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Abstract. Interactions between atmospheric chemical com-
pounds and climate have a great impact on the earth sys-
tem and atmospheric chemistry. However, the online two-
way chemistry-climate coupled model, an indispensable tool
for quantifying chemistry-climate interactions and projecting
future air quality with climate change, remains sparse due to
the considerable challenge in model complexity and compu-
tational resources. We present the development and evalua-
tion of BCC-GEOS-Chem v2.0, which couples the GEOS-
Chem chemical transport model (v14.0.1) with the Beijing
Climate Centre Earth System Model (BCC-ESM). Based on
the modular framework of BCC-GEOS-Chem v1.0, BCC-
GEOS-Chem v2.0 further couples the Harmonized Emis-
sions Component (HEMCO) to manage anthropogenic emis-
sion inventories and natural emissions, updates the chemi-
cal mechanism, includes the feedback of aerosols and green-
house gases, and develops the capability for high-resolution
simulation. The standard chemical mechanism in the BCC-
GEOS-Chem v2.0 features a comprehensive Ox-NOx-VOC-
halogen-aerosol chemical scheme for the troposphere and
the stratosphere. We further evaluate the performance of

the BCC-GEOS-Chem v2.0 simulation in representing at-
mospheric chemistry and compare with the model outputs
from the BCC-GEOS-Chem v1.0 and BCC-AGCM-Chem
over the simulated time period (2012–2014) at a spatial res-
olution of T42L26 (approximately 2.8°× 2.8° and 26 verti-
cal layers with a top at 2.914 hPa). BCC-GEOS-Chem v2.0
accurately depicts the primary seasonal and spatial distri-
butions of tropospheric ozone observed by multiple instru-
ments, showing small global mean biases of −2.1–1.8 ppbv
for mid-tropospheric (700–400 hPa) ozone concentrations
relative to satellite observations, along with a high spatial
correlation coefficient (r) of 0.77–0.92 for individual sea-
sons. It also demonstrates improved performance in simu-
lating tropospheric carbon monoxide (CO), nitrogen dioxide
(NO2), formaldehyde (CH2O) and surface PM2.5 compared
to both BCC-GEOS-Chem v1.0 and the BCC-AGCM-Chem.
The diagnostics of tropospheric ozone budgets (a global
tropospheric ozone burden of 355 Tg) and OH concentra-
tions (0.97× 106 molec.cm−3) are generally consistent with
observation-constrained estimates and multi-model assess-
ment. With the inclusions of aerosol-radiation and aerosol-
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cloud interactions, BCC-GEOS-Chem v2.0 reproduces the
expected impacts of aerosols on radiative and cloud proper-
ties, e.g., decreasing shortwave downward solar radiation and
outgoing longwave radiation, increasing cloud liquid water,
and suppressing precipitation. The high-resolution simula-
tion at T159L72 (approximately 0.75°×0.75° and 72 vertical
layers with a top at 0.01 hPa) further improves the model ca-
pability in resolving the fine-scale plume transport dynamics
and the pollution hotspot of NO2 and PM2.5, as well as the
low ozone concentration in high-NOx environment in winter-
time China. The development of the BCC-GEOS-Chem v2.0
model provides a powerful tool to study climate-chemistry
interactions and for future projection of global atmospheric
chemistry and regional air quality.

1 Introduction

Interactions between atmospheric chemical compounds and
climate have a profound impact on the earth system and
atmospheric chemistry (Isaksen et al., 2009; Fiore et al.,
2012). Climate modulates the emissions of chemical com-
pounds from natural and anthropogenic sources, as well as
the chemical kinetics, deposition process, and the transport
of the advected species (Jacob and Winner, 2009; Abel et al.,
2017; Lu et al., 2019). In turn, changes in greenhouse gases
and aerosols alter the radiative budgets of the climate sys-
tem (Haywood and Boucher, 2000; Lohmann and Feichter,
2005; Fan et al., 2016; Alizadeh-Choobari and Gharaylou,
2017). There is an increasing number of climate system mod-
els that incorporate interactive atmospheric chemistry from
the Phase 5 to the Phase 6 of the Coupled Model Inter-
comparison Project (CMIP5 and CMIP6) (IPCC AR5, 2013;
IPCC, 2021). These models play a pivotal role in support-
ing the Intergovernmental Panel on Climate Change (IPCC)
assessment reports, especially in assessing the contribution
of both long-lived and short-lived climate forcers (SLCFs) to
global change. However, many existing CMIP models em-
ploy highly simplified representations of atmospheric chem-
istry (IPCC AR5, 2013, Working Group I, Chap. 9, Ap-
pendix Table 9. A.1), For example, only 10 of the 39 mod-
els participated in CMIP5 simulated atmospheric chemistry
interactively, which introduces substantial uncertainties in
quantitative assessments, particularly for SLCFs with high
spatiotemporal heterogeneities. Advancing the mechanistic
fidelity of atmospheric chemistry in Earth system models is
therefore critical for reducing these uncertainties. We pre-
viously developed the global atmospheric chemistry gen-
eral circulation model BCC-GEOS-Chem v1.0 (Lu et al.,
2020), a one-way online coupling of Beijing Climate Cen-
tre atmospheric general circulation model (BCC-AGCM)
and the GEOS-Chem chemical transport model. Here, we
present the development of a global chemistry-climate cou-
pled model BCC-GEOS-Chem v2.0, with improved repre-

sentation of comprehensive troposphere-stratosphere chem-
istry and new capability to account for radiative-cloud feed-
backs from SLCFs, and evaluate its performance in repro-
ducing present-day atmospheric composition and feedbacks
to climate system.

BCC-GEOS-Chem is designed to integrate GEOS-Chem
within BCC-ESM, the Beijing Climate Centre Earth sys-
tem model developed by the China Meteorological Admin-
istration (CMA). BCC-ESM is a fully coupled Earth system
model with interactive atmosphere, land, ocean, and sea-ice
components. The first BCC-ESM version (BCC-ESM1) uti-
lizes the BCC-AGCM-Chem as the atmospheric chemistry
general circulation model, with the chemistry scheme origi-
nating from the MOZART2 (Model for OZone And Related
chemical Tracers, version 2), a troposphere-only chemical
model developed by the National Center for Atmospheric
Research (Horowitz et al., 2003). BCC-ESM1 has partici-
pated in a number of research initiatives endorsed by CMIP6,
including the Aerosol Chemistry Model Intercomparison
Project (AerChemMIP; Collins et al., 2017) and the Cou-
pled Climate–Carbon Cycle Model Intercomparison Project
(C4MIP; Jones et al., 2016). GEOS-Chem, initially described
by Bey et al. (2001), is a global three-dimensional chemical
transport model that includes a detailed ozone–NOx–VOC–
aerosol–halogen chemistry scheme. It can both be used of-
fline as a chemical transport model driven by archived me-
teorological fields or as an online chemical module driven
by weather and climate models (Long et al., 2015; Hu et al.,
2018; Lin et al., 2020; Fritz et al., 2022). A defining feature
of the GEOS-Chem model lies in continuous integration of
scientific advancements through frequent community-driven
updates on model mechanisms and structure (https://github.
com/geoschem/geos-chem, last access: 1 March 2026). The
model undergoes rigorous validation through comprehensive
benchmarking protocols and continuous evaluation against
observational datasets contributed by the international re-
search community (e.g., Hu et al., 2017; Wang et al., 2022).
Its cloud-based architecture ensures open accessibility and
computational reproducibility. These characteristics estab-
lish GEOS-Chem as a state-of-the-art atmospheric chemistry
module in Earth System Models, providing robust scientific
capabilities and operational reliability for wide applications
on air quality and climate.

BCC-GEOS-Chem v1.0 resulted from the integration of
the GEOS-Chem chemical module version 11-02b into the
atmospheric component of BCC-ESM, i.e., the BCC-AGCM
(Lu et al., 2020). This is done by separating the chemi-
cal module (which simulates all local processes, including
convection, chemistry, deposition, and emissions) from the
simulation of advective transport in GEOS-Chem, allow-
ing the GEOS-Chem chemical module to operate on one-
dimensional vertical columns in a grid-independent manner
(Long et al., 2015; Eastham et al., 2018). Transport is done
separately in the BCC-AGCM as part of the simulation of at-
mospheric dynamics. Consequently, the GEOS-Chem chem-
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ical module can be coupled with any ESM grid, where the
ESM manages dynamics (transport), allowing adjustable grid
types and resolutions. When utilized as an online chemical
module in ESMs, GEOS-Chem shares the same code as the
offline GEOS-Chem for local processes (convection, chem-
istry, deposition, and emissions) while using online meteoro-
logical fields from the ESMs (Long et al., 2015). This capa-
bility ensures that scientific advancements in GEOS-Chem,
contributed by the global research community, can be eas-
ily incorporated into ESMs, allowing the chemistry of ESM
to stay aligned with the latest version of GEOS-Chem. Val-
idation against suborbital and satellite datasets demonstrates
that the BCC-GEOS-Chem v1.0 model successfully repro-
duces observed spatiotemporal patterns of SLCFs, while also
delivering an improved representation of tropospheric oxi-
dation processes. Key metrics such as tropospheric ozone
chemical production/loss and the global hydroxyl radical
(OH) budget in BCC-GEOS-Chem v1.0 show enhanced con-
sistency with observational constraints or multi-model as-
sessments, compared with the BCC-AGCM-Chem model
implemented in BCC-ESM1 (Lu et al., 2020).

However, there are several limitations in BCC-GEOS-
Chem v1.0. Firstly, the GEOS-Chem v11-02b integrated in
the BCC-GEOS-Chem v1.0 model employs the TropChem
chemical mechanism, which comprises 74 advected tracer
species and 91 non-advected species. While this configu-
ration represented a state-of-the-art understanding of atmo-
spheric chemical processes at its development stage, sub-
sequent updates of the chemical mechanism and deposi-
tion scheme have been introduced to GEOS-Chem. For ex-
ample, a more comprehensive halogen chemistry (Wang et
al., 2021b) and aromatic oxidation mechanism (Bates et
al., 2021) have been implemented, demonstrating improved
agreement with in situ measurements. The number of chem-
ical species in GEOS-Chem has now expanded to over 200.
In particular, the TropChem mechanisms in BCC-GEOS-
Chem v1.0 do not include interactive stratospheric chem-
istry, despite the critical role of stratospheric chemistry in
modulating global atmospheric dynamics. Secondly, BCC-
GEOS-Chem v1.0 only includes direct radiative feedback of
long-lived greenhouse gases such as carbon dioxide, while
radiative-cloud feedbacks associated with chemically active
SLCFs such as aerosols are not considered. This key lim-
itation restricts its capability to explore climate-chemistry
interactions. Furthermore, BCC-GEOS-Chem v1.0 employs
hard-coded emission inputs, requiring manual source code
modifications and software recompilation to update emission
inventories – a computationally inefficient workflow for it-
erative experimentation and not adapt to the continuously
updated chemical species with rapid updates to the GEOS-
Chem chemical mechanism. These limitations have moti-
vated the development of BCC-GEOS-Chem v2.0, which
aims to address these limitations through three key ad-
vancements: (1) implementation of state-of-the-art interac-
tive troposphere-stratosphere chemical mechanisms aligned

with the latest GEOS-Chem updates, (2) establishment of
two-way coupling between atmospheric chemistry and cli-
mate to enable interactive feedback processes, and (3) archi-
tectural optimization of the codebase to enhance flexibility
for file inputs/outputs (including emission inventory) and for
future model development.

This paper presents an overview of the BCC-GEOS-Chem
v2.0 model and evaluates the model simulation of present-
day atmospheric chemistry and climate with the new ca-
pability of aerosol feedbacks. In Sect. 2, we describe the
model framework, individual components, and key updates
from BCC-GEOS-Chem v1.0. In Sect. 3, we introduce the
observational dataset for model evaluation and the design
of model simulation experiment, including a 3 year (2012–
2014) base simulation of BCC-GEOS-Chem v2.0 for com-
parison with results from the BCC-AGCM-Chem (the chem-
ical module for BCC-ESM1) and BCC-GEOS-Chem v1.0
at the same spatial and temporal resolution, as well as sen-
sitivity simulations for assessing aerosols feedback on the
radiation and cloud properties. In Sect. 4, we evaluate the
simulated gaseous pollutants and aerosols with satellite and
suborbital observations, and also diagnose the global tro-
pospheric ozone burden and budget. In Sect. 5, we assess
the influences of Aerosol-Radiation-Interactions (ARIs) and
Aerosol-Cloud-Interactions (ACIs) on radiative fluxes and
cloud properties. In Sect. 6, we briefly introduce the capa-
bility of BCC-GEOS-Chem v2.0 to perform at high resolu-
tion. Future plans for model development and summary are
presented in Sect. 7.

2 Development and description of the
BCC-GEOS-Chem v2.0

Figure 1 presents an architectural overview of the BCC-
GEOS-Chem v2.0. The previous version BCC-GEOS-Chem
v1.0 only enables interactive atmosphere and land modules,
with other components such as ocean and sea ice defined
as boundary conditions. The BCC-GEOS-Chem v2.0 has
now evolved into a fully coupled Earth system model that
integrates interactively the atmospheric dynamic model of
BCC-AGCM, the land surface model of BCC Atmosphere
and Vegetation Interaction Model (BCC-AVIM), the oceanic
component of Modular Ocean Model (MOM), and the sea ice
model of SIS (Sect. 2.1). These components interact through
bidirectional flux exchanges of momentum, energy, water,
and carbon facilitated by coupler. The BCC-GC-HEMCO
interface (Sect. 2.2), embedded in BCC-AGCM, is the key
component linking the atmospheric module, the Harmonized
Emissions Component (HEMCO) for processing emission
inventories and necessary geography data (Keller et al., 2014;
Lin et al., 2021; Sect. 2.3.1), and the GEOS-Chem chemi-
cal module (Sects. 2.3.2 and 2.3.3). Functional advancements
that enable feedbacks from aerosol and greenhouse gases to
dynamics are introduced separately in Sect. 2.4.
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Figure 1. Architectural overview of the BCC-GEOS-Chem v2.0.

2.1 Atmospheric, land, oceanic, and sea ice
components of BCC-GEOS-Chem v2.0

The atmospheric component BCC-AGCM is a global atmo-
spheric spectral model, which can be configured at multiple
horizontal and vertical resolution (e.g., T42L26, T159L72,
T382L72, where “T” and affiliated number represent the
number of maximum wavenumbers set by triangular trun-
cation, “L” and affiliated number represent number of ver-
tical levels). In this study, we use BCC-AGCM version 4.0
at two spectral resolutions, i.e., T42L26 (approximately 2.8°
latitude × 2.8° longitude horizontally and 26 fixed vertical
hybrid layers extending from the surface to 2.914 hPa), and
T159L72 (approximately 0.75° latitude × 0.75° longitude
horizontally and 72 fixed vertical hybrid layers extending
from the surface to 0.01 hPa). The vertical discretization in
BCC-ESM follows a hybrid sigma-pressure system: upper
layers use pressure coordinates, while lower levels transition
to sigma coordinates that are purely terrain-following at the
surface. We primarily discuss the results of the T42L26 reso-
lution while also comparing them with those from T159L72
in Sect. 6. The advection of all tracers in BCC-AGCM is
handled using a semi-Lagrangian scheme (Williamson and
Rasch, 1989), while vertical diffusion within the boundary
layer is parameterized based on the approach of Holtslag and
Boville (1993). Details of physical processes and the dynam-
ical framework of BCC-AGCM are described in Wu et al.
(2019).

BCC-AVIM is an advanced land model with a terres-
trial carbon cycle, which includes the biophysical module,
plant physiological module, and soil carbon–nitrogen dy-
namic module. The biophysical module simulates the ex-
change of energy, water, and carbon among the atmosphere,
plant canopy, and soil, incorporating 10 soil layers and up
to 5 snow layers. The physiological module performs key
vegetation processes, including photosynthesis, respiration,
turnover, and mortality, and diagnoses resulting changes in

biomass. The soil carbon-nitrogen dynamic module models
biochemical processes, such as the conversion and decom-
position of soil organic carbon. In this study, we use BCC-
AVIM version 2.2. The detailed description of BCC-AVIM2
can be found in Li et al. (2019).

The oceanic component MOM employs a tripolar grid
with a horizontal resolution of 1° longitude by 1/3° latitude
between 30° S and 30° N, while transitioning to 1° longi-
tude by 1° latitude poleward of 60° S and 60° N (Wu et al.,
2020). There are 40 z levels in the vertical, with 13 levels
placed between the surface and a depth of 300 m in the upper
ocean. Carbon exchange between the atmosphere and ocean
is computed online in MOM using a biogeochemistry mod-
ule based on the protocols established by the Ocean Carbon
Cycle Model Intercomparison Project – Phase 2 (OCMIP2).
In this study, we use MOM version 5. The sea ice component
SIS has the same horizontal resolution as MOM. It has three
vertical layers, including one layer of snow cover and two
layers of equally sized sea ice. Additional information about
the MOM oceanic component and SIS sea ice component is
available in Wu et al. (2013, 2019).

Interaction among the components is achieved through
bidirectional flux exchanges of momentum, energy, water,
and carbon using the coupler adapted from National Cen-
tre for Atmospheric Research (NCAR) flux coupler (Craig
et al., 2012; Wu et al., 2019). The coupling under different
resolution is achieved using area-weighted or bilinear inter-
polation schemes that preserve the global integrals of energy,
momentum, and mass.

2.2 BCC-GC-HEMCO interface

The BCC-GC-HEMCO interface (Sect. 2.2) serves as
a central coupler between the atmospheric module, an
independent emission handling module (HEMCO, ver-
sion 3.6.2, DOI: https://doi.org/10.5281/zenodo.7692950),
and the GEOS-Chem chemical module (version 14.0.1,
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DOI: https://doi.org/10.5281/zenodo.7271960, Yantosca et
al., 2022), as illustrated in Fig. 1. It handles the transfer of
meteorological variables, emissions, and necessary geogra-
phy data, and the concentrations of atmospheric constituents
between these components. A key difference in the inter-
face design compared with BCC-GEOS-Chem v1.0 is the
implementation of HEMCO as a standalone emission pro-
cessing module. At each chemical time step, meteorologi-
cal variables (Table S2) and atmospheric constituent concen-
trations are passed from BCC-AGCM to GEOS-Chem and
HEMCO through the BCC-GC-HEMCO interface. HEMCO
returns emission fluxes, diagnosed from read-in offline an-
thropogenic emission inventory and online algorithms for
specific natural sources using inputted meteorological fields
(Sect. 2.3.1), to BCC-AGCM. The GEOS-Chem chemistry
module is invoked to sequentially perform convection, dry
deposition, gas and aerosol chemistry, and wet deposition.
Updated chemical information (e.g., concentration of ad-
vected species) is then passed back to BCC-AGCM through
the interface. BCC-AGCM then updates the concentrations
of chemical species with input fluxes (emission fluxes from
HEMCO and deposition fluxes diagnosed in GEOS-Chem)
through turbulent mixing, and continues to perform advec-
tive transport of the chemical species as part of the sim-
ulation of atmospheric dynamics. Minor modifications to
the GEOS-Chem source code were made to accommodate
the BCC-GC-HEMCO interface, which have been merged
to the GEOS-Chem main code branch (https://github.com/
geoschem/geos-chem, last access: 1 April 2025) to ensure fu-
ture compatibility between BCC and GEOS-Chem. With the
establishment of the BCC-GC-HEMCO interface, in theory,
future updates of GEOS-Chem and HEMCO in the BCC-
GEOS-Chem model would only require downloading and
substituting the corresponding source code, avoiding signifi-
cant modifications to the source code.

2.3 Key processes in BCC-GEOS-Chem v2.0

Here we introduce how emission, chemistry, and dry and
wet deposition of atmospheric constituents are processed in
BCC-GEOS-Chem v2.0.

2.3.1 Emissions

The Harmonized Emissions Component (HEMCO) was ini-
tially developed by Keller et al. (2014) for integrating emis-
sion inventories and algorithms in the GEOS-Chem model.
It can provide emissions from a database library of emis-
sion inventories with the capability to select, add, mask, and
scale emissions as configured by a text-based configuration
file, as well as a collection of built-in algorithms, referred
to as “extensions”, which calculate climate-sensitive emis-
sions such as biogenic, lightning, dust, oceanic sources based
on environmental data and model state. The version 3.0 de-
veloped by Lin et al. (2021) further modularized HEMCO

to enable coupling to the Community Earth System Model
(CESM), while maintaining a shared core for computing
emissions for any other ESM. The enhanced modularity and
flexibility of HEMCO facilitates its seamless integration with
the BCC-GEOS-Chem. This architecture also enables effi-
cient incorporation of community-driven updates to emis-
sion inventories or algorithms, without the need for mod-
ification and compilation of model source code in other
parts of BCC-GEOS-Chem model. The implementation of
HEMCO as a standalone emission processing module in
BCC-GEOS-Chem v2.0 demonstrates a substantial improve-
ment over BCC-GEOS-Chem v1.0. In BCC-GEOS-Chem
v1.0, all emission inventories were directly hard-coded with-
out a unified management framework, making it difficult to
adapt to the continuously updated chemical species in the
context of rapid updates in the GEOS-Chem chemical mech-
anism (Lu et al., 2020).

We use HEMCO in BCC-GEOS-Chem v2.0 to manage of-
fline anthropogenic emissions, as well as natural emissions
including biogenic VOCs (Guenther et al., 2012), soil NOx
(Hudman et al., 2012), dust (Zender et al., 2003) and sea salt
(Gong, 2003). These natural emissions can be either calcu-
lated online using algorithms that are already implemented
in HEMCO and driven by meteorological fields provided by
BCC-AGCM, or read from pre-archived files using the same
algorithms driven by other meteorological fields (e.g. Weng
et al., 2020). Anthropogenic inventories are obtained from
the Community Emissions Data System (CEDS) emission
inventory version 2 (McDuffie et al., 2020). Monthly mean
biomass burning emissions are from the Global Emissions
Database version 4 (GFED4; Randerson et al., 2017). Calcu-
lation of lightning emissions of NOx is performed in BCC-
AGCM rather than in HEMCO for convenience because of
its strong link to cloud-top height (Price and Rind, 1992).
Figure S1 in the Supplement shows the spatial distributions
of key anthropogenic and natural emissions averaged over
2012–2014. Table S1 in the Supplement compares the emis-
sions in BCC-GEOS-Chem v2.0 with those for BCC-GEOS-
Chem v1.0 and BCC-AGCM-Chem. Overall, the emission
magnitudes and spatial patterns in BCC-GEOS-Chem v2.0
demonstrate comparable characteristics to both BCC-GEOS-
Chem v1.0 and BCC-AGCM-Chem, while also remaining
consistent with values reported in the literature across dif-
ferent models.

2.3.2 Atmospheric chemistry

BCC-GEOS-Chem v2.0 uses GEOS-Chem v14.0.1
(https://doi.org/10.5281/zenodo.7271974, The International
GEOS-Chem Community, 2022) as its chemical module.
The standard chemical mechanism in GEOS-Chem v14.0.1
features a comprehensive Ox-NOx-VOC-halogen-aerosol
chemistry in unified tropospheric–stratospheric chemistry
extension (UCX) scheme (Eastham et al., 2014). The scheme
includes 220 advected chemical species and 914 gas-phase
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chemical reactions through the Kinetic PreProcessor (KPP)
(Damian et al., 2002; Lin et al., 2023). The number of
advected tracers is much higher than that in GEOS-Chem
v11-02b used in BCC-GEOS-Chem v1.0, where only
74 chemical species were advected in troposphere-only
chemistry. Updates on chemistry mechanism from GEOS-
Chem v11-02b to GEOS-Chem v14.0.1 are archived at
https://github.com/geoschem/geos-chem/releases (last
access: 1 March 2026).

The capability to simulate interactive stratospheric chem-
istry in BCC-GEOS-Chem v2.0 represents a major im-
provement compared to BCC-GEOS-Chem v1.0 and BCC-
AGCM-Chem. BCC-AGCM-Chem does not include strato-
spheric chemistry, all chemical species in the stratosphere are
relaxed to monthly climatological values from CMIP6 data
package (Wu et al., 2020). BCC-GEOS-Chem v1.0 incorpo-
rates troposphere-only chemical schemes from GEOS-Chem
v11-02b. However, it still lacks interactive stratospheric
chemistry despite including a simple linearized ozone param-
eterization (LINOZ) (McLinden et al., 2000; Lu et al., 2020).
Interactive stratospheric chemistry is now available in BCC-
GEOS-Chem v2.0 through the UCX scheme. The scheme de-
scribes gas-phase kinetic chemistry with explicit modelling
of atomic oxygen and halogens, photochemistry using the
Fast-JX scheme, heterogeneous chemistry, and the chemi-
cal formation and thermodynamic of stratospheric aerosols
(Eastham et al., 2014). Implementation of the UCX scheme
within the GEOS-Chem “Classic” framework (driven by re-
analysis meteorological fields) has demonstrated the capa-
bility to accurately reproduce stratospheric ozone distribu-
tions and Antarctic ozone depletion, while also capturing the
stratospheric lifetimes of source gases (Eastham et al., 2014).

BCC-GEOS-Chem v2.0 describes the chemical forma-
tion and thermodynamics of multiple aerosol components,
including primary dust, sea salt, primary organic carbon
aerosol (POC), primary black carbon aerosol (BC), sec-
ondary inorganic aerosols (sulfate, nitrate, ammonium), and
secondary organic aerosols (SOAs). Sea salt aerosol masses
are simulated in two size ranges: the accumulation mode (dry
radii between 0.1 and 0.5 µm) and the coarse mode (dry radii
between 0.5 and 4 µm) (Jaeglé et al., 2011). Dust aerosol
masses are simulated in four size ranges (radii of 0.1–1.0,
1.0–1.8, 1.8–3.0, and 3.0–6.0 µm; Fairlie et al., 2007). De-
tails of aerosol chemistry and its interaction with gas-phase
chemistry are provided in Lu et al. (2020). Compared to
BCC-GEOS-Chem v1.0, key updates of aerosol chemistry
include the improved heterogeneous chemistry (e.g. updates
in N2O5, NO3, NO2 reactive uptake, sub-grid cloud NOy
chemistry, aerosol nitrate photolysis) and the ISORROPIA II
(Fountoukis and Nenes, 2007) thermodynamic module. The
aerosols feedback on radiation and cloud is implemented in
BCC-GEOS-Chem v2.0, as will be introduced in Sect. 2.4.

2.3.3 Dry and wet deposition

Dry deposition of gas and aerosols in BCC-GEOS-Chem
v2.0 are conducted using the GEOS-Chem standard code,
following BCC-GEOS-Chem v1.0. The model estimates de-
position velocity following the resistance-in-series scheme
(Wesely, 1989), and also includes gravitational settling of
particles as described in Zhang et al. (2001). The scheme re-
quires the input of geography data such as land types and leaf
area index (LAI) to yield surface roughness and canopy re-
sistance. Here we provide two options in BCC-GEOS-Chem
v2.0. Firstly, we can obtain archived land types (Olson et
al., 2001) and the LAI data for each land type from Moder-
ate Resolution Imaging Spectroradiometer (MODIS) used in
GEOS-Chem v14.0.1. Alternatively, we can obtain the land
types and LAI information from the BCC-AVIM through
the coupler, and then computes dry deposition through the
GEOS-Chem routines, as done in BCC-GEOS-Chem v1.0.
The latter option requires reconciliation of land types (73
categories) used in GEOS-Chem with those used in BCC-
AVIM (22 categories) (Lu et al., 2020). The key advantage of
the latter option is that the land surface parameters used for
dry deposition align with those generated by the land surface
model, thereby improving its utility for studying atmosphere-
land surface interactions. However, uncertainties inherent to
the land surface model simulations may propagate into atmo-
spheric chemistry calculations. Both options can be applied
in BCC-GEOS-Chem v2.0. In this study, we employ the first
option as it offers more detailed vegetation classifications (73
vs. 22 categories), ensuring improved compatibility and rep-
resentation within the GEOS-Chem dry deposition parame-
terization.

Wet deposition of aerosols and soluble gases by precipita-
tion is calculated by the wet deposition module in GEOS-
Chem, following BCC-GEOS-Chem v1.0, which accounts
for scavenging in convective updrafts, in-cloud rainout, and
below-cloud washout (Liu et al., 2001). In particular, the
convective transport of chemical tracers and scavenging in
the updrafts is performed using the GEOS-Chem convec-
tion scheme, driven by convection variables diagnosed from
BCC-AGCM, instead of using the convection module in
BCC-AGCM-Chem described by Wu et al. (2020). This is
because the BCC-AGCM-Chem scheme for wet deposition is
hard-coded, incompatible with the updated chemical species,
and lacks the scavenging of water-soluble species in convec-
tive updrafts, which may cause high bias in aerosol concen-
trations in the upper troposphere (Lin et al., 2024).

2.4 The feedback of aerosols and greenhouse gases

One significant update in BCC-GEOS-Chem v2.0, relative
to BCC-GEOS-Chem v1.0, is the incorporation of the di-
rect (radiation) and indirect (cloud) climate effects of green-
house gases and aerosols. This incorporation relies on the ra-
diative transfer module already implemented in BCC-ESM1
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(Wu et al., 2020). The longwave radiative transfer scheme
is based on an absorptivity/emissivity formulation detailed
by Ramanathan and Downey (1986), and incorporates ex-
plicit parameterization for the major absorbers (Collins et al.,
2002; Kiehl and Briegleb, 1991; Ramanathan and Dickin-
son, 1979). The shortwave radiation scheme parameterizes
gaseous absorption over 19 discrete spectral and pseudo-
spectral intervals, as well as the scattering and absorption by
cloud droplets and aerosols (Briegleb, 1992; Collins, 1998).
Among the gaseous absorbers, BCC-GEOS-Chem v2.0 pre-
scribes surface mixing ratios of long-lived greenhouse gases
(e.g. N2O, CFC11, and CFC12) and methane using CMIP6
historical forcing data (Sect. 3), but allows the chemistry
and transport of these gases. The use of prescribed surface
methane concentrations instead of methane emissions is to
ensure a realistic methane distribution in the model, as there
are substantial uncertainties associated with its poorly con-
strained global source–sink balance (Lu et al., 2021; Saunois
et al., 2025). However, such configuration limits the repre-
sentation of full methane-OH feedback in the model. H2O
and ozone are not constrained and are fully diagnosed in
BCC-GEOS-Chem v2.0.

The aerosol direct effect is calculated based on the mass
mixing ratios of bulk aerosols, which are prognostic variables
in the GEOS-Chem chemical module. Derivation of aerosol
single-scattering properties follow a lookup table approach
following Community Atmosphere Model (CAM; Collins et
al., 2004). Based on the Optical Properties of Aerosols and
Clouds (OPAC) dataset, optical properties of sea salt, OC,
and BC are hypothesized to be identical to those of soot and
water-soluble aerosols (Hess et al., 1998). Following Wang
et al. (2008), sulfate and nitrate particles are assumed to
share the optical properties of ammonium sulfate, while dust
optical properties are calculated using Mie theory for each
size bin (Zender et al., 2003). Aerosols across different size
bins are assumed to be externally mixed in the calculation
of bulk aerosol single-scattering properties. The derived ra-
diative properties are subsequently used in radiative transfer
calculation.

The indirect effects of aerosols involve their role as cloud
condensation nuclei and their influence on cloud properties
and precipitation (Rosenfeld et al., 2008). The diagnostic
cloud droplet number concentration Nd is calculated using
the empirical function Eq. (1) suggested by Quaas et al.
(2006):

Nd = exp(a0+ a1 lnmaer), (1)

where maer is the total mass fraction of all hydrophilic
aerosols diagnosed from the GEOS-Chem chemical module.
a0 and a1 are parameters (a0 = 5.1 and a1 = 0.41) (Boucher
and Lohmann, 1995).

The cloud droplet effective radius Re is estimated by
Eq. (2) according to Peng and Lohmann (2003):

Re = βRv = β
3

√
3LWC

4πρwNd
, (2)

where β is a scaling factor. ρw is the water density, and LWC
is the cloud liquid water content. Both ρw and LWC are di-
agnosed by BCC-AGCM.

The aerosol-activated cloud droplets then exert impacts
on cloud properties and precipitation, which is taken into
account in the parameterization of cloud microphysics pro-
cesses. The detailed treatment of the aerosols feedback on
precipitation can be found in Wu et al. (2020). The cur-
rent approach for describing the aerosol feedback uses a
bulk-mass representation of aerosols in BCC-GEOS-Chem
v2.0. This approach is similar to that used in the majority of
CMIP5 models, since only two of these models include on-
line size-resolved aerosol microphysics (Kodros and Pierce,
2017). This bulk-mass representation of aerosols is compu-
tationally efficient, but does not consider how aerosol micro-
physics (nucleation, condensation, and coagulation) shape
the size distribution. For future model development, we hope
to explicitly describe aerosol size distributions by integrat-
ing size-resolved schemes such as the Advanced Particle
Microphysics (APM) scheme (Yu and Luo, 2009) and the
TwO-Moment Aerosol Sectional (TOMAS) microphysics
packages (Kodros and Pierce, 2017). These two schemes
are available in GEOS-Chem and simulate more accurately
the size dependency of aerosol chemistry and microphysics,
but are not yet integrated in BCC-GEOS-Chem v2.0 be-
cause these two schemes are currently incompatible with the
GEOS-Chem column structure.

3 Model simulation setup and observations for model
evaluation

3.1 Setup of model experiments

We perform BCC-GEOS-Chem v2.0 simulations and com-
pare the modelled concentrations of key SLCFs against ob-
servations and outputs from BCC-GEOS-Chem v1.0 (Lu et
al., 2020) and BCC-AGCM-Chem (used in BCC-ESM1, Wu
et al., 2020). These three models represent three generations
of development in the atmospheric chemistry module of the
BCC Earth System Model. The simulations are performed
from 2011 to 2014, with the first year as model spin-up fol-
lowing previous studies (Lu et al., 2020; Schwantes et al.,
2022; Fritz et al., 2022). We selected this simulation pe-
riod because the output of BCC-GEOS-Chem v1.0 and BCC-
AGCM-Chem are available for the same time frame and res-
olution from Lu et al. (2020) and Wu et al. (2020), respec-
tively. These three models are configured with free-running
meteorology and currently do not support nudging or con-
straining of meteorological fields to reanalysis.

The initial conditions for atmospheric dynamics and
physics in 2011 are obtained from the historical simulations
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Table 1. Summary of the model features and configuration for BCC-GEOS-Chem v2.0, BCC-GEOS-Chem v1.0, and BCC-AGCM-Chem.

BCC-GEOS-Chem v2.0 BCC-GEOS-Chem v1.0 BCC-AGCM-Chem

Horizontal resolution T42 (∼ 2.8°× 2.8°)
Vertical levels L26 (up to 2.914 hPa)a

High resolution capability Available (T159L72)b Unavailable Unavailable
Chemistry GEOS-Chem v14.0.1 GEOS-Chem v11-02b MOZART2

Advected species 220 78 79
Chemical reactions 914 426 168

Emissions HEMCO module Hard-coded Hard-coded
Radiative and cloud feedback Available Unavailable Available
Interactive ocean and sea ice Available Unavailable Available
Original model references This work Lu et al. (2020) Wu et al. (2020)

a Approximately 8 levels in the troposphere and 18 levels in the stratosphere.
b The capability for BCC-GEOS-Chem v2.0 to be performed at high resolution has been developed. Results will be discussed in Sect. 6.

(1850–2014) conducted by BCC-ESM1 under the CMIP6
framework, and initial states of chemical tracers are obtained
from a GEOS-Chem simulation over 1995–2017 (Wang et
al., 2022). The model results in 2012–2014 are used for
evaluation and comparison. External forcing data, includ-
ing historical concentrations of long-lived greenhouse gases
(CO2, N2O, CFCs) and methane, land use forcing, and solar
forcing are obtained from the Earth System Grid Federation
(ESGF). We note that since BCC-AGCM-Chem has no in-
teractive stratospheric chemistry, stratospheric species (O3,
CH4, N2O, NO, NO2, HNO3, CO, and N2O5) concentrations
at the top two layers are set to prescribed monthly climato-
logical values from CMIP6 data package as upper boundary
conditions, and their concentrations from below the top two
layers to the tropopause are relaxed with a relaxation time
of 10 d towards the climatological values (Wu et al., 2020).
BCC-GEOS-Chem v2.0 eliminates the need for the relax-
ation of stratospheric chemical species to prescribed fields,
since these species can now be calculated interactively us-
ing the UCX chemical scheme. However, upper boundary
conditions for O3 and NOx are still applied to the top two
model layers. We also note that the differences of chemical
constituents from the three models are not solely due to the
chemical mechanisms, but may also arise from variations in
the emission inventory, treatment of physical and dynami-
cal processes, inclusion of radiative and cloud feedback, and
other factors (e.g., interactions with the ocean model) (Ta-
bles 1 and S1).

In addition, we perform sensitivity simulations with BCC-
GEOS-Chem v2.0 to evaluate the feedback of aerosols on
cloud properties and radiation (Table 2). The Base simula-
tion represents the standard BCC-GEOS-Chem v2.0 simu-
lation described above, which considers full aerosol-cloud-
radiation interactions. Aerosol direct effect is simulated by
linking aerosol optical properties (such as aerosol optical
depth (AOD), single scattering albedo, and asymmetry fac-
tor) to the radiation scheme (Chapman et al., 2009). The
noARIs simulation inactivates the feedback of aerosol on

Table 2. Setup of sensitivity simulations compared with base simu-
lation in BCC-GEOS-Chem v2.0.

Experimenta Base noARIsb noACIsc

Aerosol direct effect on off on
Aerosol indirect effect on on off

a The simulations are performed from 2012 to 2013, with the first year
(2012) as model spin-up. b The noARIs simulation inactivates the
feedback of aerosol on radiation calculation. c The noACIs simulation uses
a prescribed cloud droplet number concentration of 5 cm−3 to exclude
aerosol indirect effect.

radiation calculation. Aerosol indirect effect is simulated
by linking prognostic aerosols to cloud condensation nuclei
(CCN). In the noACIs simulation, we use a prescribed cloud
droplet number concentration of 5 cm−3 to exclude aerosol
indirect effect, following previous studies (Zhao et al., 2017;
Zhang et al., 2018; Zhou et al., 2019; Sun et al., 2024).
The noARIs and noACIs simulations are initialized in the
year 2012, driven by the initial fields archived from the Base
model, and model results in 2013 are compared with the Base
simulation.

3.2 Observations and reanalysis data used for model
evaluation

We use ozonesonde, surface, and satellite observations, as
well as the reanalysis data (Table S3), to evaluate the per-
formance of the BCC-GEOS-Chem v2.0 simulation in repre-
senting atmospheric chemistry and climate parameters, with
a focus on SLCFs. Ozonesonde measurements are sourced
from the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC), operated by the Meteorological Service of
Canada within Environment and Climate Change Canada.
Ozone from the surface to the stratosphere is measured by
balloon-borne ozone electrochemical concentration cell in-
struments (Tarasick et al., 2019), with the sampling fre-
quencies of 2–4 profiles per week. In this study, we use
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ozonesonde sites that meet the criteria outlined by Wang et
al. (2022). In total, 16 sites across the globe are selected for
model evaluation. We then categorize the WOUDC sites into
6 regions (Fig. S2a).

Surface ozone observations are collected from individ-
ual national monitoring networks, covering major developed
and developing regions in the northern hemisphere, including
China, the United States of America (USA), Europe, South
Korea, and Japan (Fig. S2b). We applied data quality control
measures to exclude unreliable data following Wang et al.
(2024). Surface fine particulate matter (PM2.5) data is derived
from Shen et al. (2024), which estimates ground-level PM2.5
for 2000–2019 by combining Aerosol Optical Depth (AOD)
retrievals from multiple satellite products with the GEOS-
Chem chemical transport model and a residual Convolutional
Neural Network (CNN) technique.

Additionally, we use the OMI ozone profile (PROFOZ),
which consists of 24 vertical layers extending from the sur-
face to 60 km, as retrieved by Liu et al. (2010). This prod-
uct has been validated through comprehensive comparisons
with ozonesonde data (Huang et al., 2017) and other satel-
lite products (Huang et al., 2018). We obtain total column
ozone data from the Bodeker Scientific Filled Total Column
Ozone database v3.4.1, and derive the vertical distribution
of stratospheric ozone by ozone retrievals from Microwave
Limb Sounder (MLS). We also incorporate the tropospheric
nitrogen dioxide (NO2) columns (Lamsal et al., 2021) and
formaldehyde (CH2O) column (De Smedt et al., 2015), with
horizontal resolution of 0.25°× 0.25°. Other satellite obser-
vational datasets include carbon monoxide (CO) observa-
tions obtained from the Terra Measurement of Pollution in
the Troposphere (MOPITT) satellite instruments (Deeter et
al., 2021), and AOD at 550 nm from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS).

We also apply observations and reanalysis data to evaluate
the performance of BCC-GEOS-Chem v2.0 on climate sim-
ulation and the aerosol’s effect. The global monthly observa-
tions of radiative properties are obtained from Earth’s Radi-
ant Energy System (CERES) sensors onboard the Terra satel-
lite (Kato et al., 2018), including shortwave and longwave
cloud radiative forcings (SWCRF and LWCRF), downward
shortwave (SWDOWN) radiation, and outgoing longwave
radiation (OLR). The total precipitation is obtained from
Global Precipitation Climatology Product (GPCP) satellite
data (Huffman et al., 2001). The datasets for evaluation of
surface temperature (TS), cloud fraction, and mass fraction
of cloud liquid water are from the second version of Modern-
Era Retrospective Analysis for Research and Applications
(MERRA-2). Air temperature, zonal and meridional wind
fields as well as the vertical velocity are obtained from the
ERA5 reanalysis, which is provided by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF). Eval-
uations with these data show that BCC-GEOS-Chem v2.0
accurately reproduces tropospheric temperature, wind fields,
radiation, cloud cover, and precipitation (Fig. S3). However,

it has limitations in simulating stratospheric circulations,
which may contribute to stratosphere ozone biases, as will
be detailed in Sect. 4.1. Consequently, biases in tropospheric
compositions are more likely attributable to uncertainties in
emission inventory and chemical mechanisms, which will be
the focus of the following discussions. Nevertheless, we ac-
knowledge that the potential contribution from meteorology
to biases in tropospheric compositions cannot be ruled out.

4 Evaluation and intercomparison of modelled
concentrations of short-lived climate forcers

4.1 Ozone

We present the spatial and seasonal distributions of global
mid-tropospheric ozone derived from OMI satellite observa-
tions averaged over 2012–2014, and compare the discrepan-
cies between these observations and the results from models
in Fig. 2. We analyse ozone at 700–400 hPa, where the OMI
satellite has the peak sensitivity to ozone concentration (Liu
et al., 2010). To ensure a proper comparison with observa-
tions, OMI averaging kernels and a priori profiles are applied
to all model results following Zhang et al. (2010).

Satellite observations indicate high mid-tropospheric
ozone levels over the northern midlatitudes both in boreal
spring (March–April–May, MAM) and summer (June–July–
August, JJA), due to active stratosphere-troposphere ex-
change (STE) and high photochemical production (Cooper
et al., 2014). Elevated ozone levels are witnessed over
southern Africa in boreal autumn (September–October–
November, SON), driven by intense biomass burning emis-
sions (Sauvage et al., 2007; Fig. S1). BCC-GEOS-Chem v2.0
captures well the spatial and seasonal distributions of tropo-
spheric ozone observed from OMI satellite, with high spatial
correlation coefficients of r = 0.77–0.92 for different sea-
sons (Fig. S4). Compared with satellite observations, BCC-
GEOS-Chem v2.0 exhibits overall small global mean bi-
ases of mid-tropospheric ozone concentrations, ranging from
−2.1 to 1.8 ppbv. Compared with BCC-GEOS-Chem v1.0,
BCC-GEOS-Chem v2.0 slightly reduces the ozone low-bias
in the northern midlatitudes. However, the model tends to
overestimate ozone in the mid-latitudes, especially in the
Tibetan Plateau by 4–20 ppbv in boreal spring, which may
be attributed to excessive STE as will be demonstrated in
Sect. 4.3.

Figure 3 presents a comparative analysis of annual mean
ozone vertical profiles simulated by BCC-GEOS-Chem v2.0,
BCC-GEOS-Chem v1.0, and BCC-AGCM-Chem against
WOUDC ozonesonde observations across six regions, av-
eraged over the 2012–2014 period. The results demonstrate
that both BCC-GEOS-Chem v2.0 and v1.0 effectively repli-
cate observed ozone concentrations in the lower and middle
troposphere (surface to 400 hPa), showing biases generally
within 5 ppbv across most regions, except for an enhanced
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Figure 2. Spatial and seasonal distributions of global mid-tropospheric ozone averaged for 700–400 hPa over 2012–2014 from (a) OMI satel-
lite observation, (b) differences between BCC-GEOS-Chem v2.0 and OMI, (c) differences between BCC-GEOS-Chem v1.0 and OMI, and
(d) differences between BCC-AGCM-Chem and OMI. All model outputs are applied with OMI averaging kernels for a proper comparison
with the observations.

positive bias reaching 15 ppbv in tropical areas. In contrast,
BCC-AGCM-Chem exhibits substantially larger positive bi-
ases of 8–20 ppbv throughout the lower and middle tropo-
sphere. This may be attributed to the better performance of
BCC-GEOS-Chem in simulating the major precursors of tro-
pospheric ozone, as will be demonstrated in Sect. 4.2.

Divergent model performance emerges in the upper tropo-
sphere and stratosphere. Both BCC-GEOS-Chem v2.0 and
v1.0 successfully capture the abrupt ozone gradient transition
in the upper troposphere-lower stratosphere (UTLS) region
at tropics and mid latitudes region, demonstrating an excel-
lent agreement with observed concentrations. BCC-GEOS-
Chem v2.0 achieves superior representation of vertical ozone
structure from the troposphere through the low stratosphere
across tropics, Japan, Europe, and Canada, showing sub-
stantially reduced mean model biases (−21.2–1.6 ppbv at
400–200 hPa) compared with BCC-GEOS-Chem v1.0 and
BCC-AGCM-Chem. However, both BCC-GEOS-Chem v2.0
and v1.0 tend to underestimate ozone levels in the Antarc-
tic UTLS, while BCC-AGCM-Chem shows better agreement
with observations as its chemical species are relaxed to pre-
scribed monthly climatological values in the stratosphere in-
stead of being simulated interactively.

Figure 4 compares the zonal mean stratospheric ozone
distributions simulated by BCC-GEOS-Chem v2.0 and v1.0
with the MLS satellite observations. Overall, with the in-
corporation of the UCX scheme for interactive stratospheric
chemistry, BCC-GEOS-Chem v2.0 captures the vertical
ozone distribution of stratospheric ozone and replicates the
ozone maximum between 30–5 hPa seen in the MLS obser-

vation. In contrast, BCC-GEOS-Chem v1.0 with a simpli-
fied linearized ozone parameterization simulates an anoma-
lously broad ozone maximum and substantially underesti-
mates its magnitude at 30–5 hPa compared to MLS. Further-
more, BCC-GEOS-Chem v2.0 better reproduces Antarctic
stratospheric ozone depletion during austral spring than v1.0
(Fig. S5), although the depletion remains less pronounced
than observed. However, we also note that substantial bi-
ases persist in BCC-GEOS-Chem v2.0. We find an under-
estimation of 5 %–20 % in upper-stratospheric ozone (30–
4 hPa) relative to MLS, accompanied by a pronounced cold
bias in upper-stratospheric temperature compared to ERA5
reanalysis data. Besides, BCC-GEOS-Chem v2.0 overes-
timates lower-to-middle stratospheric ozone (100–50 hPa)
by over 50 % compared to MLS, leading to an overesti-
mation of the total column ozone (Fig. S5c). In addition,
while the model reproduces the overall vertical distribu-
tion of key stratospheric chemical component (e.g., NOx ,
NOy , methane), there are notable discrepancies in both the
magnitude and location of concentration hotspots (Fig. S6).
These biases may be partly attributable to the model’s lim-
ited top height in the T42L26 configuration. This constrains
its ability to accurately simulate stratospheric circulations,
and consequently, to reproduce the distributions and mag-
nitudes of stratospheric chemical components that are sig-
nificantly modulated by intense climate-chemistry interac-
tions within the stratosphere (such as the interaction between
stratospheric ozone and temperature). We find that although
BCC-GEOS-Chem v2.0 captures the overall structure of the
residual circulation (Fig. S7), it underestimates the strength
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Figure 3. Comparisons of model simulated annual mean ozone ver-
tical profiles to ozonesonde observations averaged over 2012–2014.
Black solid line represents WOUDC observations, the others repre-
sent the model from BCC-AGCM-Chem, BCC-GEOS-Chem v1.0
and BCC-GEOS-Chem v2.0, respectively. Black horizontal bars are
the standard deviations of WOUDC observations. Each panel rep-
resents the average of all sites in this region. Numbers of selected
sites for each region in 2012–2014 are given.

of the Brewer–Dobson circulation in the upper stratosphere
over both the equatorial regions and high latitudes. This
weaker tropical upwelling may partly account for high biases
in lower-stratospheric ozone over the tropics. Our one-month
high-resolution simulation using the T159L72 configuration
indeed largely reduced the high ozone bias in the lower to
middle stratosphere (Fig. S8), highlighting the importance of
an adequate model top and sufficient vertical resolution for
simulating stratospheric ozone.

At the surface, however, all three models tend to overes-
timate surface ozone concentrations, which has been a long-
standing issue among global chemical models (Gao et al.,
2025). Figure 5 shows the scatter plots of the simulated and
observed surface ozone concentrations over Europe, Asia,
and the US over 2012–2014. We only use remote or ru-
ral sites here as a global model at a coarse resolution of
∼ 2.8° is difficult to resolve pollutant levels at urban sites.

BCC-GEOS-Chem v2.0 overestimates surface ozone levels,
especially in Asia with high biases of 10–20 ppbv. These
high biases are not prominent in BCC-GEOS-Chem v1.0
and other previous studies using earlier GEOS-Chem model
versions (e.g., version 11). This discrepancy reflects compli-
cated joint effects of the updated chemical mechanisms. For
instance, the integration of updated aromatic chemistry in
GEOS-Chem models from version 13.0.0 onwards elevates
surface ozone concentrations by at least 5 ppbv in eastern
China (Bates et al., 2021; Lu et al., 2025). Moreover, the
removal of sea salt aerosol debromination in GEOS-Chem
models from version 13.4.0 onwards, leading to an enhance-
ment in ozone concentrations by up to 10 ppb especially over
the Southern Ocean. Other significant updates in heteroge-
neous chemistry (e.g., updates in N2O5, NO3, NO2 reactive
uptake, nitrate photolysis) can further modulate ozone con-
centrations through their impacts on ozone precursors. The
larger ozone positive bias in BCC-GEOS-Chem v2.0 rela-
tive to BCC-GEOS-Chem v1.0 may also be attributed to the
lower dry deposition velocity in the model, as will be dis-
cussed in Sect. 4.3. The representative issue when compar-
ing model results with site measurements also emerges. Even
though the comparisons are limited to rural or remote sites,
the low resolution of these models (∼ 200 km) cannot resolve
the heterogeneity of ozone precursors, thus leading to arti-
ficial mixing and biased ozone production efficiency (Wild
and Prather, 2006; Yu et al., 2016; Young et al., 2018). In ad-
dition, these models are difficult to represent local meteoro-
logical conditions, particularly over complex terrain at such
coarse resolution, further limiting their ability to capture site-
level ozone concentrations. We will demonstrate in Sect. 6
that increasing the spatial resolution can significantly reduce
the bias in simulated surface pollutant concentrations at site
level.

4.2 CH2O, NO2, CO, and aerosols

Comparison with satellite observations in Fig. 6 demonstrate
that BCC-GEOS-Chem v2.0 has significant improvements in
simulating tropospheric CH2O, NO2, and CO. BCC-GEOS-
Chem v2.0 shows a negative mean bias relative to OMI tro-
pospheric CH2O column of −1.2± 1.5× 1015 molec.cm−2

averaged over 2012–2014, with positive bias at the tropics. In
comparison, both BCC-GEOS-Chem v1.0 and BCC-AGCM-
Chem show positive bias of over 50 % over the Amazon, cen-
tral Africa, tropical Asia, and the southeastern United States.
These two models show 10 %–50 % larger BVOCs emissions
over the hotspot regions compared to BCC-GEOS-Chem
v2.0 despite comparable global total emissions (410 versus
389 Tgyr−1), thereby partly explaining their high biases. In
addition, the updated aromatic chemistry in BCC-GEOS-
Chem v2.0 (GEOS-Chem version 13.0.0 onwards) further re-
duces simulated CH2O over tropical regions such as central
Africa and the Amazon (Bates et al., 2021). BCC-GEOS-
Chem v2.0 also shows lower tropospheric CH2O columns
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Figure 4. The zonal mean vertical and seasonal distributions of ozone in the stratosphere from BCC-GEOS-Chem v2.0 and BCC-GEOS-
Chem v1.0 under T42L26 configuration and MLS. Values are averaged over 2012–2014.

Figure 5. Scatter plots of observed and simulated surface ozone for (a) BCC-GEOS-Chem v2.0, (b) BCC-GEOS-Chem v1.0, and (c) BCC-
AGCM-Chem over 2012–2014. The solid lines indicate the regression lines. The dotted lines indicate the 1 : 1 line. Observations are averaged
to the same model grid.

over the mid-latitudes in both hemispheres compared to OMI
retrievals, consistent with the other two models. This pattern
may be partly attributed to systematic uncertainties in satel-
lite retrievals, as previous studies have shown that CH2O re-
trievals are biased low on average by 20 %–51 % relative to

aircraft observations across mid-latitude regions (Zhu et al.,
2016, 2020).

For tropospheric NO2, BCC-GEOS-Chem v2.0 shows no
significant global mean bias compared to OMI tropospheric
NO2 column (0.0± 1.3×1015 molec.cm−2), but this reflects
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Figure 6. Spatial distributions of global tropospheric CH2O column, tropospheric NO2 column, and CO mixing ratio averaged over 2012–
2014 from satellite observation, differences between BCC-GEOS-Chem v2.0 and satellite observation, differences between BCC-GEOS-
Chem v1.0 and satellite observation, and differences between BCC-AGCM-Chem and satellite observation.

the compensation of negative bias over emission hotspots
such as East Asia, India, Western Europe and central Africa,
and positive bias over other regions. In comparison, the sim-
ulated tropospheric NO2 column in BCC-GEOS-Chem v1.0
and BCC-AGCM-Chem shows substantially high positive bi-
ases of 4–7× 1014 molec.cm−2 (55.4 %–107.3 %) over con-
tinental regions, especially over East Asia and India. Given
comparable surface NOx emissions and consistent lightning
NOx parameterization across the three models, the improved
performance in simulating tropospheric NO2 columns is
likely driven by differences in NOx chemistry and nitrate
aerosol treatments between the models. Compared to BCC-
GEOS-Chem v1.0, BCC-GEOS-Chem v2.0 with up-to-date
GEOS-Chem chemical mechanism has incorporated updated

aromatic chemistry (GEOS-Chem version 13.0.0 onwards)
and the reaction updates in NOx chemistry. These updates
reduce bias in simulated NO2 column concentrations, as re-
ported in CESM2-GC (Fritz et al., 2022). Besides, the ab-
sence of nitrate aerosol chemistry in BCC-AGCM-Chem
(Wu et al., 2020) limits a realistic representation of the gas–
particle partitioning of reactive nitrogen, thereby leading to
the overestimation of tropospheric NO2 column.

For CO, we evaluate simulated CO concentrations at
700 hPa, where the MOPITT satellite has generally high sen-
sitivity (Emmons et al., 2004; Pfister et al., 2005). BCC-
GEOS-Chem v2.0 has also substantially reduced the positive
bias relative to observed values, averaged 4.9± 11.9 ppbv
(5.5 %) over the globe, compared with the excessive positive
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CO bias of BCC-GEOS-Chem v1.0 (24.8± 12.9 ppbv) and
BCC-AGCM-Chem (50.8± 14.1 ppbv) with even larger bias
over Asia, central Africa, and the East Pacific Ocean. The
excessive CO concentrations in BCC-AGCM-Chem are pri-
marily attributable to a severely underestimated atmospheric
oxidizing capacity, with the global column-weighted mean
OH concentration being nearly 50 % lower than that in BCC-
GEOS-Chem v2.0 (0.5×106 versus 1.0×106 molec.cm−3),
in addition to higher biomass burning and anthropogenic
emissions (1140 versus 925 Tgyr−1; Table S1).

Figure 7 evaluates the simulated surface fine particu-
late matter (PM2.5) concentrations with the satellite-derived
data as introduced in Sect. 3.2 (Shen et al., 2024). The
satellite-derived data reveal high PM2.5 concentration over
East Asia and India due to intensive anthropogenic emis-
sions, and over northern and central Africa due to min-
eral dust and biomass burning emissions. BCC-GEOS-Chem
v2.0 reproduces the overall spatial distributions and magni-
tude of observed PM2.5 concentrations, though it tends to
marginally underestimate concentrations in the hotspot re-
gions (e.g., Amazon, central Africa, and India), which is
most likely due to the coarse model resolution and the un-
certainties of biomass burning (Reddington et al., 2017).
BCC-GEOS-Chem v2.0 demonstrates superior performance
in simulating PM2.5 concentration compared with BCC-
GEOS-Chem v1.0, which exhibits pronounced overestima-
tion in East Asia, India, the Arabian Peninsula, and Northern
Africa, and BCC-AGCM-Chem, which significantly under-
estimates PM2.5 concentrations in major emission hotspot
regions. This improvement is likely due to its better per-
formance in simulating the gas-phase precursors as shown
above (Fig. 6). The large negative bias in BCC-AGCM-Chem
is mainly due to the absence of nitrate aerosol chemistry and
the incomplete representation of secondary organic aerosol
formation (Wu et al., 2020).

4.3 Diagnostics of tropospheric ozone budgets and OH
concentrations

We then diagnose the global tropospheric ozone budget
and tropospheric oxidation capacity (using global air-mass-
weighted tropospheric OH and methane lifetime against tro-
pospheric OH loss as key metrics) in BCC-GEOS-Chem
v2.0, and compared these results with those from BCC-
GEOS-Chem v1.0 and other studies in the literature (Ta-
ble 4). The results from BCC-AGCM-Chem are not pre-
sented here, as its diagnostics for Ox production and loss are
not available.

The global tropospheric ozone burden simulated by BCC-
GEOS-Chem v2.0 is 355 Tg averaged over 2012–2014,
about 5.7 % higher than the result from BCC-GEOS-Chem
v1.0 and falls within the range (250–410 Tg) estimated by
∼ 50 models assessments from Young et al. (2018). The
global tropospheric mean OH concentration in BCC-GEOS-
Chem v2.0 is smaller than that from BCC-GEOS-Chem v1.0

Table 3. The simulated and observation-based OH (in
105 molec.cm−3) averaged over latitudinal bands.

90–30° S 30–0° S 0–30° N 30–90° N

Observation-baseda 5.3 12.2 14.5 7.2
BCC-GEOS-Chem v2.0 4.6 12.1 12.7 6.0
BCC-GEOS-Chem v1.0 7.0 17.0 18.4 9.0

a From Zhao et al. (2023) simulations in CESM constrained by observations.

(0.97× 106 vs. 1.16× 106 molec.cm−3) and falls within the
range (0.74–1.33× 106 molec.cm−3) estimated from multi-
ple chemical models (Naik et al., 2013). Table 3 further com-
pares the simulated air-mass-weighted tropospheric mean
OH with the observation-based results from Zhao et al.
(2023) across different latitudinal bands. The observation-
based OH concentrations are estimated by adjusting simu-
lated OH precursors and meteorological conditions to the
observations in chemical box models. We find that the
overall latitudinal distributions of OH in BCC-GEOS-Chem
v2.0 align with observation-based results with biases below
2× 105 molec.cm−3, whereas BCC-GEOS-Chem v1.0 has
a substantial high bias, especially in the tropics (3.9–4.8×
105 molec.cm−3). Discrepancies in meteorological condi-
tions and concentrations of methane, ozone, NOx , and CO
can all contribute to the OH bias in climate–chemistry mod-
els (Nicely et al., 2020). The derived methane chemical life-
time against OH loss is 9.28 years in BCC-GEOS-Chem
v2.0, which falls in the middle range reported from multi-
model assessments (7.1–14.0 years) (Naik et al., 2013).

We further examine the diagnostics of the chemical
production and loss of the odd oxygen (Ox) family, which
includes O3, NO2, NOy , several organic nitrates, and halo-
gen species (a total of 67 species in GEOS-Chem v14.0.1)
to account for rapid cycling between Ox components. Ozone
accounts for over 95 % of total Ox according to Hu et al.
(2017). The global annual ozone chemical production and
loss are 6356 and 6272 Tg, respectively. These estimates
of Ox chemical production and loss are higher than re-
sults in BCC-GEOS-Chem v1.0 but still fall in the range
from ∼ 30 models assessments presented by Young et al.
(2018). However, we find that the difference between the
estimated Ox chemical production and loss (∼ 100 Tg) is
much smaller than the multi-model estimate (∼ 500 Tg)
(Table 4). GEOS-Chem “Classic” version 14.0.0 driven by
reanalysis meteorology fields also yields a relatively small
difference between the Ox chemical production and loss
of 377 Tg (https://wiki.seas.harvard.edu/geos-chem/index.
php/GEOS-Chem_benchmarking#Types_of_benchmark_
simulations, last access: 1 March 2026). The production
to loss difference between the BCC-GEOS-Chem v2.0 and
multi-model estimates in Young et al. (2018) may be partly
attributed to the discrepancies in the metric (Ox vs. ozone),
but is more likely due to the difference in the chemical
scheme.
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Figure 7. Spatial distributions of annual mean Surface fine particulate matter (PM2.5) from (a) Satellite-derived PM2.5, (b) BCC-GEOS-
Chem v2.0, (c) BCC-GEOS-Chem v1.0, and (d) BCC-AGCM-Chem. Values are averaged over 2012–2014.

Table 4. Global Budget Diagnostics of Tropospheric Ozone in BCC-GEOS-Chem v2.0.

Diagnostic term related to BCC-GEOS-Chem v2.0 BCC-GEOS-Chem v1.0a References
tropospheric ozone (this study) (Lu et al., 2020)

Ozone burden (Tg) 355 336 Mean: 340; range: 250–410b

Ox chemical production (Tgyr−1)c 6356 5486 Mean: 4900; range: 3800–6900d

Ox chemical loss (Tgyr−1)c 6272 4983 Mean: 4600; range: 3300–6600d

Dry deposition (Tgyr−1) 1061 873 Mean: 1000; range: 700–1500d

Global OH (106 molec.cm−3)e 0.97 1.16 Mean: 1.11; range: 0.74–1.33f

Methane chemical lifetime (years) 9.28 8.27 Mean: 9.7; range: 7.1–14.0f

STE (Tgyr−1)g 977 370 Mean: 500; range: 180–920d

a From Lu et al. (2020) results in BCC-GEOS-Chem v1.0, the version of GEOS-Chem was v11-02. b Based on Fig. 3 in Young et al. (2018), the ensemble burden
represents ∼ 50 models for year 2000 conditions. c Budget pertains to the odd oxygen (Ox ) family, which includes O3, NO2, NOy , several organic nitrates, and halogen
species (a total of 67 species in GEOS-Chem v14.0.1). Ozone constitutes more than 95 % of the total Ox . d From Fig. 3 in Young et al. (2018), the ensemble fluxes
represent ∼ 30 models for year 2000 conditions. e Global annual mean air mass weighted OH concentration in the troposphere. f From Table 1 in Naik et al. (2013), the
budget is based on an ensemble of 16 models for year 2000 conditions. g Estimated from the residual of mass balance among tropospheric chemical production,
chemical loss, and deposition.

The global annual mean ozone dry deposition flux simu-
lated by BCC-GEOS-Chem v2.0 is 1061 Tg averaged over
2012–2014, which shows agreement in the results of BCC-
GEOS-Chem v1.0 and falls within the range (700–1500 Tg)
estimated by Young et al. (2018). Figure 8 illustrates the an-
nual mean distribution of global ozone dry deposition ve-
locity over 2012–2014, as simulated by BCC-GEOS-Chem
v2.0, BCC-GEOS-Chem v1.0, and BCC-AGCM-Chem. The
overall spatial distribution of ozone dry deposition velocity
in BCC-GEOS-Chem v2.0 is similar to that in BCC-GEOS-
Chem v1.0, but the values are slightly slower. This is at-
tributed to two reasons. First, as introduced in Sect. 2.3.3,
BCC-GEOS-Chem v2.0 utilizes offline Olson map land types
and LAI data to replace those from the BCC-AVIM. In con-
trast, BCC-GEOS-Chem v1.0 uses land types and leaf area
indices information diagnosed from the BCC-AVIM. Sec-

ond, the BCC-GEOS-Chem v2.0 has included the new de-
position scheme over oceans (Pound et al., 2020). The new
scheme has been shown to reduce the area-weighted mean
ozone deposition over ocean by 50 %, and the global total
deposition flux by 17 % (Pound et al., 2020). However, the
total ozone dry deposition flux in BCC-GEOS-Chem v2.0
is 20 % higher than that in BCC-GEOS-Chem v1.0, due to
the higher surface ozone concentration. In comparison, the
BCC-AGCM-Chem applies the archived ozone dry depo-
sition velocity from the MOZART simulation (Wu et al.,
2020), which is likely too small compared with observations.

We estimate the annual STE of ozone as 977 Tg in BCC-
GEOS-Chem v2.0, calculated as the residual of the mass
balance among tropospheric chemical production, chemical
loss, and deposition. This is higher than the high end of the
range from multi-model estimates (180–920 Tg) in Young et

https://doi.org/10.5194/gmd-19-2111-2026 Geosci. Model Dev., 19, 2111–2136, 2026



2126 R. Sun et al.: Development of the global chemistry-climate coupled model BCC-GEOS-Chem v2.0

Figure 8. Annual mean distribution of global ozone dry deposition velocity for 2012–2014 from (a) BCC-GEOS-Chem v2.0, (b) BCC-
GEOS-Chem v1.0, and (c) BCC-AGCM-Chem.

al. (2018). The estimate of BCC-GEOS-Chem v1.0 (336 Tg)
was considered too small and caused the ozone underesti-
mates in the upper troposphere (Fig. 3), primarily due to
the lack of representation in stratospheric chemistry (Lu et
al., 2020). However, the inclusion of UCX in BCC-GEOS-
Chem v2.0 seems to over-correct this issue. Figure 3 shows
that in the UTLS regions, BCC-GEOS-Chem v2.0 agrees
well with the ozonesonde observations in the tropics, East
Asia, Canada, and Europe, while shows high ozone bias in
the US and low bias in the Antarctica. However, we do find
that BCC-GEOS-Chem v2.0 overestimates lower-to-middle
stratospheric ozone (100–50 hPa) by over 50 % compared to
MLS (Fig. 4) Biases in the simulated the Brewer–Dobson
circulation as discussed in Sect. 4.1 can also contribute to the
high STE flux. The STE diagnosed from the mass balance
method may also be biased, as it is not a direct diagnostic
of the dynamic flux between the stratosphere and the tropo-
sphere. More work is required to address this issue.

5 Influence of aerosols on radiation and clouds in
BCC-GEOS-Chem v2.0

In this section, we evaluate the capability of the BCC-GEOS-
Chem v2.0 model to simulate key metrics describing climate
conditions, and quantify the contributions of atmospheric
aerosols to these metrics as a means to assess the imple-
mentation of aerosol feedback in the model. These metrics to
be examined include surface temperature (TS), precipitation,
radiative and cloud properties such as downward shortwave
(SWDOWN) radiation, outgoing longwave radiation (OLR),
shortwave and longwave cloud radiative forcing (SWCRF
and LWCRF), cloud fraction, cloud droplet number concen-
tration, and cloud liquid water. Model performance is eval-
uated through comparisons with satellite observations and
MERRA-2 reanalysis data (Table S3). Results are summa-
rized in Figs. 9 and 10 and Table 5.

Global annual mean surface temperature in BCC-GEOS-
Chem v2.0 is 288.5 K, slightly higher than 287.1 K in
MERRA-2 reanalysis data averaged over 2012–2014. BCC-
GEOS-Chem v2.0 also demonstrates robust performance in

Table 5. Comparison of the radiative and cloud properties between
observations and simulations.

Variable Observation/ Base noARIs noACIs
Reanalysis

SWDOWN 164.0 153.9 157.2 168.0
TS 287.1 288.5 289.1 293.5
OLR 224.9 217.3 217.9 227.0
SWCRF −39.8 −49.2 −51.1 −34.6
LWCRF 22.6 26.4 26.5 27.7

CF 0.65 0.65 0.65 0.65
CDNC / 69 69 5(fixed)
CLW (10−6) 5.92 5.95 5.99 4.66
PREP 2.24 2.33 2.36 2.71

simulating radiative fluxes and cloud properties, with con-
sistent spatial distributions and no significant bias compared
with observations or reanalysis data. The simulated global
annual mean SWDOWN and OLR show general agreement
with CERES data (153.9 vs. 164 Wm−2 for SWDOWN and
217.3 vs. 224.9 Wm−2 for OLR, respectively), with high
spatial correlation coefficients (r) exceeding 0.96 between
the simulation and CERES data. The model also reproduces
the MERRA-2 global annual mean CF (0.65 vs. 0.65) and
its spatial distribution (r = 0.66). Simulated total precipi-
tation also aligns with GPCP data (2.33 vs. 2.24 mmd−1)
with a spatial correlation coefficient of 0.83. A slightly larger
bias is found for cloud radiative forcing. The simulated
SWCRF underestimates CERES observations by 9.8 Wm−2

(−39.8 vs. −49.2 Wm−2), while LWCRF is overestimated
by 3.8 Wm−2 (26.4 vs. 22.6 Wm−2). The cloud liquid wa-
ter mass fraction shows excellent agreement with MERRA-2
reanalysis data (5.92× 10−6 vs. 5.95× 10−6 kgkg−1).

The BCC-GEOS-Chem v2.0 model is able to reproduce
the aerosols’ impact on radiative budget, e.g., decreasing
SWDOWN, OLR, and LWCRF, and increasing SWCRF
(Table 5), as reported in literatures (e.g., Pendharkar et
al., 2023). Sensitivity simulations further quantify the im-
pact of ARIs and ACIs on the radiation (Fig. 9c and d).
ARIs and ACIs lead to changes in SWDOWN of −3.3
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Figure 9. Annual mean radiative properties from (a) CERES satellite observations, (b) Base simulation, (c) ARIs-induced, and (d) ACIs-
induced. Variables evaluated include the downward shortwave (SWDOWN) radiation, shortwave cloud radiative forcing (SWCRF), longwave
cloud radiative forcing (LWCRF), and outgoing longwave radiation (OLR).

Figure 10. Annual mean cloud properties from (a) MERRA-2 reanalysis data or GPCP satellite data, (b) Base simulation, (c) ARIs-induced,
and (d) ACIs-induced. Variables evaluated include the cloud fraction (CF), mass fraction of cloud liquid water (CLW), and total precipitation
(PREP).
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and −14.1 Wm−2, respectively. The spatial heterogeneity in
ARI-induced changes in SWDOWN is mainly attributed to
the absorbing characteristics of aerosols and their semi-direct
effects on cloud droplet evaporation. The impact of ACIs on
SWDOWN is mainly driven by clouds activated by aerosols,
leading to a greater scattering of shortwave radiation. These
results are consistent with regional model studies across Asia
and Africa (Feng et al., 2021, 2025) and global climate model
studies (Wang et al., 2021a; Zhao et al., 2022). For OLR, we
find that ARIs decrease the global mean value by 0.6 Wm−2

but with a mild increase in tropical regions where absorb-
ing aerosols are higher, while ACIs substantially decrease
by OLR by 9.7 W m−2, largely attributable to its impact on
high clouds. In addition, the model estimates that ACIs am-
plify SWCRF by 14.6 Wm−2 while decreasing LWCRF by
1.3 Wm−2, showing higher impacts than ARIs. These ten-
dencies are consistent with reported aerosols’ feedback on
cloud radiative forcing (Pendharkar et al., 2023).

Figure 10c and d further quantify the impact of aerosols
on cloud properties and total precipitation through ACIs and
ARIs from BCC-GEOS-Chem v2.0. For the global average,
ACIs promote cloud development but suppress precipitation,
as evident in an increase of 0.2 % in cloud fraction and
21.7 % in cloud liquid water but a decrease of 16.3 % in to-
tal precipitation in the BASE simulation compared with the
noACIs simulation (Table 5). The increases in cloud fraction
and cloud liquid water are notable in the middle and high
latitudes, while the influences on precipitation are mostly
concentrated in the tropics, consistent with other modelling
studies (e.g., Zelinka et al., 2014; Pendharkar et al., 2023).
These results reflect the Twomey effect (Twomey, 1977), i.e.,
aerosols are activated as cloud condensation nuclei (CCN),
more but smaller cloud droplets are activated. With the re-
duction of the effective radius of cloud droplets, the collision-
coalescence processes are hindered, and the precipitation of
cloud water is delayed (Rosenfeld et al., 2008). Our simu-
lations thus suggest reasonable feedback of aerosol indirect
effect in BCC-GEOS-Chem v2.0. In comparison, the impact
of ARIs on cloud properties and precipitation is rather small.

6 High-resolution simulation capability in
BCC-GEOS-Chem v2.0: comparison of one-month
simulation between T42L26 and T159L72

Our analysis above has demonstrated the capability of BCC-
GEOS-Chem v2.0 in simulating atmospheric chemistry and
climate at T42L26 resolution. In this section, we evaluate
the high-resolution (T159L72) configuration of BCC-GEOS-
Chem v2.0, with approximately 0.75° latitude × 0.75° lon-
gitude for horizontal resolution and with 72 vertical hybrid
layers extending from the surface to 0.01 hPa. This further
utilizes the grid-independent coupling capability of BCC-
GEOS-Chem, enabling seamless integration of the GEOS-
Chem chemical module with ESMs across customizable grid

configurations and spatial resolutions. As such, the chemi-
cal module in BCC-GEOS-Chem v2.0 for the two configu-
rations is exactly the same. The differences in timestep and
pressure level between T42L26 and T159L72 are shown in
Tables S4 and S5. The T159L72 simulation was constrained
to a one-month testing period (January 2014) due to the sub-
stantial computational cost escalation, which demands ap-
proximately 104 times more computational resources than
the T42L26 simulation.

Figure 11 compares the spatial distributions of global at-
mospheric CO concentrations at 700 hPa and surface NO2,
ozone, and PM2.5 concentrations in China from the BCC-
GEOS-Chem v2.0 simulation at T159L72 versus T42L26
resolution. Comparison of CO concentrations at 700 hPa
aims to demonstrate the differences in transport of trace gases
in the free troposphere between the simulations at the two
resolutions. As expected, the T159L72 configuration demon-
strates markedly enhanced capability in resolving fine-scale
CO plume transport dynamics, particularly pronounced over
African and Indonesian source regions, whereas the corre-
sponding coarse-resolution T42L26 simulation fails to repro-
duce these persistent plumes due to rapid dissipation by nu-
merical diffusion (Eastham and Jacob, 2017; Zhuang et al.,
2018) (Fig. 11a and b). These results highlight the advantage
of high-resolution simulation in mitigating numerical diffu-
sion in Eulerian models.

Comparison of surface NO2, ozone, and PM2.5 concentra-
tions aims to reveal the distinct resolution-dependent charac-
teristics in pollution patterns. We thus focus on China where
air pollutions were severe in January 2014. For surface PM2.5
and NO2 concentrations, the T159L72 configuration success-
fully resolves concentrated pollution hotspots over eastern
China (Fig. 11d, f, and h). In contrast, the coarser T42L26
model significantly attenuates these peak values through ex-
cessive spatial smoothing (Fig. 10c, e, and g). This dispar-
ity arises from the inability of the model at coarse resolu-
tion to resolve fine-scale emission features from the inven-
tory data, coupled with artificial mixing artifacts inherent
to large grid-cell discretization. For surface ozone simula-
tions, the T159L72 configuration produces higher ozone con-
centrations across most regions compared with the coarser
T42L26 simulation, while showing lower ozone levels over
the North China Plain. This is attributable to the unique pho-
tochemical regime in wintertime North China, where sub-
stantial NOx emissions drive ozone formation into a VOC-
limited regime. The intensified NOx titration effect under
such chemical conditions effectively suppresses ozone accu-
mulation, a process that the high-resolution model better rep-
resents through refined precursor gradient resolution. Com-
parison of the simulated surface PM2.5, NO2, and ozone con-
centrations with the surface monitoring network of air qual-
ity in China (Fig. 11) supports that the T159L72 simulation
shows higher spatial correlation coefficients (r = 0.40–0.55)
with the observed values and substantially reduces the mean
biases (MB) across all sites (expect for ozone) compared to
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Figure 11. Spatial distributions of BCC-GEOS-Chem v2.0 simulated global 700 hPa CO, and surface NO2, surface O3, and surface PM2.5 in
China at the resolution of T42L26 and T159L72 in January 2014. Mean bias (MB) and spatial correlation coefficients between the simulated
and observed values are shown inset.

the T42L26 simulation. In summary, the high-resolution im-
plementation of BCC-GEOS-Chem v2.0 highlights the ad-
vantages and enhanced flexibility of our BCC-GC-HEMCO
interface, and shows attractive potential for future applica-
tions in air quality simulation.

7 Summary and future plans

We have developed the BCC-GEOS-Chem v2.0, an online
two-way chemistry-climate coupled model that incorporates
feedback from chemically reactive greenhouse gases and
aerosols. BCC-GEOS-Chem v2.0 has evolved into a fully
coupled Earth system model that integrates the modules in-
cluding the atmospheric component BCC-AGCM, the land
component BCC-AVIM, the oceanic component MOM, and
the sea ice component SIS. The standard chemical mecha-
nism in the BCC-GEOS-Chem v2.0 features a comprehen-
sive Ox-NOx-VOC-halogen-aerosol chemistry in the uni-

fied tropospheric–stratospheric chemistry extension (UCX)
scheme. The BCC-GC-HEMCO interface serves as a nexus
linking the atmospheric module, an independent HEMCO
emission module, and the GEOS-Chem chemical module.

We use satellite, ozonesonde, and surface observations
to evaluate the performance of the BCC-GEOS-Chem v2.0
simulation at T42L26 (2.8°× 2.8° and 26 vertical layers
with a top at 2.914 hPa) resolution in representing atmo-
spheric chemistry, and compare with the model outputs from
the BCC-GEOS-Chem v1.0 and BCC-AGCM-Chem for the
same simulated time period (2012–2014). Results demon-
strate that BCC-GEOS-Chem v2.0 captures well the main
spatial and seasonal distributions of tropospheric ozone ob-
served by multiple instruments, and also shows improved
performance in simulating major gaseous pollutants and sur-
face PM2.5 compared with the BCC-GEOS-Chem v1.0 and
BCC-AGCM-Chem. The diagnostics of tropospheric ozone
budgets and OH concentrations generally agree with the
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observation-constrained values and multi-model assessment.
However, the model derives a relative low value of the differ-
ence between tropospheric ozone chemical production and
loss and shows a high STE flux that requires further investi-
gation.

BCC-GEOS-Chem v2.0 is now able to consider aerosol-
climate interactions through radiation and cloud feedback,
based on the diagnosed mass mixing ratios of bulk aerosols.
The base simulation shows that BCC-GEOS-Chem v2.0
with full aerosol–cloud–radiation interactions reproduce the
global spatial distributions of radiation and cloud proper-
ties from satellite observations and reanalysis dataset. Sen-
sitivity experiments indicate that the model is able to simu-
late the impact of aerosols on radiative budget, e.g., decreas-
ing SWDOWN, OLR, and LWCRF, and increasing SWCRF.
Further analyses by separating the role of ARIs and ACIs
indicate that ACIs promote cloud development but suppress
precipitation for the global average, while the contributions
from ARIs are rather small.

BCC-GEOS-Chem v2.0 can now perform at a high reso-
lution at T159L72 (0.75°× 0.75° and 72 vertical layers with
a top at 0.01 hPa), taking the advantages of the BCC-GC-
HEMCO interface that enables seamless integration of the
GEOS-Chem chemical module with ESMs across customiz-
able grid configurations. Compared with the T42L26 simula-
tion, the high-resolution simulation much better resolves the
fine-scale plume transport dynamics, and also significantly
improve the ability to capture the pollution hotspot of NO2
and PM2.5 as well as the low ozone concentration in high-
NOx environment in wintertime China. The shows attractive
potential for future applications in air quality simulation.

In summary, the development of the BCC-GEOS-Chem
v2.0 model provides a useful framework for investigating
climate–chemistry interactions and for future projections of
global atmospheric chemistry. Its high-resolution configura-
tion can also be applied to air quality forecasts. Neverthe-
less, there are still limitations in this model that should be
addressed in future development. First, although the UCX
interactive stratospheric chemistry scheme has been imple-
mented, biases remain in the simulation of stratospheric
ozone and will require further improvement. The feedbacks
through methane-OH interactions are not fully represented
in the current model configuration and should be addressed
by introducing unbiased methane sources. In addition, the
implementation of size-resolved aerosol schemes will be a
priority moving forward, as they will enable a more accu-
rate representation of aerosol feedbacks. Furthermore, the
enormous amount of time and computational resources for
T159L72 high-resolution is still a major obstacle. We are
planning to improve this high-resolution version of BCC-
GEOS-Chem v2.0 with enhanced computational efficiency in
our next-phase implementation, enabling its broader applica-
tion in the research of global climate change and atmospheric
chemistry.

Code availability. The GEOS-Chem model is maintained at the
Harvard Atmospheric Chemistry Modelling group, which can be
obtained at https://doi.org/10.5281/zenodo.7271960 (Yantosca et
al., 2022). The HEMCO modules used in this paper is perma-
nently archived at https://doi.org/10.5281/zenodo.18862941 (Sun,
2026b). The BCC-GEOS-Chem v2.0 code can be accessed at
a DOI repository https://doi.org/10.5281/zenodo.18448688 (Sun,
2026a), and model outputs for 2012–2014 are available at
https://doi.org/10.5281/zenodo.16734757 (Sun, 2025). All source
code and data can also be accessed by contacting the correspond-
ing authors Lin Zhang (zhanglg@pku.edu.cn).
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