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Abstract 

Accurate prediction of secondary inorganic aerosols (e.g., sulfate and nitrate) relies heavily on 
representing highly variable, nonlinear atmospheric oxidant chemistry. This study systematically 
evaluates the sensitivity of the Goddard Chemistry, Aerosol, Radiation, and Transport second-25 
generation (GOCART-2G) aerosol simulations to prescribed OH, H₂O₂, and NO₃ radical oxidants 
and the nitrate precursor HNO₃. Specifically, we compare three GOCART-2G simulations: using 
hourly GEOS Composition Forecast (GEOS-CF) fields generated using GEOS-Chem, using 
monthly means of the same fields, and using MERRA2-GMI monthly climatology. Model 
performance was assessed using airborne data from the 2024 ASIA-AQ campaign (covering the 30 
Philippines, South Korea, and Thailand). A separate annual global sensitivity analysis examines 
sulfur and nitrate budgets for 2019. Compared to simulation using monthly GEOS-CF data,  
simulation using hourly data improves the correlations between the modeled results (oxidant, 
sulfate, and nitrate) and airborne observational data. Capturing hourly-term variability—
particularly the strong diurnal cycles of OH and NO₃—preserves the temporal covariance and 35 
nonlinear coupling that monthly means obscure. Consequently, hourly-resolved oxidants weaken 
the overall chemical transformation of dimethyl sulfide (DMS). This results in more than 20% 
higher global DMS and methanesulfonic acid (MSA) burdens than monthly mean simulations, 
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while exerting substantial regional impacts (>20%) on sulfur and nitrate budgets over East Asia. 
Simulation results based on MERRA2-GMI and GEOS-CF monthly data show discrepancies in 40 
sulfate and nitrate loadings, reflecting differences in the prescribed-field configurations used in 
the two datasets. These findings highlight the limitations of decoupled, time-averaged oxidant 
fields in traditional global models, demonstrating that resolving high-frequency temporal 
variability and nonlinear feedbacks is critical for Earth System Models. 
 45 
1. Introduction 

Atmospheric aerosols play a critical role in the Earth system by scattering and absorbing solar 
radiation (Bellouin et al., 2020), modifying cloud microphysical properties (Forster et al., 2021), 
and influencing weather (Zhang et al., 2022), air quality (Fuzzi et al., 2015), and climate (Forster 
et al., 2021). Global aerosol models therefore simulate the emission, transport, chemical 50 
transformation, and removal of atmospheric particles and have become an integral component of 
modern weather and climate prediction systems. Among the processes governing aerosol 
evolution, the formation of secondary inorganic aerosols, particularly sulfate and nitrate, depends 
strongly on atmospheric oxidant chemistry. It has long been recognized that accurately 
representing oxidant chemistry is essential for predicting secondary aerosol production because 55 
oxidant concentrations exhibit strong temporal variability and participate in highly nonlinear 
chemical interactions with aerosol precursors and aerosols (Aw and Kleeman, 2003; Zheng et al., 
2015; Paulot et al., 2017; Valin et al., 2011). 

The concentrations of key oxidants, including OH, O₃, H₂O₂, and NO₃, can vary substantially on 
hourly to synoptic timescales in response to changes in emissions, meteorology, cloud 60 
processing, and boundary layer dynamics. These transient conditions often account for a 
disproportionate fraction of total secondary aerosol production (Jacob, 2000; Seinfeld and 
Pandis, 2016; Brown and Stutz, 2012; Carlton et al., 2018; Ervens, 2015). The underlying 
chemistry is highly nonlinear. Gas-phase production of OH and O₃ depends nonlinearly on NOₓ 
(NO + NO2) and volatile organic compound (VOC) concentrations, thereby strongly influencing 65 
sulfate and nitrate formation. Sulfate production through aqueous-phase oxidation by H₂O₂ or O₃ 
further depends on cloud liquid water content, aerosol pH, and oxidant availability (Alexander et 
al., 2005; Pye et al., 2020), while nighttime NO₃ chemistry can substantially enhance nitrate 
production under favorable conditions (Brown and Stutz, 2012). Aerosols also modify oxidant 
abundances through radiative effects that alter photolysis rates and through heterogeneous 70 
chemical reactions occurring on particle surfaces (Jacobson, 2001; Tie et al., 2005), introducing 
additional feedbacks between atmospheric chemistry and aerosol evolution. 

Despite the importance of these interactions, explicitly simulating atmospheric chemistry 
remains computationally demanding because it requires solving the coupled transport and 
chemical evolution of hundreds of reactive species across a wide range of spatial and temporal 75 
scales. Consequently, many global aerosol models employ simplified aerosol chemistry 
parameterizations that retain the dominant processes while reducing computational cost. One 
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such scheme is the Goddard Chemistry, Aerosol, Radiation, and Transport second-generation 
(GOCART-2G) aerosol model (Chin et al., 2002; Colarco et al., 2010; Collow et al., 2024). 
Second-generation (2G) refers to a recent modernization of the legacy GOCART codebase and 80 
scientific enhancements.  GOCART-2G is implemented in the Goddard Earth Observing System 
(GEOS) model to enable multidecadal aerosol reanalysis and aerosol forecasts on short term 
through subseasonal-to-seasonal timescales. The GEOS Forward Processing (GEOS-FP) system 
is designed for near-real time numerical weather prediction including radiatively interactive 
aerosols that are constrained by assimilation of aerosol optical depth. 85 

To achieve computational efficiency for systems such as GEOS-FP, GOCART-2G is commonly 
operated within GEOS in a configuration that is decoupled from explicit gas-phase chemistry. 
Instead of predicting oxidants interactively, secondary aerosol formation is driven using 
prescribed oxidant fields, including OH, O₃, H₂O₂, NO₃, and HNO3, derived from comprehensive 
chemistry simulations. Similar approaches are widely employed in global aerosol models (Mann 90 
et al., 2010; Zhang et al., 2012). This design choice, reducing computational expense while 
maintaining realistic large-scale aerosol distributions, is intentional for three main reasons. First, 
computational efficiency is essential for time-sensitive applications such as near–real-time 
support for aircraft field campaigns. Second, computational efficiency is also essential for multi-
decadal simulations in Earth System Models (ESM). Third, it provides a controlled framework 95 
for isolating aerosol physical and chemical processes without the added computational expense 
and complexity of fully coupled chemistry.  

However, prescribed oxidant fields cannot respond dynamically to changing emissions, 
meteorology, or chemical environments and therefore cannot fully capture the temporal 
variability and nonlinear chemical feedbacks that govern secondary aerosol formation. Our 100 
preliminary study indicated notable differences between GOCART simulations driven by 
prescribed monthly oxidant fields and those coupled to full gas-phase chemistry, particularly 
over East Asia, where secondary inorganic aerosol formation is highly sensitive to oxidant 
availability. Although GOCART-2G has evolved considerably since its original development for 
satellite aerosol applications, prescribed oxidant fields remain the default treatment in many 105 
GEOS aerosol products, including the Modern-Era Retrospective Analysis for Research and 
Applications, Version 2 (MERRA-2) aerosol reanalysis (Randles et al., 2017), one of the most 
widely used global aerosol datasets in the atmospheric science community. These findings, 
together with the widespread use of the uncoupled GOCART configuration, motivate a 
systematic evaluation of how different representations of oxidant fields influence aerosol 110 
simulations. 

In this study, we investigate the sensitivity of GOCART-2G aerosol simulations to different 
representations of atmospheric oxidants. Specifically, we compare simulations driven by three 
oxidant field implementations to examine (1) how the temporal representation of oxidants 
influences secondary aerosol formation when the underlying chemical mechanism is held fixed, 115 
and (2) how aerosol simulations respond to oxidant fields generated by different chemical 
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mechanisms. The analysis is conducted during the Airborne and Satellite Investigation of Asian 
Air Quality (ASIA-AQ) field campaign, which provides an exceptional observational dataset for 
evaluating model performance. Conducted during February and March 2024 over the 
Philippines, South Korea, and Thailand, ASIA-AQ collected comprehensive airborne 120 
measurements of sulfate, nitrate, and key precursor species including DMS, SO₂, HNO₃, NH₃, 
OH, and H₂O₂ across chemically diverse environments ranging from relatively clean marine 
regions to highly industrialized urban areas and biomass-burning-influenced regions.   

The remainder of this paper is organized as follows. Section 2 describes the ASIA-AQ 
observations, the NASA GEOS Earth System Model and its aerosol and chemistry components, 125 
and the experimental design. Section 3 presents the model evaluation and sensitivity analyses, 
beginning with comparisons against ASIA-AQ observations and subsequently extending the 
analysis to global simulations to investigate the influence of oxidant temporal variability and 
chemical mechanism on aerosol formation. Section 4 summarizes the principal findings and 
discusses their implications for global aerosol modeling. 130 

2. Data, model, and experiments

2.1 ASIA-AQ measurements

The Airborne and Satellite Investigation of Asian Air Quality (ASIA-AQ) is an aircraft campaign 
conducted across Asia during February–March 2024, primarily over three countries: Philippines, 
South Korea, and Thailand (Crawford et al., 2022). NASA deployed the DC-8 aircraft for 16 135 
research flights across these targeted countries. The DC-8 flight times and flight tracks are shown 
in Fig. 1. ASIA-AQ aimed to deepen understanding of the factors influencing local air quality 
across Asia by integrating diverse observational approaches with advanced modeling techniques 
(https://espo.nasa.gov/asia-aq). Table 1 summarizes the measured aerosol properties, associated 
gas-phase precursors and oxidant fields, and the instruments onboard the DC-8 used in this study. 140 
These in situ measurements encompass the major aerosol components for these areas as well as 
relevant gas precursors and oxidants, thereby providing robust and comprehensive constraints for 
interpreting observations and improving aerosol representations in models. 
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Figure 1. Flight tracks for the DC-8 aircraft research flights during the ASIA-AQ field 
mission. 

 

 
AMS: Aerosol Mass Spectrometer 
CIT-HToF-CIMS: Chemical Ionization High Resolution Time of Flight Mass Spectrometer 
OPALS: Open-Path Ammonia Laser Spectrometer  
SP2: a Single Particle Soot Photometer 
STP: standard Temperature and Pressure 
TOGA: NCAR Trace Organic Gas Analyzer  
Table 1. Measurements of aerosol-related species made onboard the DC-8 during ASIA-AQ 
that were used in this study. Please note that there are two versions of both the AMS and the 
CIT-HToF-CIMS, as the version numbers vary depending on the date. 

 145 

In the aircraft observation-model comparisons, we used 60 second merged observations 
(https://www-air.larc.nasa.gov/missions/etc/onlinemergedoc.pdf). The model was sampled at the 
time and location of the aircraft from the time averaged observation files. For aerosol related 
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measurements, such as the Aerosol Mass Spectrometer (AMS), we calculated the GEOS-
simulated aerosol mass that matches the observed particle size range specific to the instrument. 150 

2.2 GEOS model description 

NASA GEOS is a modular Earth system model that integrates atmospheric dynamics, physics, 
and chemistry. GEOS GEOS-FP provides weather and bulk aerosol analyses and forecasts, 
whereas GEOS Composition Forecast (GEOS-CF) predicts atmospheric composition using 
online GEOS-Chem chemistry (Long et al., 2015). GEOS also supports the Global Modeling 155 
Initiative (GMI) chemical mechanism (Strahan et al., 2007). GOCART-2G in GEOS-FP is the 
aerosol module used in the simulations examined here; it treats aerosol processes and simplified 
secondary aerosol formation without a comprehensive gas-phase chemical solver (Chin et al., 
1996, 2002; Colarco et al., 2010; Collow et al., 2024). CFH (using hourly GEOS-CF data), CFM 
(using monthly GEOS-CF data), and GMI (using monthly MERRA2-GMI data) (see details in 160 
section 3.2) denote three prescribed-oxidant-field simulations by GOCART-2G, not three distinct 
aerosol models. The GEOS simulations in this study are operated in replay mode (Orbe et al., 
2017), with meteorology constrained by archived GEOS for Instrument Teams (GEOS-IT) 
analyses (https://gmao.gsfc.nasa.gov/gmao-products/geos-it/). In other words, the temperature, 
humidity, and wind fields are constrained to the analysis from GEOS-IT with a corrector step 165 
every 6 hours. Simulations for this study are conducted at a global horizontal resolution of 
approximately 25 km with 72 vertical sigma levels extending from the surface to 0.01 hPa (~85 
km). 
 
GOCART-2G simulates major atmospheric aerosol species and their precursors, including 170 
sulfate (SO4), nitrate (NO3), ammonium (NH4), black carbon (BC), organic aerosol (OA), brown 
carbon (BR), dust, sea salt, particulate methanesulfonate (MSA), dimethyl sulfide (DMS), sulfur 
dioxide (SO₂), and ammonia (NH3) (Bian et al., 2017, 2019, 2024; Chin et al., 2009, 2014; 
Colarco et al., 2010; Collow et al., 2024). Sulfate and nitrate are treated as secondary aerosols 
formed from precursor gases emitted by anthropogenic, biomass-burning, oceanic, and volcanic 175 
sources (SO₂ only). MSA is produced through the oxidation of DMS. Detailed description of 
carbonaceous aerosols (e.g., BC, OA, and BR) is given in the Supplementary Material. 
 
Natural emissions of dust, sea salt, and DMS are calculated online based on simulated near-
surface winds and surface properties. Specifically, DMS emissions are estimated using monthly 180 
climatological DMS concentrations in seawater from Lana et al. (2011), together with modeled 
sea surface temperature and 10-meter wind speed. The wind speed dependence follows the 
parameterization of Liss and Merlivat (1986). Most aerosol species are represented in the fine 
mode, while nitrate, dust, and sea salt also include coarse-mode bins. Dust and sea salt are both 
modeled by five non-interacting size bins, while nitrate is modeled with three size bins. Details 185 
of aerosol size information can be found in Collow et al. (2024). For the 2019 simulations, 
anthropogenic emissions are prescribed monthly from the Community Emission Data System 
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2019 record (CEDS; Hoesly et al., 2018), spanning nine sectors: energy, industry, road 
transportation, residential, waste, agriculture, solvent use, shipping, and aviation. Emissions from 
all sectors are released at the surface, except for those from the energy and aviation sectors, 190 
which are distributed vertically. The 2024 simulations reuse the same 2019 monthly 
anthropogenic emissions because the CEDS v2021_v04 inventory used here ends in 2019. 
Both study periods use contemporaneous daily biomass-burning emissions of OA, BC, SO₂ and 
NH3 from version 2.6r1 of the Quick Fire Emission Dataset (QFED; Darmenov and da Silva, 
2015). Volcanic SO₂ emissions, including both degassing and eruptive sources, are derived from 195 
OMI satellite observations (Carn et al., 2017).  
 
The prescribed chemical fields used here comprise the oxidants OH, H₂O₂, and NO₃ radical and 
the nitrate precursor HNO₃; collectively, these are denoted OX. HNO₃ is distinguished from the 
oxidants throughout. O₃ contributes to sulfur chemistry generally but is not used directly by the 200 
GOCART-2G sulfate chemistry evaluated here. In the default GEOS-FP approach, OX is 
obtained from MERRA2-GMI, a retrospective chemistry simulation using the GMI mechanism 
and MERRA-2 meteorology (Strahan et al., 2007; Gelaro et al., 2017; Strode et al., 2019; 
https://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/MERRA2GMI/). Output is archived on the 
native MERRA-2 grid (0.625° longitude × 0.5° latitude). GOCART is interactively coupled in 205 
the source simulation, but feedback of nitrate aerosol formation on gas-phase HNO₃ is not 
included. A uniform global scaling factor is applied to the MERRA2-GMI HNO₃ fields used by 
the GMI experiment to compensate for the missing HNO₃ sink associated with nitrate aerosol 
formation and to improve lower-tropospheric HNO₃. GEOS-FP uses year-specific monthly mean 
OX fields through 2018 and a 1980–2018 monthly climatology thereafter. Consequently, the 210 
GMI experiment uses this climatology for both 2019 and 2024.  
 
As GOCART-2G is agnostic to the chemical mechanism producing the OX fields, other offline 
chemical simulations can also be utilized. A contemporaneous forecasting system to GEOS-FP is 
the GEOS Composition Forecast (GEOS-CF). This system is designed for predicting detailed 215 
atmospheric chemistry and aerosol processes by integrating the GEOS-Chem chemical module 
into the GEOS ESM (Hu et al., 2018; Keller et al., 2021). Since Keller et al. (2021), the version 2 
update of the GEOS-CF system includes updating to GEOS-Chem version 14.0.0 and monthly 
anthropogenic emissions to the CEDS 2019 record (v2021_v04: O’Rourke et al., 2021). The 
GEOS-Chem mechanism includes coupled nitrate aerosol and trace gas chemistry with 220 
secondary inorganic aerosols recently evaluated by Norman et al. (2025), so no analogous 
additional HNO₃ scaling is applied to CFH or CFM. This difference in HNO₃ treatment is part of 
the GMI–CFM comparison and must not be attributed solely to the gas-phase chemical 
mechanism. Relevant updates to the v14.0.0 mechanism since Keller et al. (2021) include 
updated cloud-water pH and aerosol uptake coefficients for NO2, NO3, and N2O5 (Holmes et al., 225 
2019; McDuffie et al., 2018; Shah et al., 2020).   
  

7 

https://doi.org/10.5194/egusphere-2026-5795
Preprint. Discussion started: 11 November 2026
c© Author(s) 2026. CC BY 4.0 License.



The GEOS-CF (v2) system produces daily a 1-day hindcast and a 5-day forecast of global 
atmospheric composition with the hindcast segment replaying to the GEOS for Instrument 
Teams (GEOS-IT) meteorological analysis and assimilating satellite-based observations of 230 
ozone. As the GEOS-CF simulation would respond to dynamic emission events (such as biomass 
burning) and meteorology similar to GEOS-FP, it would be advantageous to use the higher 
temporal fidelity of the GEOS-CF forecasts to drive the GOCART-2G secondary aerosol 
formation in GEOS-FP, thereby establishing a one-way coupling configuration between GEOS-
FP and GEOS-CF. In the following, we describe two modeling experiments to evaluate the 235 
impact of using GEOS-CF offline predicted OX fields to drive GOCART-2G, with performance 
evaluated against aircraft observations from the ASIA-AQ field experiment. 
 
2.3 Experiment design 

We conducted a set of GOCART-2G simulations using OX fields derived from GEOS-CF in two 240 
different ways. First, we performed a replay simulation of GEOS-CF (v2) for the time periods of 
interest at c360 cubed-sphere horizontal resolution and archived the GEOS-CF predicted oxidant 
oxidant fields at 0.25° × 0.25° horizontal and 1-hourly resolution and used these time-varying 
OX to drive the GOCART-2G aerosol simulation. We refer to this configuration as CFH. A 
second simulation was then conducted using monthly mean OX derived from the GEOS-CF 245 
hourly dataset. This configuration, referred to as CFM, is analogous to GMI which uses OX from 
the MERRA2-GMI monthly climatology currently utilized by GOCART-2G. Thus, by 
comparing the CFM and GMI simulations we can first isolate differences in different sources of 
the simulated OX fields, while comparing the CFM and CFH simulations isolates the impact of 
including higher fidelity temporal variability in the OX fields.  250 
 
All three experiments were conducted for February–March 2024 to evaluate model performance 
during ASIA-AQ and for 2019 to assess annual global sensitivity; 2019 is the final year covered 
by the anthropogenic emission inventory used here. The GOCART-2G simulations share 
identical meteorology, emissions, resolution, and aerosol processes, differing only in their 255 
prescribed OX fields. However, the GEOS-CF and MERRA2-GMI source simulations differ in 
chemical mechanism, meteorology (GEOS-IT versus MERRA-2), averaging period, resolution, 
emissions, and HNO₃ treatment. The GMI–CFM comparison therefore reflects these combined 
source differences and cannot isolate the chemical mechanism alone. The three simulations using 
the three described strategies for oxidant fields are summarized in Table 2. Note the archived-260 
field averaging interval and the GOCART-2G application interval are distinct.   
 
Table 2. The designed model experiments with three oxidant fields. 

Experiment 
Name 

Chemical 
Mechanism 

Temporal 
Resolution1 

Update  
(minutes)2 

Purpose 

GMI GMI-Chem Monthly 180 Default oxidant configuration 
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CFM GEOS-Chem Monthly 180 Assess the impact of chemical 
representation comparing CFM to GMI 

CFH GEOS-Chem Hourly 12.5 Assess the impact of oxidants temporal 
variation comparing CFH and CFM 

1Time interval over which the archived oxidant fields are averaged. 
2Time interval at which GOCART-2G updates the oxidant fields. 

 
3. Results  265 

3.1 Analysis over ASIA-AQ locations and time period 

3.1.1 Evaluation during ASIA-AQ field campaign 

Results presented here are for the sulfate and nitrate families, as these species are most sensitive 
to chemical reactions within the simplified parameterization of GOCART-2G. To understand the 
reasons for the simulated aerosol differences, we also analyzed the corresponding oxidant fields 270 
(i.e., OH, NO₃, H₂O₂, and HNO₃). Figure 2 presents a comparison of scatter plots showing 
concentrations of sulfate-related species derived from GEOS simulations against field 
observations from the ASIA-AQ campaign over the three distinct domains (Philippines, South 
Korea, and Thailand). Figure 3 displays similar comparative results for nitrate-related species. 
The corresponding correlation coefficients and ratios of mean tracer concentrations between 275 
GEOS simulation results and ASIA-AQ measurements are given in Tables 3 and 4, respectively.  
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Figure 2. Scatter plots comparing concentrations of sulfate species from three GEOS simulations 
to ASIA-AQ measurements for the flights over the Philippines (top panel), South Korea (middle 
panel), and Thailand (bottom panel). The corresponding correlation coefficients and ratios of 
mean tracer concentrations between GEOS simulation results and ASIA-AQ measurements are 
given in Table 3. 

 
Table 3. Correlation coefficients (R) and ratios of mean concentrations between model and 
observation for sulfate-related species during ASIA-AQ (Fig. 2). 

  DMS MSA SO2 SO4 H2O2 
  R Ratio R Ratio R Ratio R Ratio R Ratio 

Philippines CFH 0.44 5.58 0.11 1.15 0.11 0.58 0.35 1.16 0.50 0.65 
CFM 0.27 4.58 0.16 0.85 0.12 0.56 0.32 1.06 0.10 0.53 
GMI 0.09 2.62 0.12 0.51 0.11 0.58 0.33 0.98 0.04 0.61 

South 
Korea 

CFH 0.10 1.11 0.04 0.12 0.37 1.49 0.57 0.62 0.40 0.32 
CFM 0.09 1.13 0.09 0.05 0.36 1.59 0.51 0.57 0.30 0.29 
GMI 0.09 1.01 0.12 0.07 0.35 1.41 0.56 0.77 0.22 1.55 

Thailand CFH 0.16 0.09 0.14 0.10 0.43 0.96 0.29 0.33 0.32 0.87 
CFM 0.16 0.09 0.12 0.09 0.44 1.00 0.19 0.33 0.05 0.58 
GMI 0.15 0.32 0.11 0.06 0.43 0.95 0.29 0.34 0.13 0.85 

 280 
Beyond the primary aerosol families, the evaluation reveals distinct model-measurement 
discrepancies for key precursor species, specifically DMS and NH3. Although these precursor 
variations are explored in greater detail below, their initial structural divergence from 
observations underpins the broader correlation and bias trends discussed herein. Overall, the 
hourly oxidant field (CFH) approach significantly improved the correlation between the 285 
simulated and observed oxidant fields (e.g., H₂O₂ and HNO₃). Consequently, the sulfate and 
nitrate species simulated using the CFH OX fields demonstrated a slightly better correlation with 
the observational data. Here, we emphasize correlation rather than absolute differences, as 
correlation serves as a more accurate reflection of the dynamics of the fundamental physical and 
chemical processes embedded within the model, whereas absolute differences can often be 290 
artificially adjusted by tuning emission input data or loss efficiency. These results underscore the 
necessity for further research into precursor species—specifically DMS and NH₃—which have 
historically received less attention than sulfate and nitrate aerosols. As noted by Bian et al. 
(2017), uncertainties regarding precursor emissions and oxidation pathways remain one of the 
primary limitations facing global models in the simulation of secondary inorganic aerosols.  295 
 
In analyzing these specific precursor discrepancies, simulated DMS concentrations during the 
ASIA-AQ campaign over the Philippines domain— a region influenced by both local 
anthropogenic emissions from the islands and marine emissions from the surrounding open 
ocean—were consistently overestimated by all three modeling approaches, with biases ranging 300 
from a factor of 2 to 6. In contrast, simulations for the Korean Peninsula region were generally 
comparable to observed values, whereas simulations for the inland region of Thailand showed 
severe underestimation (ranging from only one-tenth to one-third of the observed DMS values). 
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DMS correlations are weak over South Korea and Thailand (R = 0.09–0.16) and vary more 
widely over the Philippines (R = 0.09–0.44), where CFH has the highest correlation. Table 3 also 305 
shows that the ratio of the mean DMS concentrations between model and observation varies by 
location, showing no consistent improvement relative to the observed data. This poor 
performance in simulating DMS partially explains the biases and low correlation in the simulated 
concentrations of MSA; interestingly, however, the simulated concentrations of SO₂ and SO₄ do 
not appear to have been significantly impacted by these substantial biases in DMS simulation as 310 
this sulfate formation pathway of DMS is relatively minor in polluted regions. 
 
Parallel to the DMS variations, the GEOS model consistently simulated NH₃ concentrations that 
were significantly lower than the observed values, regardless of the specific oxidant field used. 
This systemic underestimation suggests that the most probable explanation for this discrepancy is 315 
that, across all simulation experiments, the NH₃ emission estimates provided by the CEDS 
emission inventory for the aforementioned regions and seasons were systematically too low. A 
recent multi-model intercomparison effort over Korea during the ASIA-AQ time period also 
revealed a systematic low bias in NH3 by all but one model (Jeong et al., 2026). The fifteen 
models considered in the study contained various levels of complexity with regards to 320 
atmospheric chemistry, and yet all still displayed a similar degree of low bias, strongly indicating 
an underestimation in NH3 sources. However, other potential causes, such as the simplified 
aerosol chemical mechanism used in GOCART-2G cannot be ruled out.  

Although no single simulation consistently provides the best agreement with observations across 
all species and regions, these comparisons demonstrate that the temporal representation of 325 
oxidants affects chemically coupled species in a strongly species- and region-dependent manner. 
In particular, changes in oxidant fields do not translate proportionally into changes in their 
reaction products, suggesting that the effects of temporal averaging extend beyond simply 
smoothing short-term oxidant variability. These results motivate the analysis in Section 3.2, 
where we examine how the use of monthly mean versus hourly oxidant fields alters the temporal 330 
covariance and nonlinear coupling among reactants and products, and consequently affects sulfur 
and nitrate budgets at regional and global scales. 
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Figure 3. Scatter plots comparing aerosol concentration of nitrate-related species from three 
GEOS simulations to ASIA-AQ measurements for the flights over the Philippines (top panel), 
South Korea (middle pane), and Thailand (bottom panel). The corresponding correlation 
coefficients and ratios of mean tracer concentrations between GEOS simulation results and 
ASIA-AQ measurements are given in Table 4. 

 

Table 4. Correlation coefficients (R) and ratios of mean concentrations between model and 335 
observation for nitrate-related species during ASIA-AQ (Fig. 3). 

  NH3 HNO3 NO3 NH4 
  R Ratio a R Ratio a R Ratio a R Ratio a 
Philippines CFH 0.50 0.10 0.59 2.24 0.21 0.14 0.47 1.10 

CFM 0.51 0.10 0.00 1.17 0.09 0.07 0.44 1.02 
GMI 0.51 0.11 0.05 0.30 0.08 0.02 0.45 0.93 

South Korea CFH 0.34 0.14 0.39 4.29 0.64 1.34 0.63 1.02 
CFM 0.42 0.16 0.32 7.20 0.56 1.55 0.59 1.10 
GMI 0.39 0.14 0.47 7.72 0.63 1.75 0.63 1.31 

Thailand CFH 0.39 0.32 0.80 2.14 0.27 0.23 0.31 0.32 
CFM 0.38 0.32 0.60 1.74 0.33 0.13 0.20 0.30 
GMI 0.38 0.33 0.48 0.69 0.38 0.07 0.30 0.29 
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3.1.2 Example of the impact of temporal variability in oxidant fields on chemical reactions 340 

To illustrate the roles of temporal variability in oxidant fields and the potentially non-linear 
chemical interactions between oxidants and aerosol precursor gases, we examine the time 
dimension in greater detail by analyzing the hourly evolution of DMS chemistry during the 
ASIA-AQ campaign, specifically the first two days of February 2024 over the Philippines (Fig. 
4). Specifically, we investigate the responses of DMS to OH and NO3 radical fields, along with 345 
the resulting variations in DMS and MSA concentrations through the following reaction 
pathways adopted in GOCART-2G:  

 

Location of Phillippines 

 
Figure 4. Chemical processes of DMS response to various related 
fields when using hourly versus monthly oxidant fields at location of 
Philippines. From top to bottom, the vertical axes represent: OH mixing 
ratio, OH-driven DMS chemical transformation, NO3 radical mixing 
ratio, NO3 radical-driven DMS transformation, DMS mass mixing 
ratio, and MSA mass mixing ratio. The location of the Philippines is 
marked with a open-red-circle in Fig. 6.  Here rel (%) = (CFH-
CFM)/CFM*100%. 
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During the daytime, DMS chemical loss (Fig. 4b) is primarily governed by OH through both 350 
hydrogen abstraction (Eq. 1) and OH addition (Eq. 2). This DMS chemical loss closely tracks 
diurnal OH concentrations (Fig. 4a), peaking at midday, and exhibits a proportional kinetic 
response. In our hourly-resolved simulation (CFH), lower early-morning OH concentrations 
(Fig. 4a) slow the initial daytime oxidation of DMS (Fig. 4b) and leave more atmospheric DMS 
concentration (Fig. 4d) compared to the mean-field simulation (CFM). Overall, DMS chemical 355 
conversion in CFH is reduced by approximately 2% relative to CFM over the studied period and 
location. Because the OH-addition pathway (Eq. 2) is the exclusive route for MSA formation 
within the GOCART-2G chemical mechanism, atmospheric MSA variation closely follows the 
pattern of atmospheric DMS. 

In contrast, nocturnal DMS oxidation is driven by NO3 radical and exhibits a distinctly non-360 
linear saturation behavior. While DMS oxidation (Fig. 4d) initially increases with rising evening 
NO3 radical levels, the chemical conversion saturates once NO3 radical concentrations exceed a 
threshold of approximately ~25 ppt. Further increases in NO3 radical produce negligible 
additional DMS oxidation and is limited by the rate of DMS production. Consequently, although 
the CFH simulation features 17% higher NO3 radical concentrations than CFM, the resulting 365 
DMS conversion through the NO3 radical pathway is paradoxically 9.7% lower. This saturation 
effect fundamentally limits the impact of enhanced nighttime NO3 radical on overall sulfur 
product formation. 

The differing responses to these oxidants dictate the overall atmospheric persistence of DMS. 
The OH pathway primarily controls daytime atmospheric DMS differences, while NO3 radical 370 
removes nearly all remaining DMS at night. The combination of early-morning OH deficits and 
nocturnal NO3 radical saturation in the temporally resolved CFH fields results in a weaker 
overall chemical conversion compared to simulations utilizing CFM time-averaged oxidant 
fields, thereby sustaining higher atmospheric DMS concentrations. These findings demonstrate 
that utilizing monthly (or even daily) mean oxidant fields obscures critical chemical non-375 
linearities, emphasizing the necessity of resolving sub-daily diurnal cycles in oxidant fields to 
accurately simulate sulfur chemistry and aerosol precursor processing. 

Figure 5 illustrates the hourly variations of various gases and aerosols associated with nitrate 
aerosol formation at the Philippines sampling site over the two-day observation period. In 
GOCART-2G the coarse mode nitrate is exclusively generated through heterogeneous reactions 380 
involving HNO₃ occurring on the surfaces of aerosol particles; in contrast, the formation of fine-
mode nitrate (Fig. 5d) is predominantly attributed to thermodynamic equilibrium processes 
within the NH₃–NH₄⁺–NO₃⁻–SO₄²⁻ system represented by the Regional Particulate Model 
Aerosol Reacting System (RPMARES), an inorganic aerosol thermodynamic equilibrium 
module (Saxena et al., 1986; Bian et al., 2017). Heterogeneous reactions also contribute to the 385 
formation of fine mode nitrate. A significant disparity in HNO₃ concentrations (Fig. 5a) can be 
found between the CFH and CFM approaches, with HNO₃ concentrations at CFH exceeding 
those at CFM by almost a factor of three. The CFH simulation exhibits large fluctuations in 

14 

https://doi.org/10.5194/egusphere-2026-5795
Preprint. Discussion started: 11 November 2026
c© Author(s) 2026. CC BY 4.0 License.



HNO3 concentrations from diurnal chemical dynamics. Meanwhile, unlike NO3 radical shown 
above, HNO3 in CFM is allowed to deplete over a three-hour window in GOCART-2G.  390 
However, after three hours the HNO3 concentration is replenished to its monthly mean value 
resulting in the small artificial three-hourly oscillations seen in Fig 5a. The elevated HNO₃ 
concentrations in CFH provided additional acidity for the neutralization reaction of NH₃, 
resulting in a decrease in NH₃ concentrations (Fig. 5b), and a corresponding increase in 
concentrations of NH₄ (Fig. 5c) and fine mode and total nitrate aerosols (Fig. 5d-e). Notably, this 395 
study reveals yet another instance of nonlinear chemical behavior: the significant increase in 
HNO₃ concentration under the CFH approach is not proportionally into corresponding change in 
nitrate (e.g. a 293% increase in HNO3 yields a 348% increase in fine mode nitrate aerosol). This 
disproportionate discrepancy between the CFH and CFM simulations also exhibited time-varying 
characteristics across different nitrate-related species.  400 

Location of Philippines 

 
Figure 5. Chemical processes of nitrate-related species when using hourly 
versus monthly oxidant fields at location of Philippines. Here rel (%) = 
(CFH-CFM)/CFM*100%.   

 

Similar analysis evaluating sulfate and nitrate formation dynamics over South Korea and 
Thailand analogous to Figs. 4 & 5 are presented in Figs. S1–4 of the Supplementary Material. 
Although the magnitudes of the oxidant fields and their consequent chemical impacts differ, the 
general conclusion remains the same: the high temporal variability of oxidant fields and the 405 
nonlinear responses of chemical transformations in CFH lead to elevated atmospheric DMS, 
MSA, and nitrate aerosol concentrations. This detailed temporal analysis provides clear examples 
revealing the role of temporal variability within oxidant fields, as well as the potential nonlinear 
chemical interactions between oxidants and aerosol precursor gases—features that are often 
obscured when the analysis relies solely on monthly averaged fields. Models that use coarse 410 
temporal resolution or averaged oxidant fields on monthly (even daily) scale often miss these 
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transitions, leading to biases in both magnitude and composition of aerosol precursors and 
secondary aerosols.  

3.2 2019 Global analysis  

3.2.1 Global overview 415 

This section illustrates how the three oxidant fields influence the horizontal and vertical 
distributions of sulfur- and nitrate-related species on global scales for the year 2019. Figure 6 
compares the surface sulfate-related trace gas and aerosol mass concentrations (a1-d1) and the 
differences between CFH and CFM (a2-d2, pair 1) as well as between GMI and CFM (a3-d3, 
pair 2), respectively. The CFM (a1-d1) correctly captures the expected spatial distributions of 420 
atmospheric sulfur species based on their primary emission sources: DMS and MSA are 
primarily concentrated over the oceans, particularly in the Southern Ocean, while SO2 and SO4 
exhibit high concentrations over highly populated and industrialized continental regions. Both 
DMS and MSA exhibit nearly global enhancements of more than 10% when hourly temporally 
varying oxidant fields are applied in the CFH simulation (Fig. 6a2 and 4b2). A distinct inverse 425 
relationship is observed between SO2 and SO4 when switching from CFM to CFH. CFH 
decreases SO2 globally by 8% (Fig. 6c2) but increases SO4 globally by 7% (Fig. 6d2), 
particularly over major emission regions like East Asia. This pattern strongly suggests that the 
CFH approach has a more rapid or efficient oxidation conversion from SO2 to SO4 compared to 
CFM. In contrast, despite using the same timing application strategy as CFM, the GMI reduce 430 
both DMS and MSA surface total masses by more than 30% (Fig. 6a3 and 4b3), which can be 
explained by the difference of oxidant fields produced by the MERRA2-GMI and GEOS-CF, 
respectively, as analyzed in Section 3.2.2 below. These substantial differences are also reflected 
in the simulated surface SO2 and SO4 concentrations, although with smaller magnitudes. The 
spatial patterns (negative SO2 and positive SO4 over Northern Hemisphere land) confirm that, 435 
like CFH, the GMI mechanism likely oxidizes SO2 into SO4 more aggressively than the CFM 
approach. Regional impacts are considerably stronger than the corresponding global mean 
changes in both the pairs, particularly for SO2 and SO4 over highly polluted regions.  
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Figure 6. Comparison of surface mass mixing ratios of sulfur species in 
2019: (a1-d1) sulfur species simulated by CFM, (a2-d2) absolute differences 
between CFH and CFM, and (a3-d3) absolute differences between GMI and 
CFM. The values in the panel titles represent the global mean concentrations 
for the a1-d1 and the relative differences for a2-d2 (e.g., (CFH-
CFM)/CFM)*100%) and a3-d3 (e.g., (GMI-CFM)/CFM*100%). The open-
red-circles in a2-d2 indicate the locations where detailed analyses of 
chemical processes were conducted (as shown in Figs. 4-5, and S1-S4.) 

 

The corresponding zonal mean vertical distributions of sulfur species are shown in Fig. 7. DMS 440 
and MSA are primarily confined to the lower troposphere, with maximums in the Southern 
Ocean (Fig. 7a1-b1). SO2 has a massive burden in the Northern Hemisphere lower/mid-
troposphere due to industrial emissions (Fig. 7c1). Both SO2 and SO4 show significant 
concentrations in the upper troposphere and low stratosphere in the Northern Hemisphere (Fig. 
7c1-d1), and DMS and SO2 show evidence of deep convective lofting in the tropics, reaching the 445 
upper troposphere. Figure 7 demonstrates that DMS and MSA are vertically enhanced in CFH by 
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more than 20%. The enhancement within the vertical column (Fig. 7a2-b2) exceeded that 
observed near the surface (Fig. 6a2-b2), indicating that under the CFH mechanism, DMS 
possesses a longer chemical lifetime, allowing for greater vertical transport via convection before 
it undergoes oxidation. CFH reduces SO2 across almost the entire Northern Hemisphere 450 
troposphere by 15%. Correspondingly, SO4 is enhanced by 3% primarily in the lower 
troposphere. These changes further confirm that CFH drives a much faster oxidation of SO2 into 
SO4 in the lower atmosphere compared to CFM. On the other hand, GMI still significantly 
decreases DMS and MSA throughout the vertical column, and the magnitude of the reduction is 
comparable to that observed near the surface. GMI reduces the global SO2 burden deeply by 17% 455 
throughout the SH free troposphere and NH troposphere. Correspondingly, GMI increases SO4 
by 3% mostly concentrated in the lower troposphere near the source regions.  

 
Figure 7. Similar to Fig. 6, but showing the zonal-mean vertical distributions 
of sulfur species for 2019. The values in the titles represent the global total 
burdens in a1-d1 and the relative differences in the remaining panels.  
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A comparison of surface nitrate-related gas and aerosol mass concentrations among the three 
experiments is presented in Fig. 8. The CFM simulation represents the spatial distribution of the 460 
inorganic nitrogen cycle well, heavily driven by anthropogenic and agricultural activities. 
Compared to using monthly average oxidant fields, using highly temporally varying oxidant 
fields shifts the thermodynamic partitioning and oxidation within the nitrogen cycle toward the 
aerosol phase. Specifically, CFH leads to a 11% increase in global HNO3, accompanied by a 13% 
decrease in NH3 and increases of 30% and 20% in NH4 and NO3, respectively. The regional 465 
impacts are even more pronounced, particularly over East and Southeast Asia. In contrast, when 
MERRA2-GMI oxidant fields are applied, surface HNO3 concentrations become substantially 
lower (see discussion in Fig. 9), which consequently results in much lower nitrate aerosol 
production. However, the corresponding changes in NH3 and NH4 are relatively minor, likely 
constrained by the availability of NH3 and competition with sulfuric aerosols. 470 

 
Figure 8. Similar to Fig. 6 but for nitrate-related species. 
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Figure 9. Similar to Fig. 7 but for nitrate-related species. 

 

The zonal mean vertical distributions of nitrate-related species are shown in Fig. 9. Both NH3 
and NH4 are heavily concentrated in the lower troposphere, primarily in the NH low-to middle 
latitudes, reflecting their surface-bound agricultural and emission sources and relatively short 475 
atmospheric lifetimes. HNO3 and NO3 have a much broader vertical and latitudinal spread. When 
hourly temporally varying oxidant fields are applied, the resulting global single-digit percentage 
changes in NH3, NH4, and NO3 represent a balance between the large changes occurring near 
source regions and the comparatively smaller, but opposing, changes elsewhere. Similar as 
shown in Fig. 8, CFH thermodynamics and kinetics heavily favor the formation of ammonium 480 
nitrate aerosols at lower altitudes where precursor concentrations are highest. As also evident in 
Fig. 8, HNO3 concentrations in the GMI simulation are substantially lower than those in CFM. 
As described in Section 2.2, the GMI HNO₃ fields are scaled to compensate for missing nitrate 
aerosol feedback in the source simulation. Applying a uniform factor also reduces stratospheric 
HNO₃, where that correction is not targeted. The lower HNO₃ in GMI therefore reflects both its 485 
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source fields and their processing. Lower concentrations than CFM do not alone demonstrate 
overcorrection against observations; the aircraft comparisons show a region-dependent HNO₃ 
bias (Table 4). 

Figure S5 in the Supplementary Materials illustrates the annual average 550 nm aerosol optical 
depth and surface PM2.5 (particulate matter with particle diameter < 2.5 μm) mass concentration 490 
fields derived from the three experiments. Although the discrepancies among the experimental 
results for these total aerosol concentration metrics are less than 4% on a global scale, these 
differences increase significantly at the regional land scale—particularly when utilizing oxidant 
field data characterized by high temporal variability, which leads to a marked deterioration in 
simulated air pollution conditions. 495 

3.2.2 Global budget analysis on monthly and annual scales  

To obtain a comprehensive picture of the sensitivity of aerosol formation to different 
representations of oxidant fields, we conduct a monthly budget analysis on a global scale for the 
year 2019. Figure 10 shows the impacts of applying the three oxidant fields on monthly global 
burdens, surface concentrations, and chemical production of sulfur species (e.g., DMS, MSA, 500 
SO₂, and SO₄), as well as the associated oxidants (e.g., OH, NO₃ radicals, and H₂O₂). Oxidants 
generated from the same chemical mechanism but using different temporal averaging strategies 
(CFH vs. CFM; relative difference defined as (CFH-CFM)/CFM*100%) exhibit considerably 
small differences. However, the resulting differences in simulated sulfur species are not 
proportionally reduced compared with those in the oxidant fields, indicating that sulfur chemistry 505 
responds nonlinearly to temporal variations in oxidants. This interpretation is further supported 
by the chemical budget analysis, which shows that differences in CFH versus CFM are often 
comparable to, and in some cases even larger than, those in GMI versus CFM. These results 
suggest that temporal variability and nonlinear chemical feedback play important roles in 
controlling sulfur species formation beyond what would be expected from differences in oxidant 510 
abundance alone. The overall global 2019 budgets, mean surface concentrations, and 
contributions from chemical and physical processes from the three oxidant experiments for sulfur 
species are summarized in Table S1. The use of oxidant field data with higher temporal 
resolution results in an increase of more than 20% in the global burdens of DMS and MSA, with 
this enhancement persisting throughout the year (Fig. 10L0–1 and Table S1). This chemical 515 
response of DMS is consistent with changes in the concentrations of OH and NO3 radicals—the 
primary oxidants involved in DMS oxidation—and further corroborates the nonlinear chemical 
response of DMS to transient oxidant fields, as illustrated in Fig. 6. The behavior of SO2, 
however, is more complex. In the CFH scenario, the increased DMS burden indicates a 
weakening of the DMS oxidation process, which consequently reduces the production of gas-520 
phase SO2 (Fig. 10C1). At the same time, the oxidative conversion of SO2 to sulfate is enhanced 
in the CFH scenario, as evidenced by the positive relative difference of CFH versus CFM values 
corresponding to SO4 (Fig. 10C3). The combined effects of reduced SO2 production and 
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enhanced SO2 chemical conversion therefore lead to a further decrease in the SO2 burden under 
the CFH scenario. 525 

In contrary, oxidants produced from two different sources of the simulated oxidant fields 
(MERRA2-GMI vs. GEOS-CF) show substantial differences in both global surface 
concentrations and column burdens (Fig. 10L4-6 and Fig. 10S4-6), leading to pronounced 
discrepancies in the simulated sulfur species. The differences for DMS and MSA are particularly 
large, with the relative difference (defined as (GMI-CFM)/CFM*100%) typically exceeds 30% 530 
on both surface levels or total column burdens. 

 
Figure 10. Monthly variations in global loading (L0-L6), surface concentration (S0-S6), and 
chemical transformation (C0-C4) of sulfur species and their precursors from simulations of the 
application of three oxidants. Specifically, C0–C2 represent the gas-phase formation of MSA 
(chepmsa), SO2 (chepso2), and SO4 (chegpso4), respectively, while C3-4 represent the 
aqueous-phase formation of SO4 in clouds (cheaqpso4) and during wet deposition 
(cheaqwso4), respectively. Here trel = (CFH – CFM) / CFM *100% and crel = (GMI – CFM) / 
CFM *100%. 
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Figure 11 shows the impacts of the three oxidant fields on nitrate species (e.g., NH3, NH4, NO3), 
as well as the associated oxidant, HNO3, with the GMI experiment exhibiting substantially lower 
HNO₃ levels. As discussed in Fig. 9, applying a uniform global scaling factor excessively 535 
reduces stratospheric HNO₃ used by GMI. As a result, the relative difference of GMI versus 
CFM for whole atmosphere HNO₃ becomes extraordinarily large. Excluding stratospheric HNO₃, 
the relative difference decreases from −80.1% to −69.8%, as expected. The negative tropospheric 
relative difference indicates that the calibrated GMI HNO₃ remains lower than that in CFM, 
leading to lower simulated aerosol nitrate concentrations, primarily because of reduced 540 
heterogeneous reactions of HNO₃ with dust and sea salt, as reflected by the negative relative 
difference of GMI versus CFM in Fig. 11C3. In contrast, aerosol nitrate chemical production 
calculated through the thermodynamic equilibrium model for the NH₃–NH₄⁺–NO₃⁻–SO₄²⁻ system 
is significantly higher in the GMI experiment and exhibits a notably different seasonal cycle than 
the CFM experiment (Fig. 11C2), reflecting enhanced partitioning toward aerosol nitrate 545 
formation. Because the lower HNO₃ concentrations in GMI require less NH₃ for neutralization, 
gaseous NH₃ remains higher while particulate NH₄⁺ is correspondingly lower in GMI compared 
with CFM. On the other hand, the CFH–CFM differences in nitrate-related species arise 
primarily from thermodynamic equilibrium processes (Fig. 11 C0-3). Table S2 summarizes the 
annual global nitrate budgets, mean surface concentrations, and chemical and physical process 550 
contributions for all three experiments. 

Figure 11. Similar to Fig. 10 but for nitrate species. Here cheaqlnh3, cheaqpnh4, and 
cheaqpno3 represent the chemical loss of NH3 and the chemical production of NH4 and NO3, 
respectively, occurring via thermodynamic equilibrium, while chehetno3 represents the 
production of NO3 through heterogeneous reactions of HNO3 on the surfaces of dust and sea-
salt aerosols. Unit of surface concentration is µg/kg for aerosols and ppb for gases. 
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4. Conclusion 

Accurately simulating secondary inorganic aerosols, such as sulfate and nitrate, requires a 
detailed representation of complex atmospheric oxidant chemistry. However, global models such 555 
as the GEOS GOCART-2G aerosol module—widely used by the community, including in the 
MERRA-2 reanalysis—typically employ a decoupled approach in which aerosol chemistry is 
driven by monthly mean oxidant fields. While computationally efficient, this design overlooks 
the high-frequency temporal variability and nonlinear interactions inherent in aerosol–oxidant 
chemistry. In this study, we systematically evaluated the sensitivity of GOCART-2G aerosol 560 
simulations to different oxidant field representations by comparing three configurations: hourly 
GEOS-Chem oxidants (CFH), monthly mean GEOS-Chem oxidants (CFM), and the default 
monthly mean GMI-Chem oxidants (GMI). The model was evaluated against regional airborne 
measurements from the 2024 ASIA-AQ campaign and through a global chemical budget analysis 
for 2019. 565 

Our regional analysis during the ASIA-AQ campaign across the Philippines, South Korea, and 
Thailand demonstrated that utilizing hourly, time-varying oxidant fields improves the correlation 
of simulated oxidant, sulfate, and nitrate fields with observations compared to that using monthly 
averages. Despite these improvements, the model-to-observation comparisons revealed persistent 
limitations in the current GOCART-2G modeling framework. Specifically, precursor emissions 570 
require critical reassessment: modeled DMS was severely overestimated over open oceans, while 
NH₃ was systematically underestimated across all regions regardless of the oxidant field used.  

On a global and annual scale, comparison of the CFH and CFM simulations reveals the profound 
impact of temporal averaging on nonlinear chemical transformations. Monthly averaged 
chemical fields not only suppresses short-term variability but also alters the nonlinear coupling 575 
among reactants and products. Because reaction rates and multiphase processes depend 
nonlinearly on instantaneous chemical conditions, chemistry driven by monthly mean fields is 
not necessarily equivalent to the temporal average of chemistry driven by dynamically evolving 
fields. Our study indicates that because altering the temporal covariance between DMS and its 
oxidants, the time-varying oxidants shows a weakened chemical transformation of DMS, 580 
resulting in a roughly 20% increase in the global DMS and MSA burdens compared to monthly 
mean oxidants. Corresponding global changes in SO₂ (decrease) and SO₄ (increase) remain 
minor, as regional decreases and increases largely offset one another. For nitrate-related species, 
the introduction of temporal variability in CFH exerts a more pronounced influence in the lower 
troposphere; specifically, its impact on surface nitrate-related species typically ranges between 585 
10% and 20%, whereas the corresponding influence on global burdens diminishes to single-digit 
percentages. 

Furthermore, comparing oxidant fields from the GMI-Chem and GEOS-Chem mechanisms 
reveals significant structural differences. Because the GMI and CFM approaches use the same 
strategy to update oxidant fields, discrepancies in their simulated aerosol results stem directly 590 
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from differences in oxidant magnitudes and spatial distributions. Specifically, compared to 
GEOS-Chem, the GMI-Chem mechanism yields OH concentrations that are approximately 8% 
higher, NO₃ levels 2% lower, and H₂O₂ levels 27% higher. Consequently, GMI simulates global 
DMS and MSA concentrations that are over 30% lower. Additionally, because it lacks interactive 
aerosol feedback, the GMI-Chem mechanism inherently overestimates tropospheric HNO₃. The 595 
uniform global scaling factor currently used causes an over-correction in the lower troposphere, 
resulting in HNO₃ levels that are drastically lower than those produced by the CFM approach. 

Ultimately, these findings reveal a significant opportunity to advance the next generation of 
offline aerosol modeling. While utilizing decoupled, monthly mean oxidant fields has historically 
provided the computational efficiency necessary for near-real-time forecasting and long-term 600 
reanalysis (such as MERRA-2), the experimental results indicate that moving toward dynamic 
oxidant fields is the logical next step to capture the vital, transient oxidant–aerosol interactions 
that drive secondary aerosol formation. Based on these findings, we propose that—at least for 
near-real-time forecasting—GEOS-FP should shift to using high-frequency oxidant fields from 
GEOS-CF forecasts to drive its GOCART-2G chemistry module. This strategy leverages existing 605 
architecture to incorporate time-varying chemical environments and coupled feedback 
mechanisms, while avoiding the heavy computational burden associated with fully online, 
interactive chemistry systems. 
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