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Key Points:
· A streamlined interactive atmospheric chemistry module has been developed for E3SM version 3.
· The new module does well on standard atmospheric trace gas metrics while maintaining or improving the existing climate simulation.
· The chemistry package improves E3SM’s science capabilities (chemistry-climate feedbacks, air quality) with minimal added computational cost.


Abstract
Atmospheric chemistry plays a crucial role in Earth system models (ESMs), controlling atmospheric composition and radiative balance; it is highly interactive with the physical climate, biogeochemical cycles, and human systems.  However, it often imposes computational challenges in an ESM.  Here we develop a full troposphere-stratosphere interactive chemistry module for the US Department of Energy’s Energy Exascale Earth System Model (E3SM).  We intentionally build a streamlined module based on E3SM version 2 that interacts with other components and maintains all of major chemical and chemistry-climate feedbacks.  The module incorporates a new, highly efficient tracer advection scheme; linearization of stratospheric chemistry; and abridged tropospheric chemical mechanism with 28 reactive tracers.  This new model, E3SM-chem, can readily perform century-long climate simulations of ozone, methane, and nitrous oxide based on emission scenarios as well as provide hourly budgets for the gas-phase radicals that drive aerosol chemistry.  We evaluate E3SM-chem with an atmosphere-only simulation as in the recent climate model intercomparison project (CMIP6) finding results similar to the other CMIP6 models.  For the present-day, E3SM-chem matches the standard measurement metrics for stratospheric and tropospheric ozone, surface air quality, other key reactive gases like carbon monoxide, and the methane lifetime.  Overall, E3SM-chem maintains the climate fidelity of the baseline model while adding at most 20% to the computational cost of the atmosphere model.  Hence, interactive chemistry can be a default configuration for long climate simulations at resolutions of 1° or finer, which is crucial for producing self-consistent chemistry-climate feedbacks that alter the climate system.

Plain Language Summary
We have developed an interactive atmospheric chemistry module for version 3 of the US Department of Energy’s Energy Exascale Earth System Model (E3SM).  This new chemistry module significantly enhances E3SM’s ability to simulate chemistry-climate interactions, thereby representing climate processes more accurately.  Importantly, these advancements were achieved without compromising the existing climate simulation in quality or computational cost, thus allowing for the capture of self-consistent chemistry-climate evolution both in historical periods and future scenario projections allowing atmospheric composition to respond naturally to changing emissions.  


1 Introduction
We rely on Earth system models (ESMs) as the major tool to simulate and understand the Earth’s climate response to human interventions, from its historical evolution to future projections, under various scenarios of shared socioeconomic pathways.  Accurate representation of atmospheric chemistry is vital for ESMs to capture an important fraction of the overall climate forcing that is caused by the non-CO2 greenhouse gases (GHGs)constituents.  Interactive chemistry is necessary to simulate climate changes (e.g., climatology, trend and variability) affected by chemistry-climate interactions (Szopa et al., 2021; Forster et al., 2021; Thornhill et al., 2021).  In the stratosphere, atmospheric chemistry and tracer transport control the abundances of many GHGs:  stratospheric ozone (O3), nitrous oxide (N2O), water vapor (H2O), and halogenated compounds (e.g., CFCs).  In the troposphere, photochemistry is the source of short-lived radicals such as hydroxyl (OH) and hydroperoxy (HO2) that control the abundance of other GHG:  tropospheric O3, and methane (CH4).  This oxidant chemistry in the troposphere also controls the formation and destruction of many aerosol species that drive climate through both direct radiative forcing and cloud interactions.  Beyond the atmospheric effects, chemistry of gases and aerosols links to the biogeochemistry of the Earth’s ecosystems through damage (O3) and nutrients (N, P, Fe).

The importance of including interactive atmospheric chemistry and composition in climate simulations has been highlighted by many high-profile model intercomparison projects (MIPs), such as Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) (Lamarque et al., 2013), Chemistry-Climate Model Initiative (CCMI) (https://igacproject.org/activities/CCMI), and Aerosols and Chemistry Model Intercomparison Project (AerChemMIP) (Collins et al., 2017).  The chemistry-climate model simulations under these MIPs established the importance of atmospheric chemistry in climate change policy (e.g., Szopa et al., 2021).  These MIPs help us understand the individual contributions of specific short-lived climate forcer (SLCF) emissions to changes in atmospheric composition, radiative forcing, and cloud interactions.  The consensus and scientific insights gained from MIPs advance our understanding of chemistry-climate interactions.  The atmospheric chemistry of gases and aerosols is essential for understanding climate change from the pre-industrial to the present era, as well as for projected future emission scenarios.  Nevertheless, the substantial computational cost of integrating interactive chemistry in ESMs presents a challenge for its inclusion in climate simulations that often require multiple ensembles to assess the climate change signal.  Many of the models in the aforementioned chemistry MIPs were limited to coarse resolution (>1° in latitude and longitude) and few sensitivity studies, which leads to larger uncertainties in the assessment.

The previous E3SM versions 1 and 2 (Golaz et al., 2019, 2022) used in the Coupled Model Intercomparison Project Phase 6 (CMIP6) (Eyring et al., 2016) included an interactive stratospheric ozone module (Linoz v2), but all other GHGs and oxidants were prescribed based on decadal monthly mean chemistry from an ESM selected as default standard (Michaela I. Hegglin et al., 2016).  This combination meant that photochemical variations in the radiative forcing caused by clouds and transport barriers (interhemispheric, stratosphere-troposphere) occurred in the wrong places at the wrong time in E3SM.  Further, the emission-driven tropospheric GHG radiative forcing did not respond in a self-consistent manner to the precursor emissions and tracer transport within E3SM.  This lack of self-consistent chemistry modeling may have contributed to the excessive aerosol-related forcing found in previous E3SM versions.  
Here, for E3SM version 3 (E3SMv3), we develop a streamlined interactive chemistry using three critical components:  (1) upgraded stratospheric chemistry (Linoz v3) (Hsu & Prather, 2010; Prather & Hsu, 2010) that includes 5 prognostic trace gases driving ozone chemistry; (2) an abbreviated tropospheric chemistry mechanism (chemUCI) from the University of California, Irvine (UCI) chemistry transport model (CTM) (Prather & Zhu, 2024) that needs only 28 advected trace gases to simulate the key features of tropospheric GHGs and air quality; and (3) a new tracer transport method, Interpolation Semi-Lagrangian Element-based Transport (ISLET) (Bradley et al., 2022), which is 6 to 8 times faster than traditional methods used in E3SMv1 (Golaz et al., 2019).  Thus, our new interactive chemistry adds at most 20% to the computational costs of the E3SM atmospheric model and warrants the inclusion of interactive chemistry in the default E3SMv3 configuration and in the upcoming CMIP production runs, where appropriate.  We show here that the new interactive chemistry helps alleviate some of the biases in aerosol-related forcing and enables us to apply these E3SMv3 production simulations to air quality studies.  More aerosol results are reported in Wang et al. (2025) and Xie et al. (2025).

In the present study, we document the details of the chemistry module as implemented in the previously documented E3SMv2 atmospheric model (designate E3SM here) (Golaz et al., 2022) because the E3SMv3 atmospheric model has many other new features (Xie et al., 2025) and has not yet been officially released.  This intermediate hybrid model version is designated E3SM-chem.  We examine the atmospheric distribution of key species and their chemical budgets, comparing our new results with standard observational metrics and with other peer chemistry-climate models from the chemistry CMIPs.  We also examine how E3SM-chem changes the climate metrics and overall quality of the E3SM simulation.

2 Description of interactive chemistry and simulations
2.1 Interactive chemistry scheme
In standard E3SMv1 and v2, the only interactive chemistry was for stratospheric O3, and the model calculated the chemical tendencies for O3 within the stratosphere simply as a function of local O3, column O3, and T (Linoz v2) (Hsu & Prather, 2009).  For tropospheric O3, E3SMv1 just overwrote values (including inadvertently some stratospheric values) using monthly mean climatology recommended for the MIP from another ESM (Rasch et al., 2019; Xie et al., 2018).  E3SMv2 dropped the tropospheric overwrite and applied a lower tropospheric boundary condition to absorb the influx of stratospheric O3 (Tang et al., 2021).  In E3SM-chem, we expand the stratospheric chemistry to Linoz v3 (Hsu & Prather, 2010), which calculates O3, CH4, N2O, and NOy as prognostic chemical tracers and derives stratospheric H2O from conservation of H coupled with CH4 loss.  The chemical tendencies of all these species are coupled through standard stratospheric photochemistry:  e.g., The O3 chemical tendency (net production minus loss) in E3SM-chem depends on the local concentration of O3, CH4, NOy, N2O and H2O as well as the overhead column of O3 and T that determines the photolysis ratesO3 net production depends on O3, T, column O3, CH4, NOy, and H2O.  E3SM-chem directly alters the radiative forcing of the E3SM climate model by supplying full 3-D values at the radiation timestep (1 hour) for stratospheric and tropospheric O3, stratospheric H2O, CH4, and N2O.  The calculation details are provided in McLinden et al. (2000) and Hsu & Prather (2009) for Linoz v2, and in Hsu & Prather (2010) for Linoz v3.
In the troposphere, the chemUCI mechanism (based on the UCI CTM) (Prather & Zhu, 2024) consists of 28 advected tracers to represent the O3-CH4-HOx-NOx-NMVOCs chemistry (CH4: methane; HOx≡HO2+OH+peroxy radicals; NOx≡NO+NO2; NMVOCs: non-methane volatile organic compounds).  The photolysis rates are derived from a look-up table.  The lightning NOx emission is estimated following Price et al. (1997).  The tropopause is defined using the e90 tracer method to switch between tropospheric and stratospheric chemistry modules (Prather et al., 2011).  e90 is a synthetic tracer introduced with a uniform surface emission rate, calibrated to achieve a global mean mole fraction of 100 parts per billion (ppb) relative to the dry air mass. The tracer undergoes atmospheric decay with an e-folding time scale of 90 days.  The e90 tropopause threshold value is calibrated against the thermal lapse rate tropopause to ensure a similar tropospheric air mass with both methods, and we find the tropopause is defined by a threshold of e90 = 80 ppb.  The coupling of Linoz v3 with chemUCI works well, being used to quantify the chemical feedbacks across the stratosphere-troposphere chemistry-transport system (Prather & Hsu, 2010).  It is worthwhile pointing out that E3SM and E3SM-chem share identical links between chemical tracers and other components, such as the dynamic core and radiation.  Additionally, we released the E3SM-chem chemistry diagnostic package (ChemDyg) (Lee et al., 2025)(Lee et al., 2025) to facilitate routine model development and analysis.  In this study, ChemDyg is utilized for the analyses presented in Figures 1, 3, 4, and 5.
Tracer transport often becomes a bottleneck when incorporating chemistry mechanisms with numerous tracers in climate models because of its high computational cost.  Since version 2, E3SM has implemented a new transport method known as Interpolation Semi-Lagrangian Element-based Transport (ISLET) (Bradley et al., 2022).  ISLET is a property-preserving tracer transport method that supports a three-grid atmospheric model, utilizing separate grids for physics parameterizations, dynamics, and tracer transport.  This approach allows tracer transport in these simulations to operate with a significantly longer (6x; 1800 s) time step than the CFL-limited dynamics grid time step (300 s) while maintaining accuracy (Bradley et al., 2022). The ISLET tracer transport scales well with CPU cores as shown in Figure 3 of Golaz et al. (2022). Furthermore, it scales linearly with increasing tracer numbers as demonstrated in Bradley (2024)This approach allows tracer transport to operate with a significantly longer time step than the CFL-limited dynamics grid time step.  Consequently, ISLET achieves extreme efficiency, accelerating tracer transport with equivalent accuracy by 6 to 8 times compared to E3SM version 1 (Golaz et al., 2022).  Together with the abridged chemistry mechanism, our interactive chemistry only adds up to 20% computational cost to the atmospheric model.
The computational performance tests were carried out on 30 nodes of the Chrysalis cluster at Argonne National Laboratory. Chrysalis consists of 512 compute nodes. Each node is equipped with two AMD Epyc 7532 “Rome” 2.4 GHz processors. Each processor has 32 cores and hence a total of 64 cores per node. Each node has 256 GB 16-channel DDR4 3200 MHz memory. The nodes are connected using Mellanox HDR200 InfiniBand and use the fat tree topology. On average, a one-year E3SM-chem simulation test was completed in 4,200 seconds (wallclock time), with 350 seconds spent on tracer advection and 45 seconds on chemistry solvers.
2.2 Model simulations
In this study, we use two Atmospheric Model Intercomparison Project (AMIP) style simulations of years 1870-2014.  The control simulation (denoted as E3SM) is the first AMIP member of the E3SMv2 production ensemble (see Golaz et al., (2022) for model details).  The new test simulation (denoted as E3SM-chem) uses the same configurations as the control but includes the interactive chemistry package described in Section 2.1.  Both simulations are forced by 1o monthly mean sea surface temperatures and sea ice concentration and run at the standard horizontal resolutions of 110-km atmosphere and 165-km land with 72 vertical layers, covering the surface to 60 km (~0.1 hPa).  The E3SM-chem simulation is spun-up from a separate 10-year AMIP-style branch run initialized by the E3SMv2 AMIP restarts at 1870-01-01 and run with the forcings from years 1870-1879.
2.3 Chemical emissions
The annual emissions of reactive trace gases are summarized in Table 1 for years 2010-2014, with the full table of all gas and aerosol emissions being shown in the supplementary Table S1.  Anthropogenic and biomass burning emissions of all species except for sources of secondary organic aerosol (SOA) gas precursors are from CMIP6 (Hoesly et al., 2018; van Marle et al., 2017).  SOA gas precursor sources from fossil fuels, biomass burning, biofuels, and biogenic are derived from Shrivastava et al. (2015) as documented in Wang et al. (2020).  Biogenic emissions for all species except SOA gases are from MEGAN-MACC offline dataset (Sindelarova et al., 2014) covering 1980 to 2014.  Biogenic emissions for 1870-1979 were cycled yearly from 30-year mean (1980-2009) of MEGAN-MACC.  Oceanic VOCs and CO emissions plus soil NOx emissions are from the NCAR CESM used in CMIP6 (Tilmes et al., 2016).  The DMS emission is represented as a monthly sea–air flux climatology, following (S. Wang et al., 2018).  The prognostic lightning NOx emissions are calibrated to 1990-2014 average of 7.9 Tg N/year, which lies within the range of previous studies (Schumann & Huntrieser, 2007; Murray, 2016; Nault et al., 2017).

3 Atmospheric chemistry results
Previous E3SM versions use prescribed decadal-average monthly-mean 3-D fields for oxidants (O3, OH, HO2) calculated from the Model for Ozone and Related chemical Tracers (MOZART) chemical transport model (CTM) (Neale et al. 2010).  With interactive chemistry in E3SM-chem, we now have hourly oxidant and greenhouse gas distributions that are self-consistent with the E3SM meteorology (e.g., storm fronts, clouds, convection, tropopause boundary) and emissions.
3.1 Present-day budgets
Table 2 summarizes the global annual mean tropospheric budget terms for O3 and CO from 1990-2014 to provide a high-level overview of E3SM-chem.  These results are typical for chemistry-climate models.  For example, Griffiths et al. (2021) Table 1 reported CMIP6 1995-2004 multi-model tropospheric ozone budget ranges: burden = 310-387 Tg, surface deposition = 791-1992 Tg/year, chemical production of Ox = 3987-5315 Tg/year, chemical loss of Ox = 3576-4476 Tg/year, net chemical production of Ox = 411-839 Tg/year. (e.g., Griffiths et al., 2021).  For instanceIn E3SM-chem, the total O3 burden is 2972 Tg with 303 Tg in the troposphere and 2669 Tg in the stratosphere.  Here we report production (P) and loss (L) values of ~90,000 Tg/year because we calculate it directly from O3 rather than from odd oxygen (Ox = O3 + O + NO2).  We also report the Ox P and L values of ~4,000-5,000 Tg/year, which are in good agreement with other CMIP6 models (Griffiths et al., 2021).  The absolute values are not meaningful, what matters is the net chemical P-L which is more accurately computed from the O3 terms rather than the Ox terms (differ by about 2x).  The net tropospheric chemical tendency is 379 Tg/year and the net stratosphere-troposphere exchange (STE) O3 flux adds 405 Tg/year.  These sources are balanced by surface deposition of 784 Tg/year (also directly diagnosed) and thus the budget is balanced.    
The CO budget shows the importance of atmospheric photochemical production of CO from CH4 and non-methane VOCs and loss to OH.  The CO surface emission is 1078 Tg/year.  The net tropospheric chemical tendency removes 861 Tg/year and surface deposition removes another 135 Tg/year.  The remaining 82 Tg/year is destroyed in the stratosphere.  These numbers are consistent with the CO budget reported in Tables 1 & 2 of Duncan et al. (2007).
3.2 Historical evolution of tropospheric chemistry
Methane is the second most important greenhouse gas (GHG) in terms of forcing the climate system over the AMIP historical period.  The temporal evolution of CH4 in the AMIP run for the historical period (up to 2014) is based on observational dataIts temporal evolution in the AMIP scenario is founded on observations, but its future burden, e.g., based on the CMIP6 SSP scenarios out to 2100, is based on changing anthropogenic emissions of CH4 and other reactive species combined with an interactive chemistry model that calculates the CH4 lifetime in response to changing climate and changing anthropogenic emissions.  We did not run the SSP scenarios, but we did diagnosed the historical changes in CH4 lifetime as shown in Table 3.  From 1980s to 2010s, The the overall decrease in lifetime  due to tropospheric OH is driven consistent with several driving forces: by increasinge in tropospheric O3, H2O, and NOx emissions (including lightning) and decrease other pollutants (anthropogenic emissions), plus H2O (climate change)in CO emissions (Stevenson et al., 2020; Skeie et al., 2023).  The decrease in the stratospheric lifetime is driven by ozone depletion caused by added Cly (specified in the Linoz tables) which has recovered slightly near the end of the period.  By itself, the lifetime change would lead to decreasing atmospheric CH4, but the anthropogenic CH4 emissions have increased at a much faster rate, leading to a 150% increase (Stevenson et al., 2020).  Under climate mitigation scenarios that limit global warming to less than 2 deg C, the CH4 emissions must be cut, and its future abundance will depend more sensitively on our ability to project the CH4 lifetime, which can now be a standard part of E3SM climate projections. 
Figure 1 illustrates the time series of the annual mean tropospheric ozone burden as simulated by E3SM-chem and several CMIP6 models for the historical period.  It indicates an increase of approximately 35% in the tropospheric ozone burden from pre-industrial times to the present day.  This increase is primarily attributed to the rise in emissions of ozone precursors, which are largely a result of human activities (Griffiths et al., 2021).  Despite differences in the absolute burden of tropospheric ozone across models, which may in part be due to differences in defining the tropopause boundary, there is a consensus among them regarding the overall increase.  The E3SM-chem model aligns closely with the CMIP6 model range, matching the trends of GFDL and UKESM throughout the period without the accelerated growth after 1970 shown by CESM and MRI.  This historical increase in O3 radiative forcing as simulated by E3SM, instead of being imposed from another model result, is now part of the E3SMv3 historical climate (see Golaz et al., 2025).
The current observed geographic pattern of tropospheric column ozone (TrCO, unit: Dobson Unit (DU = milli-cm-amagat)) is well simulated by E3SM-chem, see Figure 2.  The Ziemke observed climatologies shown here are derived from the Ozone Monitoring Instrument (OMI) and Microwave Limb Sounder (MLS) satellite observations (Ziemke et al., 2006, 2019; downloaded from https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/new_data.html).  Globally, E3SM-chem TrCO (28.529.2 DU) is about 107% less than observed (31.3 DU).  E3SM-chem is low by 4-12 DU over the Pacific and Southern Oceans, but high by 4-8 DU over the three tropical continents.  The latter bias appears to be caused by excessive O3 production associated with deep convection (with lightning NOx) and/or biomass burning (with NOx and other pollutants).  Different satellite products may diverge in regional TrCO magnitudes depending on the distinct retrieval algorithms (e.g., Figure 10 of Gaudel et al., 2018); however, they generally show consistency in the overall spatial patterns analyzed in this study. Incorporating additional observational datasets in future work would be helpful for further improving the E3SM TrCO simulations, particularly at the regional scale.
The stratosphere-troposphere exchange (STE) flux of ozone is a critical component in the budget of tropospheric ozone.  In E3SM-chem, we implement a tendency-based STE ozone diagnostic, following the methodology outlined by Hsu et al. (2005).  This diagnostic records, for each atmospheric column, the change in tropospheric O3 due to all transport operations, i.e., the instantaneous STE O3 flux.  It recognizes and accounts for stratospheric folds, including their partial reassimilation by the stratosphere.  Figure 3a illustrates the deseasonalized (12-month running sum) of STE ozone fluxes from 1990 to 2014 for the globe and both hemispheres.  The 15-year global mean STE flux is 553 405 Tg/year, aligning well with the range reported in existing literature (e.g., Tang et al., 2011; Myhre et al., 2013; Young et al., 2013; Tang et al., 2013; Hsu & Prather, 2014).  Interestingly, the STE flux is greater in the Southern Hemisphere (326 239 Tg/year) compared to the Northern Hemisphere (227 166 Tg/year), and, further, the interannual variability is largest in the Southern Hemisphere being driven apparently by the quasi-biennial oscillation (QBO), which is supported by the conclusions of Ruiz et al. (2021).  These results support the similarly surprising conclusions of Ruiz et al. (2021) and Ruiz & Prather (2022) regarding the NH-SH asymmetry in STE O3 flux and the QBO dominance in the SH that is also seen in the surface N2O observations.  Figure 3b presents the latitude-month STE climatology from 1991 to 2014, highlighting the peak STE at mid-latitudes near the subtropical jets during spring and summer in both hemispheres.  We expect the STE O3 flux to increase with climate change (Michaela I. Hegglin & Shepherd, 2009) and accurate diagnosis of the latitudinal and seasonal pattern will help in assessing changes in tropospheric O3 and surface air quality. 
Ozone at the surface is a major pollutant and health hazard, and it is monitored as one of the air quality (AQ) standards.  Schnell et al. (2014) put together an AQ map of surface O3 using the thousands of AQ monitoring sites over North America and Europe (the only regions with sufficiently dense, high-quality coverage at the time).  Schnell et al. (2015) used these AQ data to develop a standard model metric of the diurnal and seasonal cycles of surface O3 and then evaluated the ACCMIP models.  We adopt these metrics (Figure 4) and show that E3SM-chem performs better than most ACCMIP models, with no extreme high surface biases typical of global O3 models.  What is unusual here is that the UCI CTM (yellow line), the source of the chemistry model for E3SM, was possibly the worst model with an unusually high summertime and morning bias in O3, which was found to be a problem with the timing of the planetary boundary layer.  
Surface CO concentrations derived from the NOAA sites across a range of latitudes far from pollution sources are compared with E3SM-chem results in Fig. 5.  We prefer the NOAA data for model evaluation over the satellite CO data because the NOAA measurements are distinctly surface data and have a long history of stable calibration.  Over the NH, E3SM-chem shows a systematic high CO bias in the annual mean; while over the SH, the mean concentrations agree.  E3SM-chem does a good job in capturing the trend, seasonality, and interannual variabilities, suggesting emission errors in the NH.   The obvious solution is not to increase CO loss since our CH4 loss rate is already too high, but to increase NH sources of CO and VOC precursors.  The SMO site often sees NH air and this interannual variability is seen in the model.  
The E3SM-chem tropospheric mean OH is summarized in Table 4 using a standard format of breaking the troposphere into similar-sized latitude-pressure boxes.  We compare our interactive E3SM-chem (black text) with our fixed E3SM OH climatology (blue text), with the classic OH fields generated by Spivakovsky et al. (2000) used by early models without interactive chemistry (black text), with the average of ACCMIP models (Naik et al., 2013) (gold text), and with the Geophysical Fluid Dynamics Laboratory (GFDL)'s Atmosphere Model version 4.1 (AM4.1) (Horowitz et al., 2020) (red text).  The tropospheric average of E3SM-chem OH using the e90 tropopause is 10.7x105 molecules/cm3, which is slightly lower (4%) than the E3SM prescribed value.  Both values are within the range of other modeled values.  This standard approach of averaging OH over the troposphere is useful as a first-order comparison for MIPs but fails to recognize the that the location of the OH matters for the oxidative chemistry it drives.  Figure S1 a-d shows the monthly mean OH mole fraction for E3SM and E3SM-chem, for January and July.  This comparison highlights the unrealistic peaking of the E3SM prescribed OH in the stratosphere, which will drive excessively fast aerosol chemistry in the upper troposphere.  A more important aspect of the OH distribution is where the methane loss to OH occurs in the lower tropical troposphere, see Figure S1 e-f.  This emphasizes the mistaken effort to compare the models' mean tropospheric OH rather than weighting that OH by what it does (destroy CH4 and CO, produce CO).  For example, the methane lifetime due to tropospheric OH loss from years 1981-2000 is 9.0 years in E3SM-chem (Table 3) and 9.7 years in GFDL AM4.1 (Horowitz et al., 2020), which is an 8% relative difference compared to the 3% difference in tropospheric mean OH (Table S24).
Our two parallel experiments with the same SSTs, running E3SM-chem with full tropospheric chemistry and also with only Linoz v3 and the fixed O3 lower boundary, enable us to estimate the pre-industrial to present day tropospheric O3 increase and the effective radiative forcing (ERF) due to this chemistry change.  The 1870-1879 to 2005-2014 increase in tropospheric O3 is 7.8 DU with an ERF of 0.32 W/m2 at the TOA.  It includes the stratospheric adjustment because we do not separate stratospheric changes.  This value is similar to the combined tropospheric O3 stratospheric-temperature adjusted radiative forcing of 0.39 ± 0.07 W/m2 due to NOx, VOC, and CH4 increases (Forster et al., 2021).  The GHG ERF numbers for E3SMv3 will be reported in a separate study using a single-forcing approach (Golaz et al., 2025). 

3.3 Stratospheric results
In the stratosphere, the E3SM-chem updates to Linoz enable interactive chemical coupling of N2O, NOy, and CH4 with O3.  Figure 6 compares the present-day annual cycle of stratospheric column ozone (SCO) between E3SM-chem and OMI+MLS observations (https://acd-ext.gsfc.nasa.gov/anonftp/acd/atmos/ziemke/tco_omi_1by1_oct2004_to_dec2024.sav, accessed on June 9, 2025).  Here, we specifically separate the stratospheric from tropospheric column O3 because each has distinct patterns of seasonality and trends (Ziemke et al., 2019, 2022).  Total column ozone is not a good metric.  E3SM-chem matches the year-round low in the tropics and the winter-spring high poleward of 40oN.  Overall E3SM-chem has a consistent low bias of 0 to 8 DU (~2%) in the 40oS-40oN region, slightly worse than E3SM (a high bias of 0 to 6 DU (~1.5%)).  The excellent agreement in SCO for the tropical region means that E3SM-chem will have little bias in the primary formation of tropospheric OH (from photolysis of tropospheric O3).  Outside the tropics, E3SM-chem exhibits a bias with an absolute magnitude slightly larger than that of E3SM, except for a nearly identical bias observed at 50°–60°S.
Stratospheric water vapor controls not only O3 chemistry but also the longwave cooling rates and temperature within the stratosphere.  Unfortunately, its source from CH4 oxidation in the stratosphere is absent in E3SMv1 and v2.  With the implementation of Linoz v3 and prognostic methane, E3SM-chem now accounts for this previously missing H2O source.  Figure 7 compares the annual mean (1985-2014) stratospheric H2O as a function of latitude and pressure for E3SM, E3SM-chem, and the ERA5 reanalysis.  In the absence of this chemical source, E3SM stratospheric H2O is biased low, 1.86 vs. 4.5 42 ppm, but with E3SM-chem it now matches the reanalysis.  
The Antarctic ozone hole simulation is improved with E3SM-chem, see Figure 8.  The underlying chlorine-catalyzed ozone-hole chemistry (Cariolle et al. 1990) model has not changed, but the change to Linoz v3 has reduced the background SCO levels in the high-latitude SH by 30 DU, which greatly improves the depth of the ozone hole (Figure 8a).  The ozone hole now appears before 1980, as per NASA Ozone Watch observational data (https://ozonewatch.gsfc.nasa.gov/).  A secondary reason forPart of this improvement may be caused linked by to changes in the strength of the Antarctic circumpolar stratospheric vortex due to changes in the radiative cooling by water vapor.  Nevertheless, both E3SM models fail to match the large, rapid, 100+ DU drop in O3 over August and September (Figure 8b).  The SH O3 is very sensitive to the temperature and dynamics over Antarctica and these have changed in part to the new abundances of O3 and stratospheric H2O with E3SM-chem.  The SH O3 is very sensitive to the temperature and dynamics over Antarctica, and these have changed in part to the new abundances of O3 and stratospheric H2O with E3SM-chem.  Therefore, we In addition, we slightly retuned the polar stratospheric clouds chemistry temperature threshold to 198.0 K in E3SM-chem vs. 197.5 K in E3SM (Tang et al., 2021) to better match the ozone hole observations.  We compare the pressure–altitude profile of O3 within the ozone hole region with observation from Antarctic ozone sondes in Figure 8c.  For regions of most intense O3 loss (14-22 km), E3SM-chem matches the observations while E3SM had difficulty producing the well-known feature of nearly complete O3 loss.  Neither model does well on matching the high-O3 profiles, but this is probably a synoptic sampling problem when using multi-year monthly means to get the 90th %ile.  
4 Global climate results
When developing new capabilities in climate models by including more accurate physics and chemistry (as here), we need to check that the new climate simulations are improved, or at least not too adversely affected compared to previous versions.  For this task we compare basic climate statistics and metrics for E3SM-chem with the baseline E3SM simulation, and with other CMIP6 models, observations, and reanalysis.  We use the same climate metrics as in previous E3SM publications (Golaz et al., 2019; 2022; Caldwell et al., 2019; Tang et al., 2021; 2023).
In Fig. 9, we calculate the uncentered root-mean-square error (RMSE) relative to observations (1985-2014) for the E3SM (blue triangles), E3SM-chem (red triangles), and 37 CMIP6 AMIP models using the PCMDI Metrics Package (PMP) (Gleckler et al., 2016).  We present the spatial RMSE of the annual and four seasonal climatologies for nine variables, encompassing major radiative fluxes, and physical and dynamical variables.  Overall, both E3SM and E3SM-chem perform well, with RMSEs smaller than most of the CMIP6 models, except for sea-level pressure, where both E3SM models fall in the bottom 25th percentile.  E3SM-chem results are similar to or slightly better than E3SM results for all metrics.  The annual mean latitude-longitude plots of these variables are shown in Figs. 10-13 and Figs. S2-S6, again indicating that adding chemistry made little difference for these, primarily tropospheric metrics.  The global mean biases are very similar for TOA net radiation (E3SM-chem=0.38 W/m2 vs E3SM=-0.68 W/m2), 2-m air temperature over land (0.28 oC vs. 0.16 oC), and 850-hPa zonal wind (0.26 m/s vs. 0.24 m/s); and the same for precipitation (0.32 mm/day).  Some small regional changes are observed, including reduced TOA net radiation over the tropical western Pacific, increased precipitation in northern South America, and variations in 850-hPa zonal wind over the central Pacific.  The change in stratospheric chemistry with E3SM-chem has only minor impacts on the QBO (not shown).  These results confirm that the E3SM-chem simulation achieves a similar level of climate fidelity with the new interactive chemistry capabilities.

5 Summary
We successfully implement interactive chemistry on top of within E3SMv2 (as a new feature in the upcoming E3SMv3 release), denoted E3SM-chem, which consists of the chemUCI mechanism from the UCI CTM in the troposphere and the Linoz v3 module in the stratosphere.  The tropopause, i.e., the boundary between troposphere and stratosphere, is defined from the synthetic age-tracer e90.  From the AMIP-type historical simulation, we find very good model-measurement comparisons for the key trace gases O3, CH4, and CO with regard to their mean climatology, surface abundance, time evolution, and tropospheric budgets and burdens.  E3SM's obvious error in stratospheric water vapor is corrected with the addition of CH4 chemistry.  The Antarctic ozone hole simulation is more realistic in E3SM-chem than in E3SM.  With standard diagnostics we have added a tendency-based STE ozone flux calculation that is important in studying future climate but is lacking in most CMIP6 models.  Fortunately, this new chemistry capability came with a slightly improved climate fidelity in the current E3SM, with an added computational cost of only less than 20%.  It also enables future E3SM developments to incorporate newer findings, for instance, the ozone dry deposition schemes (e.g., Gao et al., 2025)”. 
With E3SM-chem plus the enhanced capabilities of E3SM version 3 (e.g., regionally refined model (Tang et al., 2019, 2023; Bogenschutz et al., 2024; Zhang et al., 2024); new km-scale, convection-permitting dynamics that can model multiple pyrocumulonimbus clouds (Ke et al. 2025)), there is a new opportunity for important chemistry-climate studies.  For example, we would like to develop MIPs for the next climate assessment that focus on cities and climate change, including air quality.  The threat of extreme wildfires continues to be realized, and we also need MIPs on the pyrocumulonimbus and extreme fire events in a warming climate.  Climate extremes are increasingly accompanied by or directly caused by extremes in atmospheric composition and we should push the development and application of chemistry-climate ESMs. 

Acknowledgments
This research was supported as part of the E3SM project, funded by the U.S. Department of Energy, Office of Science, Office of Biological and Environmental Research through the Earth System Model Development (ESMD) program area.  E3SM development and production simulations were performed on a high-performance computing cluster provided by the BER ESM program and operated by the Laboratory Computing Resource Center at Argonne National Laboratory.  Development simulations were also performed using BER ESM program's Compy computing cluster located at Pacific Northwest National Laboratory (PNNL).  Additional development simulations and post-processing and data archiving of simulation data used resources of the National Energy Research Scientific Computing Center (NERSC), a DOE Office of Science User Facility supported by the Office of Science of the U.S. Department of Energy under Contract No. DE-AC0205CH11231.  Support has been received from the Lawrence Livermore National Laboratory (LLNL) LDRD project 22-ERD-008, “Multiscale Wildfire Simulation Framework and Remote Sensing”.  LLNL is operated by Lawrence Livermore National Security, LLC, for the U.S. Department of Energy, National Nuclear Security Administration under Contract DE-AC52-07NA27344.  PNNL is operated for DOE by Battelle Memorial Institute under contract DE-AC05-76RLO1830.  Trace gas emission files for E3SM-chem were adapted from emission files for NCAR CESM2 (point of contact: Louisa Emmons).

Data Availability Statement
Model code may be accessed at the GitHub repository https://github.com/E3SM-Project/E3SM.  The E3SM-chem chemistry mechanism can be accessed at: https://github.com/E3SM-Project/E3SM/blob/master/components/eam/src/chemistry/pp_chemuci_linozv3_mam5_vbs/chem_mech.in.  E3SM and E3SM-chem simulation data are provided at https://portal.nersc.gov/archive/home/projects/e3sm/www/WaterCycle/E3SMv2/LR/v2.LR.amip_0101 and https://portal.nersc.gov/archive/home/t/tang30/www/Tang_E3SMv3_chem_overview/20231110.uci-linoz3.1870-2014.09142022branch.t0.master.v2_like.F20TR.chrysalis, respectively.

References
Bogenschutz, P. A., Zhang, J., Tang, Q., & Cameron-Smith, P. (2024). Atmospheric-river-induced precipitation in California as simulated by the regionally refined Simple Convective Resolving E3SM Atmosphere Model (SCREAM) Version 0. Geoscientific Model Development, 17(18), 7029–7050. https://doi.org/10.5194/gmd-17-7029-2024
Bradley, A. M. (2024). Stabilized bases for high-order, interpolation semi-Lagrangian, element-based tracer transport. Journal of Computational Physics, 508, 113034. https://doi.org/10.1016/j.jcp.2024.113034
Bradley, A. M., Bosler, P. A., & Guba, O. (2022). Islet: interpolation semi-Lagrangian element-based transport. Geoscientific Model Development, 15(16), 6285–6310. https://doi.org/10.5194/gmd-15-6285-2022
Cariolle, D., Lasserre‐Bigorry, A., Royer, J.-F., & Geleyn, J.-F. (1990). A general circulation model simulation of the springtime Antarctic ozone decrease and its impact on mid-latitudes. Journal of Geophysical Research: Atmospheres, 95(D2), 1883–1898. https://doi.org/10.1029/JD095iD02p01883
Collins, W. J., Lamarque, J.-F., Schulz, M., Boucher, O., Eyring, V., Hegglin, M. I., et al. (2017). AerChemMIP: quantifying the effects of chemistry and aerosols in CMIP6. Geoscientific Model Development, 10(2), 585–607. https://doi.org/10.5194/gmd-10-585-2017
Duncan, B. N., Logan, J. A., Bey, I., Megretskaia, I. A., Yantosca, R. M., Novelli, P. C., et al. (2007). Global budget of CO, 1988–1997: Source estimates and validation with a global model. Journal of Geophysical Research: Atmospheres, 112(D22). https://doi.org/10.1029/2007JD008459
Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., & Taylor, K. E. (2016). Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization. Geosci. Model Dev., 9(5), 1937–1958. https://doi.org/10.5194/gmd-9-1937-2016
Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., et al. (2021). The Earth’s Energy Budget, Climate Feedbacks and Climate Sensitivity. In Climate Change 2021 – The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (pp. 923–1054). Cambridge: Cambridge University Press. https://doi.org/10.1017/9781009157896.009
Gao, Y., Kou, W., Cheng, W., Guo, X., Qu, B., Wu, Y., et al. (2025). Reducing Long-Standing Surface Ozone Overestimation in Earth System Modeling by High-Resolution Simulation and Dry Deposition Improvement. Journal of Advances in Modeling Earth Systems, 17(3), e2023MS004192. https://doi.org/10.1029/2023MS004192
Gaudel, A., Cooper, O. R., Ancellet, G., Barret, B., Boynard, A., Burrows, J. P., et al. (2018). Tropospheric Ozone Assessment Report: Present-day distribution and trends of tropospheric ozone relevant to climate and global atmospheric chemistry model evaluation. Elementa: Science of the Anthropocene, 6, 39. https://doi.org/10.1525/elementa.291
Golaz, J.-C., Caldwell, P. M., Van Roekel, L. P., Petersen, M. R., Tang, Q., Wolfe, J. D., et al. (2019). The DOE E3SM coupled model version 1: Overview and evaluation at standard resolution. Journal of Advances in Modeling Earth Systems, 11, 2089–2129. https://doi.org/10.1029/2018MS001603
Golaz, J.-C., Van Roekel, L. P., Zheng, X., Roberts, A. F., Wolfe, J. D., Lin, W., et al. (2022). The DOE E3SM Model Version 2: Overview of the Physical Model and Initial Model Evaluation. Journal of Advances in Modeling Earth Systems, 14(12), e2022MS003156. https://doi.org/10.1029/2022MS003156
Griffiths, P. T., Murray, L. T., Zeng, G., Shin, Y. M., Abraham, N. L., Archibald, A. T., et al. (2021). Tropospheric ozone in CMIP6 simulations. Atmospheric Chemistry and Physics, 21(5), 4187–4218. https://doi.org/10.5194/acp-21-4187-2021
Hegglin, M. I., & Shepherd, T. G. (2009). Large climate-induced changes in ultraviolet index and stratosphere-to-troposphere ozone flux. Nature Geoscience, 2(10), 687–691. https://doi.org/10.1038/ngeo604
Hegglin, M. I., Kinnison, D., Lamarque, J.-F., & Plummer, D. (2016). CCMI ozone in support of CMIP6 - version 1.0. Earth System Grid Federation. https://doi.org/10.22033/ESGF/input4MIPs.1115
Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., et al. (2018). Historical (1750–2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS). Geoscientific Model Development, 11(1), 369–408. https://doi.org/10.5194/gmd-11-369-2018
Horowitz, L. W., Naik, V., Paulot, F., Ginoux, P. A., Dunne, J. P., Mao, J., et al. (2020). The GFDL Global Atmospheric Chemistry-Climate Model AM4.1: Model Description and Simulation Characteristics. Journal of Advances in Modeling Earth Systems, 12(10), e2019MS002032. https://doi.org/10.1029/2019MS002032
Hsu, J., & Prather, M. J. (2009). Stratospheric variability and tropospheric ozone. Journal of Geophysical Research: Atmospheres, 114(D6), D06102. https://doi.org/10.1029/2008JD010942
Hsu, J., & Prather, M. J. (2010). Global long-lived chemical modes excited in a 3-D chemistry transport model: Stratospheric N2O, NO, O3 and CH4 chemistry. Geophysical Research Letters, 37(7). https://doi.org/10.1029/2009GL042243
Hsu, J., & Prather, M. J. (2014). Is the residual vertical velocity a good proxy for stratosphere-troposphere exchange of ozone? Geophysical Research Letters, 2014GL061994. https://doi.org/10.1002/2014GL061994
Ke, Z., Tang, Q., Zhang, J., Chen, Y., Randerson, J. T., Li, J., & Zhang, Y. (2025). Simulating Pyrocumulonimbus Clouds Using a Novel Global Multiscale Wildfire Simulation Framework.
Lamarque, J.-F., Shindell, D. T., Josse, B., Young, P. J., Cionni, I., Eyring, V., et al. (2013). The Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP): overview and description of models, simulations and climate diagnostics. Geoscientific Model Development, 6(1), 179–206. https://doi.org/10.5194/gmd-6-179-2013
Lee, H.-H., Tang, Q., Prather, M. J., & Xie, J. (2025). A Comprehensive Chemistry Evaluation and Diagnostics Package for E3SM – ChemDyg Version 1.1.0. Environmental Modelling & Software, 191, 106498. https://doi.org/10.1016/j.envsoft.2025.106498
van Marle, M. J. E., Kloster, S., Magi, B. I., Marlon, J. R., Daniau, A.-L., Field, R. D., et al. (2017). Historic global biomass burning emissions for CMIP6 (BB4CMIP) based on merging satellite observations with proxies and fire models (1750–2015). Geoscientific Model Development, 10(9), 3329–3357. https://doi.org/10.5194/gmd-10-3329-2017
McLinden, C. A., Olsen, S. C., Hannegan, B., Wild, O., Prather, M. J., & Sundet, J. (2000). Stratospheric ozone in 3-D models: A simple chemistry and the cross-tropopause flux. Journal of Geophysical Research: Atmospheres, 105(D11), 14653–14665. https://doi.org/10.1029/2000JD900124
Murray, L. T. (2016). Lightning NOxand Impacts on Air Quality. Current Pollution Reports, 2(2), 115–133. https://doi.org/10.1007/s40726-016-0031-7
Myhre, G., Shindell, D., & Bréon, F.-M. (2013). Anthropogenic and Natural Radiative Forcing. In Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley). Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press.
Naik, V., Voulgarakis, A., Fiore, A. M., Horowitz, L. W., Lamarque, J.-F., Lin, M., et al. (2013). Preindustrial to present-day changes in tropospheric hydroxyl radical and methane lifetime from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP). Atmospheric Chemistry and Physics, 13(10), 5277–5298. https://doi.org/10.5194/acp-13-5277-2013
Nault, B. A., Laughner, J. L., Wooldridge, P. J., Crounse, J. D., Dibb, J., Diskin, G., et al. (2017). Lightning NO Emissions: Reconciling Measured and Modeled Estimates With Updated NO Chemistry. Geophysical Research Letters, 44(18), 9479–9488. https://doi.org/10.1002/2017GL074436
Prather, M. J., & Hsu, J. (2010). Coupling of nitrous oxide and methane by global atmospheric chemistry. Science (New York, N.Y.), 330(6006), 952–954. https://doi.org/10.1126/science.1196285
Prather, M. J., & Zhu, X. (2024). Lifetimes and timescales of tropospheric ozone. Elementa: Science of the Anthropocene, 12(1), 00112. https://doi.org/10.1525/elementa.2023.00112
Prather, M. J., Zhu, X., Tang, Q., Hsu, J., & Neu, J. L. (2011). An atmospheric chemist in search of the tropopause. Journal of Geophysical Research: Atmospheres, 116(D4), D04306. https://doi.org/10.1029/2010JD014939
Price, C., Penner, J., & Prather, M. (1997). NOx from lightning: 1. Global distribution based on lightning physics. Journal of Geophysical Research: Atmospheres, 102(D5), 5929–5941. https://doi.org/10.1029/96JD03504
Rasch, P. J., Xie, S., Ma, P.-L., Lin, W., Wang, H., Tang, Q., et al. (2019). An Overview of the Atmospheric Component of the Energy Exascale Earth System Model. Journal of Advances in Modeling Earth Systems, 11. https://doi.org/10.1029/2019MS001629
Ruiz, D. J., & Prather, M. J. (2022). From the middle stratosphere to the surface, using nitrous oxide to constrain the stratosphere–troposphere exchange of ozone. Atmospheric Chemistry and Physics, 22(3), 2079–2093. https://doi.org/10.5194/acp-22-2079-2022
Ruiz, D. J., Prather, M. J., Strahan, S. E., Thompson, R. L., Froidevaux, L., & Steenrod, S. D. (2021). How Atmospheric Chemistry and Transport Drive Surface Variability of N2O and CFC-11. Journal of Geophysical Research: Atmospheres, 126(8), e2020JD033979. https://doi.org/10.1029/2020JD033979
Schnell, J. L., Holmes, C. D., Jangam, A., & Prather, M. J. (2014). Skill in forecasting extreme ozone pollution episodes with a global atmospheric chemistry model. Atmospheric Chemistry and Physics, 14(15), 7721–7739. https://doi.org/10.5194/acp-14-7721-2014
Schnell, J. L., Prather, M. J., Josse, B., Naik, V., Horowitz, L. W., Cameron-Smith, P., et al. (2015). Use of North American and European air quality networks to evaluate global chemistry–climate modeling of surface ozone. Atmospheric Chemistry and Physics, 15(18), 10581–10596. https://doi.org/10.5194/acp-15-10581-2015
Schumann, U., & Huntrieser, H. (2007). The global lightning-induced nitrogen oxides source. Atmospheric Chemistry and Physics, 7(14), 3823–3907. https://doi.org/10.5194/acp-7-3823-2007
Shrivastava, M., Easter, R. C., Liu, X., Zelenyuk, A., Singh, B., Zhang, K., et al. (2015). Global transformation and fate of SOA: Implications of low-volatility SOA and gas-phase fragmentation reactions. Journal of Geophysical Research: Atmospheres, 120(9), 4169–4195. https://doi.org/10.1002/2014JD022563
Sindelarova, K., Granier, C., Bouarar, I., Guenther, A., Tilmes, S., Stavrakou, T., et al. (2014). Global data set of biogenic VOC emissions calculated by the MEGAN model over the last 30 years. Atmospheric Chemistry and Physics, 14(17), 9317–9341. https://doi.org/10.5194/acp-14-9317-2014
Skeie, R. B., Hodnebrog, Ø., & Myhre, G. (2023). Trends in atmospheric methane concentrations since 1990 were driven and modified by anthropogenic emissions. Communications Earth & Environment, 4(1), 1–14. https://doi.org/10.1038/s43247-023-00969-1
Spivakovsky, C. M., Logan, J. A., Montzka, S. A., Balkanski, Y. J., Foreman-Fowler, M., Jones, D. B. A., et al. (2000). Three-dimensional climatological distribution of tropospheric OH: Update and evaluation. Journal of Geophysical Research: Atmospheres, 105(D7), 8931–8980. https://doi.org/10.1029/1999JD901006
Stevenson, D. S., Zhao, A., Naik, V., O’Connor, F. M., Tilmes, S., Zeng, G., et al. (2020). Trends in global tropospheric hydroxyl radical and methane lifetime since 1850 from AerChemMIP. Atmospheric Chemistry and Physics, 20(21), 12905–12920. https://doi.org/10.5194/acp-20-12905-2020
Szopa, S., Naik, V., Adhikary, B., Artaxo, P., Berntsen, T., Collins, W. D., et al. (2021). Short-lived Climate Forcers. In Climate Change 2021 – The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (pp. 817–922). Cambridge: Cambridge University Press. https://doi.org/10.1017/9781009157896.008
Tang, Q., Prather, M. J., & Hsu, J. (2011). Stratosphere-troposphere exchange ozone flux related to deep convection. Geophysical Research Letters, 38(3), L03806. https://doi.org/10.1029/2010GL046039
Tang, Q., Hess, P. G., Brown-Steiner, B., & Kinnison, D. E. (2013). Tropospheric ozone decrease due to the Mount Pinatubo eruption: Reduced stratospheric influx. Geophysical Research Letters, 40(20), 5553–5558. https://doi.org/10.1002/2013GL056563
Tang, Q., Klein, S. A., Xie, S., Lin, W., Golaz, J.-C., Roesler, E. L., et al. (2019). Regionally refined test bed in E3SM atmosphere model version 1 (EAMv1) and applications for high-resolution modeling. Geoscientific Model Development, 12(7), 2679–2706. https://doi.org/10.5194/gmd-12-2679-2019
Tang, Q., Prather, M. J., Hsu, J., Ruiz, D. J., Cameron-Smith, P. J., Xie, S., & Golaz, J.-C. (2021). Evaluation of the interactive stratospheric ozone (O3v2) module in the E3SM version 1 Earth system model. Geoscientific Model Development, 14(3), 1219–1236. https://doi.org/10.5194/gmd-14-1219-2021
Tang, Q., Golaz, J.-C., Van Roekel, L. P., Taylor, M. A., Lin, W., Hillman, B. R., et al. (2023). The fully coupled regionally refined model of E3SM version 2: overview of the atmosphere, land, and river results. Geoscientific Model Development, 16(13), 3953–3995. https://doi.org/10.5194/gmd-16-3953-2023
Thornhill, G., Collins, W., Olivié, D., Skeie, R. B., Archibald, A., Bauer, S., et al. (2021). Climate-driven chemistry and aerosol feedbacks in CMIP6 Earth system models. Atmospheric Chemistry and Physics, 21(2), 1105–1126. https://doi.org/10.5194/acp-21-1105-2021
Tilmes, S., Lamarque, J.-F., Emmons, L. K., Kinnison, D. E., Marsh, D., Garcia, R. R., et al. (2016). Representation of the Community Earth System Model (CESM1) CAM4-chem within the Chemistry-Climate Model Initiative (CCMI). Geoscientific Model Development, 9(5), 1853–1890. https://doi.org/10.5194/gmd-9-1853-2016
Wang, H., & et al. (2025). Overview of aerosols in E3SM version 3: new features and their coupling with atmospheric chemistry. Journal of Advances in Modeling Earth Systems.
Wang, H., Easter, R. C., Zhang, R., Ma, P.-L., Singh, B., Zhang, K., et al. (2020). Aerosols in the E3SM Version 1: New Developments and Their Impacts on Radiative Forcing. Journal of Advances in Modeling Earth Systems, 12(1), e2019MS001851. https://doi.org/10.1029/2019MS001851
Wang, S., Maltrud, M., Elliott, S., Cameron-Smith, P., & Jonko, A. (2018). Influence of dimethyl sulfide on the carbon cycle and biological production. Biogeochemistry, 138(1), 49–68. https://doi.org/10.1007/s10533-018-0430-5
Xie, S., Lin, W., Rasch, P. J., Ma, P.-L., Neale, R., Larson, V. E., et al. (2018). Understanding Cloud and Convective Characteristics in Version 1 of the E3SM Atmosphere Model. Journal of Advances in Modeling Earth Systems, (10), 2618–2644. https://doi.org/10.1029/2018MS001350
Xie, S., Terai, C. R., Wang, H., Tang, Q., Fan, J., Burrows, S. M., et al. (2025). The Energy Exascale Earth System Model Version 3. Part I: Overview of the Atmospheric Component. ESS Open Archive. https://doi.org/10.22541/essoar.174456922.21825772/v1
Young, P. J., Archibald, A. T., Bowman, K. W., Lamarque, J.-F., Naik, V., Stevenson, D. S., et al. (2013). Pre-industrial to end 21st century projections of tropospheric ozone from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP). Atmospheric Chemistry and Physics, 13(4), 2063–2090. https://doi.org/10.5194/acp-13-2063-2013
Zhang, J., Bogenschutz, P., Tang, Q., Cameron-smith, P., & Zhang, C. (2024). Leveraging regional mesh refinement to simulate future climate projections for California using the Simplified Convection-Permitting E3SM Atmosphere Model Version 0. Geoscientific Model Development, 17(9), 3687–3731. https://doi.org/10.5194/gmd-17-3687-2024
Ziemke, J. R., Oman, L. D., Strode, S. A., Douglass, A. R., Olsen, M. A., McPeters, R. D., et al. (2019). Trends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulation. Atmospheric Chemistry and Physics, 19(5), 3257–3269. https://doi.org/10.5194/acp-19-3257-2019
Ziemke, J. R., Kramarova, N. A., Frith, S. M., Huang, L.-K., Haffner, D. P., Wargan, K., et al. (2022). NASA Satellite Measurements Show Global-Scale Reductions in Free Tropospheric Ozone in 2020 and Again in 2021 During COVID-19. Geophysical Research Letters, 49(15), e2022GL098712. https://doi.org/10.1029/2022GL098712



[image: ][image: ]
Figure 1 Comparison of global annual mean tropospheric ozone burden (unit: Tg) from E3SM-chem and five CMIP6 models. The shading shows the mean ± 1 standard deviation of the monthly variability of each year.  CMIP6 results are from Table 1 of Griffiths et al., (2021).



[image: ][image: ]
Figure 2 Comparison of tropospheric column ozone (TrCO, unit: DU) annual mean climatology between (a) E3SM-chem (years 19902005-2014) and (b) OMI + MLS observations (2005-2017). (c) shows the model-observation differences. max = maximum, avg = average, min = minimum. The comparison is restricted to 60oS-60oN, where the satellite measurements provide full-year coverage.








[image: ]Figure 3 Stratosphere troposphere exchange (STE) ozone flux calculated by E3SM-chem based on column tendencies and the e90-tropopause set to 80 ppb. (a) 12-month running means (unit: Tg/year) of monthly time series for 1990-2014 with averages and standard deviations labeled in the parentheses for the globe and two hemispheres. (b) Zonal-mean annual circle climatology (unit: g/m2/year) of 1991-2014.
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Figure 4. (abcd) Annual cycle of surface O3 maximum daily 8-hour averages (MDA8, ppb) averaged over the North American (NA) and European (EU) continents, split into (a) western NA (WNA), (b) eastern NA (ENA), (c) southern EU (SEU), and (d) northern EU (NEU) sections. (efgh) 24-hour diel O3 surface abundances (ppb) for June-July-August (JJA) for the same four regions as in (abcd).  The observations (black dots) and the other models (colored lines) are taken directly from Schnell et al. (2015) analysis of the ACCMIP models. The E3SM chemistry model results (blue dots) are based on the years 1990-2014 of the E3SM-chem simulation described here.  
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Figure 5.  Surface monthly CO abundance (ppb) from observations (red) compared with E3SM-chem simulation (black).  The monthly mean values (continuous lines) are fitted to a linear trend (dashed lines).  Results are shown for 8 different sites from the Arctic to Antarctic: (a) BRW, Barrow, 71oN 157oW; (b) MHD, Mace Head, 53oN 10oW; (c) WIS, Weizmann Institute of Science, 30oN 35oE; (d) MID, Sand Island, Midway, 28oN 177oW; (e) RPB, Ragged Point, 13oN 59oW; (f) SMO, Tutuila, 14oS 171oW; (g) PSA, Palmer Station, 65oS 64oW; (h) SYO, Syowa Station, 69oS 40oE.
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Figure 6. Comparisons of zonal mean annual cycle climatology (years 2005-2014) of stratospheric column ozone (SCO, in Dobson units (DU). (a) E3SM, (b) E3SM-chem, (bc) OMI + MLS observations (OBS), (c) E3SM-chem and OBS difference (unit: %), (d) annual zonal means from E3SM, E3SM-chem, and OBS. 
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Figure 7. Annual mean climatology (1985-2014) of stratospheric water vapor from (a) E3SM (1985-2014), (b) E3SM-chem (1985-2014), and (c) ERA5 reanalysis (1979-2019).
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Figure 8. Ozone hole as represented by Southern Hemisphere (SH) minimum total ozone column and ozone vertical profile. SH minimum total ozone column (unit: DU) (a) time series at 1870-2014 and (b) daily mean climatology (lines) and ±1 standard deviation (shading) from 1990-2014.  The observations are from the NASA Ozone Watch database.  The dotted line marks 220 DU, the ozone hole threshold used in the NASA Ozone Watch data.  (c) Pressure-altitude profiles of 10th and 90th percentiles of daily ozone concentration (ppm) south of 60S for WOUDC (black), E3SM (blue), and E3SM-chem (red) for October of 1990-2010.
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Figure 9 Comparison of global uncentered RMSE (1985–2014) of an ensemble of 37 CMIP6 models (box and whiskers showing the 25th, 50th, and 75th percentiles and minimum and maximum) with E3SM (blue triangles) and E3SM-chem (red triangles). Spatial RMSE against observations is computed for annual and seasonal averages with the PCMDI Metrics Package (Gleckler et al., 2016). Fields shown include (a) top-of-the-atmosphere (TOA) net radiation, TOA (b) shortwave and (c) longwave cloud radiative effects, (d) precipitation, (e) surface air temperature over land, (f) sea level pressure (SLP), (g) 200 hPa and (h) 850 hPa zonal wind, and (i) 500 hPa geopotential height.  (a)-(c) use the CERES-EBAF v4.1 observations. (d) uses GPCP v2.3 observations. (d)-(i) use MERRA-2 as observations.  CRE stands for cloud radiative effects, DJF stands for December–February, MAM stands for March–April, JJA stands for June–August, SON stands for September–November, and RMSE stands for root-mean-square error.
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Figure 10 TOA net radiation (unit: W/m2) annual mean climatology (1985-2014) for (a) E3SM-chem, (b) CERES-EBAF v4.1 observation, (c) E3SM-chem - observation, and (d) E3SM - observation.

[image: ]

Figure 11 Same as Fig. 10, but for precipitation.

[image: ]
Figure 12 Same as Fig. 10, but for 2-m air temperature over land.
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Figure 13 Same as Fig. 10, but for 850-hPa zonal wind.














Table 1 Global annual averages of gas emissions (units: Tg/year) from years 2010-2014.
	Species
	Anthropogenic
	Biomass Burning
	Lightning
	Biogenic
	Ocean
	Soil
	Aircraft
	Total

	CO
	615.97
	320.30
	0
	94.12
	19.91
	0
	0
	1050.31

	NO
	91.78
	13.37
	16.92 (or 7.9 Tg N/year)
	0
	0
	10.62
	0
	132.69

	NO2
	0
	0
	0
	0
	0
	0
	3.00
	3.00

	Isoprene
	0
	0.45
	0
	611.13
	0
	0
	0
	611.58

	HCHO
	2.51
	4.45
	0
	4.96
	0
	0
	0
	11.92

	C2H4
	5.87
	4.03
	0
	30.76
	1.40
	0
	0
	42.05

	C2H6
	6.68
	3.19
	0
	0.32
	0.98
	0
	0
	11.18

	C3H8
	6.72
	0.60
	0
	0.03
	1.29
	0
	0
	8.65

	CH3CHO
	1.24
	3.35
	0
	19.81
	0
	0
	0
	24.40

	CH3COCH3
	0.46
	1.33
	0
	38.42
	0
	0
	0
	40.21




Table 2 Global annual averages of tropospheric budget terms for O3, Ox (= O3 + O + NO2), CO, and CH4 from years 1990-2014.  The units are Tg for burdens and Tg/year for fluxes and tendencies. STE = stratosphere troposphere exchange.
	Tracers
	Burden
	Direct Emissions  
	Surface Deposition
	Trop. Chem. Production
	Trop Chem. Loss
	Net Trop. Chem. (P-L)
	STE

	O3 trop
	303

	-

	784

	89,800

	89,420

	379

	405

	Ox trop
	-
	-
	-
	5,073
	4,460
	613
	-

	CO trop
	4,163379
	1,078
	135
	1,724
	2,585
	-861
	-82

	CH4 trop
	54,732777
	-
	-
	0
	549
	549
	-




Table 3 Historical methane lifetime (unit: year) simulated by E3SM-chem from different decades against different losses.
	Global atmospheric CH4 lifetime (Total burden / Loss) against loss by

	Decades
	tropospheric OH 
	stratospheric chem.
	 total*
	observed

	1870-1899
	9.71
	240.96
	8.78
	

	1900-1929
	9.76
	243.55
	8.83
	

	1930-1959
	9.48
	236.17
	8.59
	

	1960s
	9.27
	226.33
	8.41
	

	1970s
	9.35
	215.71
	8.46
	

	1980s
	9.34
	194.11
	8.41
	

	1990s
	9.07
	177.85
	8.16
	

	2000s
	8.49
	178.45
	7.69
	

	2010-2014
	8.38
	182.55
	7.60
	9.1 ± 0.9


Includes an additional fixed 150 yr soil loss lifetime and best observational estimate of total lifetime from Prather et al. (2012).


Table 4. Annual mean climatology (1980-2014) of airmass-weighted tropospheric OH concentration (unit: 1e5 molec/cm3) for different regions from different models (color-coded).

	
	Average OH (105 cm-3): surface-250 hPa:
10.6
11.4
10.4
11.3
11.5
	
	 Average OH troposphere:
10.7
11.1
10.4
11.1


	250 hPa

	
	2.5
	
	8.9
	
	10.7
	
	3.8
	
	E3SM-chem

	
	5.0
	
	12.1
	
	14.2
	
	8.2
	
	E3SM

	
	4.0
	
	10.6
	
	11.3
	
	6.1
	
	AM4.1

	
	5.2
	
	12.2
	
	13.5
	
	7.6
	
	ACCMIP*

	
	6.4
	
	14.3
	
	13.6
	
	6.4
	
	Spivakovsky*

	500 hPa

	
	4.5
	
	16.6
	
	20.7
	
	7.7
	
	

	
	5.5
	
	15.7
	
	18.8
	
	9.3
	
	

	
	5.2
	
	15.5
	
	17.3
	
	8.2
	
	

	
	5.7
	
	15.0
	
	17.1
	
	9.1
	
	

	
	7.2
	
	20.0
	
	19.9
	
	8.8
	
	

	750 hPa

	
	5.4
	
	17.8
	
	21.9
	
	7.1
	
	

	
	5.6
	
	14.4
	
	18.8
	
	9.5
	
	

	
	5.2
	
	15.4
	
	17.5
	
	9.0
	
	

	
	5.8
	
	15.3
	
	18.5
	
	10.2
	
	

	
	4.7
	
	14.4
	
	15.2
	
	7.6
	
	

	Surface

	90S
	
	30S
	
	0
	
	30N
	
	90N
	


*All values except E3SM results are based on Fig. 18 of Horowitz et al. (2020).   E3SM is the prescribed OH climatology; and E3SM-chem is the new results calculated with E3SM-chem.  The surface-250 hPa average is simply the average over the 12 assumed-to-be equal-sized cells here. The tropospheric average includes the tropical upper troposphere, approximately 250-100 hPa.
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