impact of a 1–2 days over-
estimation of aerosol lifetime on climate is not possible with the model configuration used here. Qualitatively, 
shorter aerosol lifetime would reduce aerosol abundance in the atmosphere as well as long-range transport (Gliβ 
et al., 2021). Lower aerosol concentrations would therefore likely decrease aerosols' direct and indirect effects 
on climate; this should be explored in future work. At the same time, the substantial impact of these updates on 
the global aerosol lifetime suggests that more work is needed to constrain wet removal processes in models. For 
example, Y. Wang et al. (2021) suggest that excessive light rain in climate models leads to systematic underesti-
mates of aerosol burden. Further evaluation of rain frequency in climate models and in assimilated meteorology 
is needed.

ATom offers unique insights into well-aged air masses in the remote atmosphere, which we exploit here to eval-
uate aerosol lifetime in a global model. However, we also note that, concentration comparisons alone are insuffi-
cient to indicate whether lifetime estimates are biased. For instance, a low bias in concentration could reflect an 
underestimate in the source, or an overestimate of the loss rate, for which the lifetime would also be biased. Also, 
further work is needed to better constrain the processes controlling aerosol lifetime. In particular, observations 
that track the export of aerosols from continental regions to the remote environment, alongside measurements of 
precursor species and cloud water content, could improve process-based understanding of removal mechanisms. 
Such measurements have the potential to help us better capture the aging process of aerosols, and in turn, their 
abundance and global impact.
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Data Availability Statement
The GEOS-Chem model code is available at http://acmg.seas.harvard.edu/geos/, and the ATom: Merged Atmos-
pheric Chemistry, Trace Gases, and Aerosols data can be accessed at https://doi.org/10.3334/ORNLDAAC/1581 
(Wofsy et al., 2018).
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