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Abstract. Aerosols play a critical role in regulating the Earth’s climate system by influencing the radiative balance and
cloud processes. Climate models with online-coupled aerosol modules are essential tools for studying such effects. To
enhance the representation of aerosol processes in the Community Integrated Earth System Model (CIESM), this study
couples a new aerosol module, the Piecewise lognormal approximation Aerosol Model for Tsinghua University (PAMT),
creating the integrated aerosol-climate model CIESM-PAMT. This work is presented in two parts. The current paper (Part 1)
focuses on the model description and the evaluation of aerosol simulations, whereas Part 2 focuses on clouds, precipitation,
and aerosol radiative forcing (paper in preparation). Compared with the original seven-mode aerosol module (MAM?7) in
CIESM (CIESM-MAM?7), CIESM-PAMT updates nearly all aerosol processes, reduces the number of tracers from 31 to 24,
and allows for more flexible adjustments of aerosol size-distribution resolution before compilation, thereby improving
computational efficiency while maintaining simulation accuracy, albeit at the expense of representing some aerosol
processes.

Evaluation results show that CIESM-PAMT reproduces global aerosol spatial distributions, optical properties, and number
and mass concentrations with varying degrees of agreement with observations. Compared with AERONET measurements,

the relative biases in aerosol optical depth (AOD), fine-mode AOD, coarse-mode AOD, and Angstrém exponent are 11%,
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30%, —25%, and —8.6%, respectively. Comparisons with ground-based and shipborne observations yield relative biases of
—6.7% for black carbon (BC), —21% for organic carbon (OC), 2.2% for land sulfate (SO4), and 65% for marine SO4 mass
concentrations. The relative biases in PM2.5 and PM10 are —31% and —58%, respectively, while the bias in aerosol number
concentration is —48%. In the Arctic region (>60°N), CIESM-PAMT can also capture the observed aerosol optical properties
and concentration variations, although discrepancies remain for some aerosol components and sites.

Overall, the comparison indicates that CIESM-PAMT generally achieves better agreement with observations than CIESM-
MAM?7 for aerosol optical properties, BC and OC mass concentrations, and aerosol number concentrations. The two
configurations show comparable results for land SO4 and PM2.5, whereas CIESM-PAMT exhibits larger biases in PM10
and marine SO4. In the Arctic, CIESM-PAMT reduces the systematic biases in most evaluated aerosol properties. Overall,
CIESM-PAMT provides a more realistic representation of global aerosol distributions, optical properties, and concentrations
by adopting a flexible piecewise lognormal aerosol representation, thereby improving the capability of CIESM for aerosol—
climate simulations. These improvements establish a robust basis for future investigations of aerosol-climate interactions

and their climate impacts.

1 Introduction

Acrosols are key drivers of the Earth's climate, exerting both direct effects through the scattering and absorption of solar
radiation and indirect effects by modifying cloud microphysics and precipitation (Albrecht, 1989; Bellouin et al., 2020;
Twomey, 1977; Wang et al., 2025; Yu et al., 2006). Despite this well-established role, aerosol-cloud interactions and their
associated climate feedbacks remain highly complex and exhibit pronounced variability across regions and timescales
(Bellouin et al., 2020; Quaas et al., 2024; Rosenfeld et al., 2023). In this context, integrated aerosol-climate models
constitute a fundamental tool for quantifying the global impacts of aerosols and for interpreting their contributions to
observed climate variability and long-term trends (Bogenschutz et al., 2018; Cole et al., 2023; Salzmann et al., 2022; Tegen
et al., 2019). Nevertheless, considerable uncertainties persist in current models, particularly in representing the spatial and
temporal distribution of anthropogenic emissions, aerosol optical properties, and aerosol—cloud interactions, as highlighted
by the Aerosol Comparisons between Observations and Models (AeroCom) initiative (Glif3 et al., 2021). These deficiencies
can translate into large discrepancies in simulated radiative forcing and cloud responses, thereby undermining confidence in
climate projections (Gli3 et al., 2021; IPCC, 2023). Therefore, continued development, rigorous evaluation, and systematic
refinement of integrated aerosol-climate models are essential for improving the quantification of anthropogenic aerosol
effects and for reducing persistent uncertainties in climate simulations.

Given the critical role of climate models in scientific research and policy decision-making, Tsinghua University initiated the
development of an independent climate modelling system in 2009 and successfully released version 1.1 of the Community
Integrated Earth System Model (CIESM) in 2019 (Lin et al., 2020). CIESM is built upon version 1.2.1 of the Community
Earth System Model, developed by the National Center for Atmospheric Research (i.e., NCAR CESM1.2.1) (Hurrell et al.,
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2013), and incorporates 13 independently developed or enhanced physical parameterizations and modules (Lin et al., 2020).
CIESM has participated in multiple model intercomparison and evaluation activities, including the Coupled Model
Intercomparison Project Phase 6 (CMIP6) (Chin et al., 2026; Lin et al., 2020; Mahmood et al., 2016; von Salzen et al., 2022;
Whaley et al., 2022). CMIP6 simulations demonstrate that CIESM shows substantial improvements compared with the
NCAR CESMI1.2.1 in several long-standing challenges in the climate modelling community, including the distribution of
tropical precipitation, the representation of marine boundary layer clouds, and the intensity and periodicity of the El Nifio—
Southern Oscillation (Lin et al., 2020). However, it is important to note that CIESM employed the observation-constrained
aerosol forcing dataset MACv2-SP (Stevens et al., 2017) for its CMIP6 simulations, rather than its fully coupled aerosol
module. This reliance on prescribed aerosol forcing limited the model’s ability to physically represent aerosol—cloud
interactions (ACI) and constrained its capacity to simulate the full complexity of aerosol—climate feedbacks (von Salzen et
al., 2025).

In fact, CIESM is equipped with optional two-way coupled online aerosol modules. Its atmospheric component is developed
based on version 5.3 of the Community Atmosphere Model (CAMS5.3) in NCAR CESM1.2.1, and the aerosol component
primarily includes the Aerosol Modules with three and seven lognormal modes (i.e., MAM3 and MAM7) (Liu et al., 2012).
Previous studies have identified several known simplifications and systematic biases in MAM3, such as the rapid internal
mixing of primary carbon aerosols into the accumulation mode and the coarse representation of aerosol size distributions
(Ghan et al., 2012; Liu et al., 2016). Consequently, MAM7 is now much more commonly used than MAM3. In MAM7,
several aerosol process parameterizations continue to follow established formulations, leaving room for further refinement
(Ghan et al., 2012; Liu et al., 2016). Moreover, MAM7 tracks a number of tracers (31 in total), resulting in substantial
computational costs. The number of overlapping lognormal modes and their geometric standard deviations in MAM?7 are
fixed, limiting flexibility for simplification or refinement based on computational needs. For example, achieving higher
computational efficiency often requires replacing MAM7 with MAM3.

With the continuous improvement of computing resources, climate models require a more flexible scheme capable of
dynamically adjusting the representation of the aerosol size distribution during runtime, thereby balancing computational
efficiency with simulation accuracy. For this reason, when developing the new-generation NCAR CESM?2 (Danabasoglu et
al., 2020), the NCAR replaced MAM7 with the more computationally efficient and structurally simplified four-mode aerosol
scheme, MAM4 (Liu et al., 2016). Accordingly, to achieve a more realistic representation of aerosol-cloud interactions
while maintaining computational efficiency, CIESM also needs to improve and optimize its aerosol module.

To fill this gap, we adapted the Piecewise lognormal approximation Aerosol Model (PAM) used in AMAP (2021) for
implementation in CIESM. We call this adapted version as the PAM for Tsinghua University (PAMT), forming the
integrated aerosol—climate model CIESM-PAMT. Compared with MAM7, PAMT employs fewer tracers (24 in total),
provides greater flexibility in representing aerosol size distributions, and substantially updates nearly all aerosol processes.

In the following, we present the model coupling and evaluation work in two parts. This paper constitutes Part 1, focusing on

the key parameterizations implemented in PAMT, the coupling framework with CIESM, and the evaluation of the coupled
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model’s performance in aerosol simulations. Part 2 will further examine the simulations of clouds, precipitation, radiation,
and aerosol—cloud interactions by CIESM-PAMT (paper in preparation). The evaluation draws upon a comprehensive set of
observational and modelling datasets, including ground-based, shipborne, and satellite observations, reanalysis data, and
multi-model results. The assessment provides quantitative benchmarks and guidance for the further development of CIESM.
The remainder of this paper is organized as follows. Sections 2 and 3 describe the aerosol process parameterizations,
coupling methodology, and model configuration of PAMT. Section 4 presents the multi-source observational datasets used
for evaluation. Section 5 compares model simulations with observations and discusses the associated biases and uncertainties.

Section 6 summarizes the main findings and future directions.

2 Coupling of CIESM and PAMT

2.1 Overview of CIESM

(a) PAMT
INT SEC1 INT SEC2 INT SEC3 DU SEC1 DU SEC2
1. SO4 1. SO4 1. S04 1.DU 1.DU
2.BC 2.BC 2.BC
3.0A 3.0A 3.0A
BC SEC OA SEC SS SEC1 SS SEC2
1.BC 1. 0A 1.SS 1.SS
(b) MAM7
Aitken Accumulation Primary Carbon
1. SO4 1. SO4, 1. POA
2. NH4 2. NH4 2.BC
3. SOA 3.POA, 4. SOA
4.SS 5.BC, 6. SS
Fine DU Coarse DU Fine SS Coarse SS
1.DU 1.DU 1.SS 1.SS
2.S04 2.S04 2.S04 2.S04
3. NH4 3. NH4 3. NH4 3. NH4

Figure 1. Aerosol composition of each mode in PAMT and MAM?7. Aerosols within the same box are internally mixed, while aerosols
in different black boxes are externally mixed.

CIESM was developed with a focus on correcting systematic biases in existing climate models by implementing new
physical parameterizations across its component modules (Lin et al., 2020). Specifically, CIESM is built upon NCAR
CESM1.2.1 (Hurrell et al., 2013) and incorporates a number of independently developed or enhanced physical schemes and
modules, including the modified convective parameterizations (Song and Zhang, 2011; Wang et al., 2016), new probability
density function cloud scheme (Qin et al., 2018), new single-ice scheme (Zhao et al., 2017), four-stream shortwave radiation
scheme (Zhang and Li, 2013), turbulent mountain stress scheme (Liang et al., 2017), efficient barotropic solver (Huang et al.,

2016), modified ocean tidal mixing (Lin et al., 2020), wind speed-dependent sea surface albedo (Jin et al., 2011), new
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thermal roughness length parameterization (Yang et al., 2008), diagnostic floe size parameterization (Liipkes et al., 2012),
global soil dataset (Shangguan et al., 2014), and new community coupler (Liu et al., 2018). The version of CIESM that
participated in CMIP6 does not include carbon or nitrogen cycle processes and thus currently functions as a climate system

model without biogeochemical coupling (Lin et al., 2020).

Table 1. Geometric standard deviations of the lognormal distributions used in each section of PAMT and MAM?7, along with the
corresponding aerosol diameter ranges. For PAMT, the size ranges correspond to the boundaries of each discrete size section, whereas
for MAMY7 they represent the 10th—90th percentile range of the assumed lognormal size distributions.

Aerosol module Standard deviation Size range (um)

Internally mixed aerosol

INT SEC1 2.0 0.016-0.081
INT SEC2 2.0 0.081-0.406
INT SEC3 2.0 0.406-2.048

Externally mixed aerosol

PAMT BC SEC 2.0 0.016-2.048
OA SEC 2.0 0.016-2.048
SS SEC1 2.0 0.034-0.560
SS SEC2 2.0 0.560-9.194
DU SEC1 2.0 0.100-1.644
DU SEC2 2.0 1.644-27.042
Aitken 1.6 0.015-0.052
Accumulation 1.8 0.056-0.260
Primary Carbon 1.6 0.039-0.130
MAM?7  Fine SS 2.0 0.095-0.560
Fine DU 1.8 0.140-0.620
Coarse SS 2.0 0.630-3.700
Coarse DU 1.8 0.590-2.750

The default version of CIESM was coupled with MAM?7 (Liu et al., 2012), hereafter referred to as CIESM-MAM?7. However,
during its participation in the CMIP6, the aerosol module was not activated. It is important to note that the MAM7
framework has continued to evolve in subsequent studies, with further developments in organic aerosol
partitioning(Glotfelty et al., 2017), aerosol chemical processing (Zaveri et al., 2021), dust representation (Ke et al., 2022),
and so on (Wu et al., 2018). These developments are not incorporated into the version considered in this study. Therefore,
the comparison presented here specifically refers to the MAM7 implementation used in CIESM, as described by Liu et al.
(2012).

MAMY7 classifies aerosols into seven modes based on particle size distribution and mixing state, including Aitken,

accumulation, primary carbon, fine/coarse sea salt (SS), and fine/coarse dust (DU) modes (Fig. 1b) (Liu et al., 2012). Within

5
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each mode, the aerosol size distribution is represented by a lognormal distribution (Table 1). The overall aerosol size
distribution, n(D), is obtained by superimposing these seven sets of lognormal distributions:

_ 7 _\7 N 1 ln(D/Dy.m> ’
n(D) = Yp=11m(D) —Zm=1mexp 1 (1

2 Inogm

where n,,(D) is the number concentration distribution function of the aerosol mode m. Np,, Dy, and g, are the total
number concentration, median diameter and geometric standard deviation of the aerosol distribution in mode m, respectively.
MAMT7 considers the following aerosol components: sulfate (SO4), ammonium (NH4), primary organic aerosol (POA),
secondary organic aerosol (SOA), black carbon (BC), soil dust (DU), and sea salt (SS), which exist in either internal or
external mixtures (Fig. 1b, Table 1). MAMY classifies aerosols into two types based on whether they reside inside or outside
cloud droplets, termed cloud-borne and interstitial aerosol particles, respectively. During simulations, interstitial aerosols are
transported in three-dimensional space, whereas cloud-borne aerosols are only transported vertically. Interstitial aerosol
species are carried as prognostic state variables and transported in three dimensions. In contrast, cloud-borne aerosol species
are stored in the physics buffer and are not fully transported (except through vertical turbulent mixing), which reduces
computational cost while having only a minor impact on their simulated concentrations (Ghan and Easter, 2006).

In models, variables that are advected across grids by the three-dimensional wind field are referred to as tracers. In MAM7,
there are 31 tracers directly associated with aerosols, including 7 number concentration tracers (one for each mode) and 24
mass concentration tracers (one for each component in each mode) (Fig. 1b). The gaseous species that MAM7 transports
include sulfur dioxide (SO2), hydrogen peroxide (H202), dimethyl sulfide (DMS), sulfuric acid (H2SO4), ammonia (NH3),
and secondary organic aerosol gas-phase precursors (SOAQG).

MAMY7 is a two-moment scheme, meaning that it simultaneously predicts both the number concentration and mass mixing
ratio of different aerosol types (Liu et al., 2012). The temporal evolution of the mass (Mj ¢, unit: kg kg™') and number

concentration (N, unit: kg™!) of interstitial aerosols (represented by the superscript a) of type s in mode m can be expressed

as:

oMY, 1 = oMf, oMf, oM, oM§, oM, MY,

Mins 4 Ly (pV M) = (ﬂ) + (ﬂ) + (ﬂ) + (ﬂ) + (ﬂ) + (ﬂ) +
ot P ’ ot Jemis ot Jcond ot Jnucl 0t Jhete ot /Jdrydep 9t Jwasho

(aM#L'S) + (OM%LS) + (OM#L'S> (2)
0t Jresus ot Jconv at Jdiffus’

N, | 1 = ONF ONF, ONF ONF; ONF, ONF ONF

BtV 7Y = (58) L () et ) e ™ (5 aen (o) sasno ¥ (o) *

ot P 0t Jemis 0t Jcoag ot Jnucl 0t Jhete ot /drydep 9t Jwasho 9t Jresus

(aN,“n) n (aN,“n) 3)
ot Jconv at J diffus

Similarly, the temporal evolution of the mass (Mg, ;, unit: kg kg'') and number concentration (N5, unit: kg™') of cloud-borne

aerosols (represented by the superscript ¢) of type s in mode m can be expressed as:

OM s — (BM,Cn_S) + (aM,Cn_s) n (i)M-fn_S) n (aan,S) n (aan,S) + (aan_S) n (aan,S) 4)
at 0t Jhete ot Jwetox ot Jdrydep 0t Jraino 0t Jresus ot Jconv ot Jdiffus’
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NG _ (azvfn) 4 (azvfn) + (azvfn) + (azvfn) N (azvfn) 4 (azv&) 5)
ot 0t Jhete ot /drydep 0t Jraino 0t Jresus ot Jconv at /giffus’

170  where t represents time, V is the three-dimensional wind field, and p is the air density. The terms on the right-hand side of
the equations represent sources and sinks that affect aerosol mass and number concentration, including emissions (emis),
condensation (cond), coagulation (coag), aerosol nucleation/new particle formation (nucl), droplet/ice heterogeneous
nucleation (hete), dry deposition (drydep), wet deposition (raino: rainout, washo: washout), resuspension (resus), aqueous-

phase chemistry (wetox), vertical transport by convection (conv), and vertical mixing by turbulence (diffus). The

175 parameterizations used for these processes are summarized in Table 2.

Table 2. Aerosol-related processes and their parameterizations in CIESM-PAMT and CIESM-MAM7.

Aerosol processes

CIESM-PAMT

CIESM-MAM7

Size distribution
Emission inventory

Dust emission

Sea salt emission

Gas-phase
chemistry

Aqueous-phase
chemistry

Aerosol nucleation
Condensation
Black carbon aging
Coagulation
Water uptake
Cloud droplet
nucleation

Ice nucleation

Dry deposition

Wet deposition

Piecewise lognormal approximation method (von Salzen,
2006)

CMIP6 and AeroCom inventories (Hoesly et al., 2018)
Size-resolved dust scheme (Peng et al., 2012)
Observation-based sea salt scheme (Lewis and Schwartz,

2004; Ma et al., 2008)

DMS/SO: oxidation and H202 chemistry (Emmons et al.,
2010)

H202/0; oxidation with iterative ion-balance pH calculation
(von Salzen et al., 2000)

Sulfuric acid~ammonia—organics-water nucleation with
cosmic-ray effects (Dunne et al., 2016; Kulmala et al., 1998;
Merikanto et al., 2007)

Fuchs—Sutugin-based condensation (Hanson, 2005; Russell et
al., 1994; von Salzen, 2006)

e-folding BC aging (Croft et al., 2005)
Sectional coagulation scheme with 21 size bins and Brownian

diffusion (Seinfeld and Pandis, 2006; Tzivion et al., 1987)

RH-dependent hygroscopicity with explicit Kelvin-effect
treatment (this publication)

QDGE scheme (Wang et al., 2022)

LP scheme (Liu et al., 2007)

Revised Zhang scheme with tunable, species-dependent
sticking efficiency (Emerson et al., 2020; Seinfeld and Pandis,
2006; Zhang et al., 2001)

Cloud-type-dependent rainout and rain/snow washout with
resuspension (Croft et al., 2009; Scott, 1978)

Modal approach (Liu et al., 2012)

CMIP6 and AeroCom inventories (Hoesly et al., 2018)

DEAD-based dust emission scheme (Mahowald et al., 2006a,
b; Okin, 2008; Yoshioka et al., 2007)

Laboratory-based sea salt scheme (Mértensson et al., 2003;
Monahan et al., 1986)

DMS/SO:2 oxidation and H2O: chemistry (Emmons et al.,
2010)

H202/05 oxidation with electroneutrality-based pH diagnosis
(Seinfeld and Pandis, 2006; Tie et al., 2001)

Sulfuric acid—ammonia—water nucleation via lookup tables
(Merikanto et al., 2007)

Mass-transfer-based condensation (Binkowski and Shankar,
1995; Poschl et al., 1998; Seinfeld and Pandis, 2006)
Three-layer SO4 coating (Liu et al., 2012)

Mode-based coagulation scheme using the CMAQ numerical
approach (Binkowski and Roselle, 2003)

Fixed hygroscopicity with implicit Kelvin-effect treatment
(Ghan and Zaveri, 2007; Neale et al., 2012; Petters and
Kreidenweis, 2007)

ARG scheme (Abdul-Razzak and Ghan, 2000)
LP scheme (Liu et al., 2007)

Zhang scheme with wet/dry surface-dependent sticking
efficiency (Zhang et al., 2001)

Cloud-water-loss-based rainout and size-dependent washout
with resuspension (Barth et al., 2000; Easter et al., 2004;
Rasch et al., 2000)
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2.2 Introduction to PAMT
2.2.1 Overview of the PAMT

The Piecewise Lognormal Approximation Model (PAM) was initially developed for simulations of aerosol chemical and
microphysical processes in the Canadian Atmospheric Model (CanAMS) (Cole et al., 2023), as a more comprehensive
alternative to the default bulk aerosol scheme in CanAMS5. CanAMS5-PAM was previously used to assess Short-Lived
Climate Forcers (SLCFs) and their impacts on global air quality and the Arctic climate (AMAP, 2021; von Salzen et al.,
2022; Whaley et al., 2022). More recently, CanAMS5.1-PAM was used to assess the contribution of declining aerosol
concentrations on clouds over the Northeast Pacific and North Atlantic (von Salzen et al., 2025). In addition to these studies,
von Salzen (2006) evaluated the parameterization of gas-to-particle conversion and the parameterization of aerosol activation
was evaluated by Wang et al. (2022). Ma et al. (2008) and Peng et al. (2012) compared results from CanAM-PAM with
observations of sea salt and soil dust, respectively. Black carbon aerosol optical properties were analysed by Digby et al.
(2025).

Even though CanAMS5-PAM reproduces observed Arctic aerosol surface concentrations and vertical profiles well, in
comparison to other models (AMAP, 2021; Whaley et al., 2022), a comprehensive analysis of simulated global aerosol and
cloud properties is currently lacking. Furthermore, it is currently unknown whether PAM can also be used in combination
with other global atmospheric and climate models, in addition to CanAM. The objective of the present study is to address
these issues by introducing PAMT (i.e., PAM for Tsinghua University) in CIESM and to compare results with a wide range
of different aerosol and cloud observational data sets. Furthermore, this approach allows direct comparisons with the MAM7
aerosol module in CIESM, which provides unique opportunities for direct comparisons of two different aerosol schemes in
the same host model. Therefore, the approach here goes beyond earlier multi-model intercomparisons for aerosols and clouds,
which cannot distinguish between differences in aerosol and other atmospheric processes in the models.

It should be noted that PAM can operate as a standalone system and can therefore be regarded as a model, rather than merely
a module like MAM. In this study, it is simply coupled with CIESM and used as a module within the overall framework.
Nevertheless, its applicability extends well beyond this specific configuration.

PAMT differs significantly from MAM?7 in terms of the numerical representation of aerosol size distribution,
parameterizations of various source and sink processes, aerosol activation, aerosol mixing state, and optical calculations, as
summarized in Table 2. The following sections provide a detailed description of the specific parameterizations implemented

in PAMT.

2.2.2 Aerosol Size Distributions in PAMT

PAMT represents aerosol size distributions using the Piecewise Lognormal Approximation (PLA) method (von Salzen,
2006). The approach combines features of two commonly used approaches for describing the aerosol size distribution (i.e.,

aerosol spectrum) in models: the bin and modal approaches. In general, the bin approach divides the aerosol spectrum into
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discrete sections, potentially allowing a detailed representation of particle-size features, but it is computationally expensive
and thus mainly applied in parcel or chemistry models. The modal approach is less detailed but computationally efficient,
making it suitable for climate models, with MAM?7 serving as a representative example. The PLA method combines the
advantages of both approaches and integrates them into a unified framework: PLA first divides the aerosol spectrum into
several contiguous size sections (with the number of sections denoted as ISEC) and assumes that the aerosol size distribution
in each section follows a lognormal distribution, with the distribution parameters determined by the mass/number
concentrations within each section. von Salzen (2006) showed that the PLA scheme performs well in terms of both accuracy
and computational efficiency.

Accordingly, the aerosol number concentration distribution (n(¢)) in the PLA can be written as:

2
n(p) = Li5° ni(p) = XI5 ngexp [—wi(co ~ ®o,1) ]H (<p - qol-_%) H <90i+% - 90) : (6)
where n; (@) is the distribution function of aerosol number concentration in section i, ¢ is the dimensionless size parameter
defined as ¢ = In (R, /R,), Ry, is the particle radius, and Ry, is a reference radius of 1 um. The parameters n,;, ¥;, and ¢, ;

represent the magnitude, width, and modal location of the distribution, respectively. H(x) is the Heaviside step function,
which constrains the lognormal distribution in each section to the particle-size interval between ¢;_; /2 and ¢;,4 s2- In
CIESM-PAMT, 1; is prescribed according to the standard deviation of the aerosol spectrum, while n,; and ¢, ; are updated
at each time step based on simulated mass and number concentrations, enabling dynamic adjustment of the aerosol spectrum.
In addition, the number of sections ISEC is a tuneable parameter, and increasing it generally enhances the accuracy of the
size-distribution representation (von Salzen, 2006). In the version of PAMT used in this study, ISEC is set to 3 internally
mixed sections and 6 externally mixed sections, as shown in Fig. 1a and Table 1.

In PAMT, the PLA is applied to 5 different aerosol species: primary BC (BC SEC); primary OA (OA SEC); internally mixed
BC, OA, and SO4 (INT SEC1/2/3); DU (DU SEC1/2); and SS (SS SEC1/2) (Fig. 1a). The particle size ranges and geometric
standard deviations of these modes are listed in Table 1. Internally mixed SO4, BC, and OA is represented using three
piecewise lognormal modes. Primary BC and OA are each treated as externally mixed and represented by a single lognormal
mode. DU and SS are also each treated as externally mixed and represented by two piecewise lognormal modes.

Similar to MAM7, PAMT also accounts for cloud-borne and interstitial aerosol particles, but it does not distinguish between
them as explicitly as MAM?7 does. The proportions of aerosols in the cloudy and clear-sky portions of the grid cells are
diagnosed from the all-sky aerosol. Specifically, the mixing ratios in the cloudy and clear portions are calculated from the
all-sky mixing ratios X, which are saved and advected in the model. dX is the mixing ratio difference between the cloudy
and clear portions, which is calculated in the model based on the parameterized cloudy and clear-sky processes whenever

clouds are present in a grid cell:

dx dx
Xea= X+ Xar = X——F, (7
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where f; is the cloud fraction. The aerosol parameterizations distinguish between the sources and sinks in cloudy and clear
portions of the grid cells and the equations are coupled through the emissions, dry deposition, convective transport,

advection, and diffusion of all-sky aerosols (dX = 0 for these processes). And the time evolution of the mixing ratios for

mass (M ;, unit: kg kg!) and number concentration (N;, unit: kg™!) of all-sky aerosol type j in section i can be expressed as:

T3 M) = () s * G s 5 oma * o ™ o hene ™ oty ™ 5 ™
G uasno * 5 s * ) eome * G (8)
57 ) = () e * () g * ()™ e ™ Giaen ¥ (3 )rne * (5 *

(%)resus + (%)conv + (%)diffus, ©

where the meanings of the subscripts are consistent with those in MAM7.

PAMT includes 24 aerosol-related tracers, including 9 number tracers (3 for internally mixed and 6 for externally mixed
aerosols) and 15 mass tracers (9 internally mixed and 6 externally mixed). A larger number of tracers increases the amount
of inter-grid transport required and therefore the computational cost. Therefore, PAMT is theoretically more computationally
efficient than MAM?7 because of fewer tracers. The gaseous species considered in PAMT include SOz, H202, DMS, H2SOs4,
and SOAG. However, PAMT does not explicitly simulate the atmospheric evolution of NH3. Instead, it assumes that [SO4*"]
exists entirely in the form of (NH4)2SO4 and diagnoses [NH4"] from the simulated [SO4+*].

The simulated aerosol size distribution depends not only on how each aerosol module numerically represents the spectrum
but also on the aerosol source and sink processes. As shown in Fig. 2, different sources and sinks affect different particle size
ranges. In the following sections, we describe these parameterizations and highlight the similarities and differences between

PAMT and MAM7.

DMS, SO, H,0 ...

Gas-phase chemistry S
Gaseous H,S0,, VOCs, H,0, NH,; ... ource
Nucleation, Condensation
Emissions of sulfate, black/organic carbon Emissions of dust and sea salt
TN\

/o

Coagulation
Resuspension
0:31 . ol10 . 1vloo . 10.00
Dry deposition Dry deposition Dry deposition
(Brownian diffusion) (Impaction & interception) (Gravitational settling)
Droplet/ice
heterogeneous nucleation Aqueous-phase chemistry
Wet d - Wet deposition
S ’ k et deposttion (Washout)
ln (Rainout)

Figure 2. Schematic of major source and sink processes affecting aerosol size in PAMT and MAM7.
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2.2.3 Aerosol Emissions

The emission inventories provided by CMIP6 include emissions of SO>, NH3, gaseous precursors of organic aerosols
(VOCs), primary BC and OA from different emission sectors for the period 1750-2014 (Hoesly et al., 2018). However, it
does not specify emission injection heights for and size distributions of primary emitted particles and precursor gases, for
which we have followed the AeroCom protocols (Dentener et al., 2006). In addition, aviation emissions are released at
prescribed altitudes according to the CMIP6 dataset (Hoesly et al., 2018). Surface emissions of DMS are based on the year-
2000 dataset from the AeroCom initiative. Following the approach used in the Fifth Assessment Report (Neale et al., 2012),
this study assumes that 2.5% of SO:2 emissions (in molar fraction) are emitted as primary SO4. In MAM7, the size
distribution of emitted aerosols is assumed to follow a lognormal distribution as described in Eq. (1). The geometric standard

deviation and median diameter for each source type are provided in Table 3. The volume-mean diameter is calculated as

Demir = Dgexp (1.5 X (lnag)z). Assuming spherical particles, the emitted number concentration (E,,mper) is derived from

the emitted mass concentration (E,,,qss) USing Enymper = Emass/ (/6 X pgD3 i), Where p, is the particle density. For BC

and OA, all emissions are assigned to the primary carbon mode. For SO4, emissions with D,,,;; equals 0.134 um and 0.261

um are assigned to the accumulation mode, while those with D,,,,;; =0.0504 pm are assigned to the Aitken mode.

Table 3. Size distribution parameters for different types of primary emission aerosols (Liu et al., 2012).

.. Geometric standard deviation =~ Number mode diameter ~ Volume-mean diameter
Emission Source

9 Dy (pm) Depir (pm)
BC/OC 1.8 0.080 0.134
Domestic/transportation/volcano (Aitken) 1.8 0.030 0.0504
SO4  Forest fire/grass fire/waste/agriculture/volcano (accum.) 1.8 0.080 0.134
Energy/industry/shipping - - 0.261

In PAMT, the initial surface emissions of aerosol mass and number concentrations are kept identical to those in MAM7.
These emissions are then distributed into the corresponding PAMT sections based on its prescribed particle size structure
(Table 1 and Eq. (6)). Overall, the primary emissions of SO4, BC, and OA, as well as emissions of SOz, DMS, and VOCs,
are consistent between PAMT and MAM7. However, their treatment of secondary formation of SO4 and OA differs, as
described in Sections 2.2.4-2.2.6. Dust and sea salt emissions are computed online in both PAMT and MAM?7, although the
specific parameterizations differ.

In PAMT, dust emissions occur only over bare soil areas, and the emission flux is proportional to the bare soil fraction (F ).
Dust generation is essentially driven by the movement of soil particles induced by wind stress. A force balance on soil
particles includes gravity, inter-particle cohesion, and surface wind shear stress (Marticorena and Bergametti, 1995). These
forces together determine the threshold friction velocity for dust emission, u,;. The actual dust emission flux is determined

by the friction velocity (u,), which is related to the 10-meter wind speed (Uy) and near-surface gusts (Ugys,), that is, u, «
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(Ulzo + U;ust)l/z. When u, > u,,, the local wind stress is sufficient to overcome particle gravity and cohesion, leading to
dust emission in that grid cell. The dust emission flux scales approximately with u3 (Marticorena and Bergametti, 1995).

PAMT uses 17 soil types, each defined by the fractional composition of four particle sizes: coarse sand, medium/fine sand,
silt, and clay, with spatial areas denoted as A,;. The mass flux of dust of a given dry particle size 1y, (Fyust (T42)) 18 given by

Peng et al. (2012):

Fayse(Tgy) < Xgi=q (Zo' qsurf)3 AgSet(Taw)s (10)
where z, is the surface roughness, Qsurf is soil moisture, and S,;(7,,) is the particle size distribution for each soil type. In
PAMT, emitted dust aerosols are divided into two sections. Within each section, Fy,,s¢(74,,) is constrained by Fj,, and then
integrated over all particle sizes in that section to obtain the mass emission flux of dust.

In MAM7, dust aerosol emissions are calculated within the land surface module using the Dust Entrainment and Deposition
Model (Mahowald et al., 2006a, b; Yoshioka et al., 2007). When the leaf area index falls below 0.3 m?*m?, the fraction of the
grid cell available for dust generation increases linearly as vegetation cover decreases (Okin, 2008). However, unlike PAMT,
MAMY7 does not include a detailed classification of surface types in its dust emission scheme.

The parameterization of sea salt in PAMT (Ma et al., 2008) follows the observationally based scheme of Lewis and Schwartz
(2004), with retuning of parameters. The number size distribution of emitted sea salt aerosols at a height of 5-20 m above the

surface can be expressed as:

_ _dNgs 2 _ 1[In(rys/0.068) 2
n(1is) = oo = 30400(Uso) exp{ 2 [Ptesl 2000 } (11)

where N, is the emitted sea salt number concentration (unit: number of particles per kg), 1y is the dry particle radius. This
parameterization applies to sea salt aerosols, which are directly injected into the lowest model layer.

In MAM?7, sea salt aerosols are treated using a size-segregated approach. For particles with geometric radii smaller than 1.4
pum, the parameterization of Martensson et al. (2003) is applied, whereas for larger particles, the scheme of Monahan et al.
(1986) is used. Both parameterizations describe sea salt mass fluxes as functions of wind speed and were originally derived
from laboratory experiments, assuming an equilibrium between sea salt emissions and deposition. In contrast, PAMT does
not explicitly predict sea salt emission fluxes; instead, it employs parameterizations of observed aerosol size distributions

under varying wind speeds based on multiple field experiments.

2.2.4 Chemistry

The PAMT module implemented in CIESM adopts the same gas-phase chemistry as in MAM7 (Emmons et al., 2010),
including the production and consumption of H20z, the oxidation of SO2 and DMS, and the formation of gaseous H2SOs. In
both PAMT and MAM?7, the aqueous-phase chemistry accounts for the oxidation of H202 and Os in the volume of the
droplets, meaning that only cloud-borne aerosols are affected, although the calculation methods for droplet pH differ

between the two modules. In PAMT, the pH of solution droplets influences the rates of aqueous-phase reactions and is
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calculated from the ion balance equation, that is, [H"] + [NH4] + [Na'] = [OH ] + 2[SO4+*] + 2[SO3*] + [HSO57] + [NOs7] +
[HCOs] + [CI']. Monthly mean concentrations of nitrate and nitric acid are prescribed, and the nitrate content in cloud
droplets is calculated by assuming thermodynamic equilibrium between gas-phase nitric acid and dissolved nitrate (von
Salzen et al., 2000). The ion balance equation in PAMT is solved iteratively (von Salzen et al., 2000). In MAM?7, the droplet
pH is diagnosed from electroneutrality, considering major ions such as cloud-borne [SO4>"] and [NH4*] ion concentrations
as well as dissolved trace gases following Henry’s law equilibrium (Tie et al., 2001). Aqueous oxidation of SOz by H202 and

O3 and irreversible uptake of H2SO4 are included (Seinfeld and Pandis, 2006).

2.2.5 Aerosol Nucleation

Aerosol nucleation refers specifically to the formation of new particles from gaseous precursors. In the PAMT module, three
options are available for aerosol nucleation of sulfate aerosols. The first, developed by Kulmala et al. (1998), describes
homogeneous nucleation of sulfate particles considering both sulfuric acid and water vapor. The second, by Merikanto et al.
(2007), uses a lookup table approach for nucleation involving sulfuric acid, ammonia, and water vapor. The third, based on
cloud chamber experiments, was proposed by Dunne et al. (2016) and considers sulfuric acid, ammonia, organics, and water
vapor. Currently, PAMT uses the parameterization proposed by Dunne et al. (2016), assuming sufficient ammonia is
available for the formation of ammonium sulfate and accounting for the impact of galactic cosmic rays on nucleation rates.
In contrast, MAMT7 employs the scheme developed by Merikanto et al. (2007). Including ammonia in homogeneous
nucleation increases the production of new particles, significantly affecting the number concentration of sulfate aerosols

(Dunne et al., 2016).

2.2.6 Condensation and BC Aging

In PAMT, the condensation of gaseous H2SOs and VOCs can coat pre-existing aerosols, such as SO4, SS, and OA, altering
their composition and hygroscopicity. For the mass concentration of aerosol type j in section i (M; ;), the mass increase due
to gas condensation of a non-volatile gas with the concentration C; (in kg kg) is expressed using the modified form of the

Fuchs-Sutugin equation (Russell et al., 1994; von Salzen, 2006) :

1

aMiJ' _ (pi+
(T)cond = 4nC;D f‘Pi_lz F Ar R, n(e) do. (12)

2

where D is the diffusivity of the gas in air (m? s™'), r is the ratio of the total particle radius over the dry particle radius, F is a
coefficient correcting for free molecular effects and A is a coefficient correcting for the interfacial mass transport limitations
described by an accommodation coefficient (currently set to unity, Hanson, 2005). The aging of hydrophobic BC is treated
using an e-folding method, with daytime and nighttime aging time scales of 1 hour and 24 hours (Croft et al., 2005),
respectively. Consequently, the externally mixed (hydrophobic) BC transitions into the internally mixed aerosol (hydrophilic)

mode after aging.
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In MAM7, condensation of gaseous H2SO4, NH3, and SOA onto aerosol modes is treated dynamically using standard mass
transfer formulations (Seinfeld and Pandis, 2006) integrated over each modal size distribution (Binkowski and Shankar,
1995). A sticking coefficient of 0.65 is applied to H2SO4 (Poschl et al., 1998) and assumed for other species. H2SO4 and NHj3
uptake are treated as irreversible, with NH3 condensation ceasing when the NH4/SO4 molar ratio reaches 2. In contrast, SOA
condensation is reversible and governed by its equilibrium vapor pressure. A three-layer sulfate coating is applied to freshly

emitted BC, allowing them to age into the accumulation mode (Liu et al., 2012).

2.2.7 Aerosol Coagulation

In PAMT, the parameterization of aerosol coagulation is based on the approach by Tzivion et al. (1987) which approximates
the aerosol number and mass size distributions by piecewise linear functions with 21 sections (Fraser-Leach et al., in
preparation). Coagulation is only considered for internally mixed aerosol. The coagulation kernel is calculated by assuming
Brownian diffusion and using Fuchs’ interpolation method (Seinfeld and Pandis, 2006).

In contrast, MAM?7 primarily treats coagulation as the conversion of number concentrations between different modes. Its
numerical treatment is relatively simple, relying on methods from the Community Multiscale Air Quality model (Binkowski
and Roselle, 2003), which essentially provides a numerical solution to the coagulation equation. Therefore, PAMT and
MAMY7 differ significantly in how they handle coagulation: PAMT uses a continuous and more densely segmented size

spectrum, allowing for more precise coagulation calculations.

2.2.8 Water Uptake

PAMT and MAM?7 both parameterize water uptake based on Kohler theory (Ghan and Zaveri, 2007; Kohler, 1936).
However, because the two modules treat aerosol mixing states differently, the hygroscopicity of internally mixed particles
also differs. Table 4 summarizes the hygroscopicity parameters (x) used for various aerosol components in PAMT and
MAM7 (Neale et al., 2012; Petters and Kreidenweis, 2007). For internally mixed aerosols composed of multiple species, the
bulk hygroscopicity is calculated as a volume-weighted average of the component hygroscopicity, using the volume fractions
of each species in the solution droplet as weights.

It should be noted that the x values in Table 4 are given for relative humidity values above 99%. At lower humidity, the
hygroscopicity can deviate substantially from these assumed constants. In PAMT, therefore, k varies with relative humidity
to more accurately represent aerosol hygroscopic growth, which were determined based on simulations with the Aerosol
Inorganic Model (AIM) (Wexler and Clegg, 2002). In contrast, the current MAM?7 does not account for relative-humidity
dependence of k.

In PAMT, the aerosol water content in each aerosol section is iteratively calculated to include the effect of size-dependent
curvature (Kelvin effect). MAM?7 also accounts for the Kelvin effect, but because it uses a modal approximation, the effect is
considered implicitly through the Kohler-theory-based calculation of the critical supersaturation (Abdul-Razzak and Ghan,
2000).
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Table 4. Hygroscopicity parameters of different aerosol components in PAMT and MAM?7.

SO4 BC Internal OA External OA DU SS

PAMT
0.507 0 0.14 0 0.05 1.28
SO4 / NH4 BC POA SOA DU SS

MAM7
0.507 le-10 0.10 0.14 0.068 1.16

2.2.9 Cloud Droplet Nucleation

Cloud droplets form when the supersaturation of vapor exceeds a critical value, allowing airborne aerosols to activate and
grow by condensation. This process is known as aerosol activation or cloud droplet nucleation. The theoretical basis for
describing activation is the Kdhler equation and the droplet condensational growth equation (Kohler, 1936; Seinfeld and
Pandis, 2006). However, analytical solutions to these equations are not available, so climate models rely on parameterized
schemes. PAMT employs a cloud droplet nucleation scheme based on the Quasi-steady state approximated Droplet Growth
Equation (QDGE), a numerically efficient method (Wang et al., 2022). The QDGE scheme captures subgrid-scale vertical
activation processes and incorporates tunable parameters that allow an optimal balance between computational accuracy and
efficiency. Compared with conventional physics-based parameterizations, it delivers improved performance in estimating the
maximum supersaturation (S,,,,,) and cloud droplet number concentration (Wang et al., 2022).

In large-scale stratiform clouds, S,,4,, typically <0.2%, occurs roughly 100 m above cloud base. This implies that the
vertical gradient of supersaturation (S) is usually below 0.002% m™ (Pandis et al., 1990). Based on this, QDGE assumes that
S remains quasi-steady within a certain vertical range during numerical integration. Under this assumption, the evolution of
activated aerosol particles can be written as:

where x = 1,,2/2,u = tG - |S|, a, = C,/(2%/? - |S]), by = 2C,/C,, T,, is the wet aerosol radius, & is the sign function, t is
the lifting time of an air parcel from cloud base, and the parameters G, C,, and C, encapsulate the effects of cloud
thermodynamic conditions and the physicochemical properties of aerosol particles and cloud droplets (Wang et al., 2022). In
practice, x is obtained from precomputed lookup tables generated using a parcel model based on a, and b,, allowing QDGE
to achieve high computational efficiency without sacrificing accuracy.

Since the vertical grid spacing (4z) in climate models is typically too coarse to satisfy the quasi-steady assumption, QDGE
subdivides each model layer into Ny, subgrid layers with the height Az, = Az/N,,,;,. A typical Az is 1-10 m, ensuring that
the scheme adequately resolves S,,,,, Within Az. By applying moist static energy conservation and iterative methods, the
scheme solves for the parameters in Eq. (13) and retrieves the S; in each subgrid layer. From the vertical profile of S;, the

Smax can be obtained. The corresponding critical radius is then computed from the Kohler equation, and integrating the
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aerosol size distribution above this critical radius yields the initial cloud droplet number concentration (i.e., the number
concentration of initial cloud-borne aerosols), which subsequently participates in cloud microphysical processes.

Overall, QDGE can be regarded as a simplified parcel model, enabling accurate and efficient calculation of S,,,,. In contrast,
MAMT uses the physics-based Abdul-Razzak and Ghan (ARG) parameterization (Abdul-Razzak and Ghan, 2000), which
does not explicitly treat subgrid-scale processes and treats different aerosol modes as externally mixed populations while

assuming internal mixing among aerosol species within each mode, in contrast to the treatment of aerosol mixing in PAMT.

2.2.10 Ice Nucleation

PAMT and MAMY7 both use the default ice nucleation scheme implemented in CIESM (Liu et al., 2007). In CIESM, aerosol-
induced ice nucleation is parameterized for both mixed-phase clouds and cirrus clouds (pure ice clouds). For cirrus clouds (T
< =35 °C), the Liu—Penner (LP) scheme is applied (Liu et al., 2007; Liu and Penner, 2005), which accounts for the
competition between homogeneous freezing of SO4 aerosols and heterogeneous freezing induced by DU particles. Because
the role of BC as ice-nucleating particles (INPs) remains highly uncertain (Gettelman et al., 2012), the default CIESM
configuration does not include BC-induced ice nucleation.

In the LP scheme, SO4 aerosols in the accumulation mode with diameters larger than 0.1 um can participate in homogeneous
freezing, while DU aerosols in the coarse mode are considered potential INPs for heterogeneous immersion freezing.
Subgrid vertical velocity required in the nucleation calculations is diagnosed from turbulent kinetic energy (TKE). For
mixed-phase clouds (40 °C < T < -3 °C), condensational and deposition freezing follow Meyers et al. (1992) and
immersion freezing follows Bigg (1953), with both depending solely on temperature and not explicitly accounting for
aerosol effects. Contact freezing follows the parameterization of Young (1974), in which coarse-mode DU aerosols are

considered potential INPs.

2.2.11 Dry Deposition

Both PAMT and MAMY7 employ aerosol dry deposition schemes based on the parameterization developed by Zhang et al.
(2001). The dry deposition velocity (V) of aerosol particles can be expressed as:

1
Vo=V, + TRTEE (14)

where V; is the gravitational settling velocity, R, is the aerodynamic resistance above the canopy, and R; is the surface
resistance. However, PAMT and MAM?7 differ in their practical implementations. PAMT introduces observational
constraints and uses the version revised by Emerson et al. (2020) based on Zhang et al. (2001), and updates the gravitational
settling scheme following Seinfeld and Pandis (2006) . In MAMY7, aerosol particles are separated into two categories: the
deposition velocity of interstitial aerosols is calculated using their wet radius, while that of cloud-borne aerosols is derived

from droplet size.
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In both PAMT and MAM?7, incomplete particle attachment during gravitational dry deposition is represented by a Stokes-
number-dependent sticking factor, meaning that the fraction of particles adhering to the surface decreases with increasing
Stokes number. In MAM7, this factor is set to 1 for wet surfaces and decays exponentially for dry surfaces. In PAM, a
similar exponential dependence is applied, but it is combined with a tunable STICK parameter (0.1 for externally mixed BC
and OA, 1 for other species) and modified collection efficiency formulas, providing greater flexibility to account for

different surface types and particle sizes.

2.2.12 Wet Deposition

In PAMT, wet deposition is computed separately for large-scale stratiform clouds and convective clouds, including both
rainout and washout. The activation parameterization simulates the critical aerosol size, which separates interstitial and
cloud-borne aerosols in the cloudy part of the grid cell from each other. We only allow rainout to affect cloud-borne aerosols,
similar to aqueous-phase chemistry. Interstitial aerosol concentrations are affected by washout.

Rainout refers to the removal of aerosols from the atmosphere after they are activated into cloud droplets and subsequently

converted into precipitation. In PAMT, the parameterization of aerosol rainout is expressed as:

, (15)

at T at T

(3Mi,j) _ (Mi'j)cld.fl‘(}lg' (%) _ N)eta M
raino ’ raino
where (Mi'j)cld is the mass concentration in the cloudy portion of the grid cell, calculated as described in Eq. (7), and

(N;)aq is the corresponding number concentration. f,\‘,}fjt and fi* are the activated fraction for mass and number

concentrations of aerosol. T is the time scale of conversion of cloud water to rainwater, which can be computed from the
autoconversion rate, accretion rate, and cloud liquid water content.

The removal of aerosols by falling precipitation is known as washout. Ice-phase (snow) and liquid-phase (rain) washout are
treated separately using different scavenging efficiencies. The scavenging fraction is proportional to the precipitation flux
and accounts for the volume fraction of precipitation falling through clear-sky areas. In PAMT, the washout process is

parameterized as (Scott, 1978):

oM —_7-p- . 9N ——C-P.- .
(Tj)washo—_f B Ecm (Mi‘j)clr’(at )washo_ (B Ecn (Ndar (16)

where (Ml-‘ j)dr and (N;).q are the mass and number concentrations of clear-sky aerosols, B. is the precipitation rate

adjusted by clear-sky fraction and scavenging efficiency, and the constant ¢ is set to 5.2 for rain and 3.7 for snow. E_ 3, and
E, y are the collection efficiencies for mass and number, which is approximated as an aerosol-size dependent approximation
of the below-cloud scavenging parameterization for rain by Croft et al. (2009). A piecewise power-law formulation is
applied between prescribed lower and upper cutoff radii, and unity efficiency is assumed outside this range. The bulk
collection efficiencies for number and mass are then obtained by integrating this size-dependent efficiency over the aerosol

size distribution, thereby accounting for hygroscopic growth and size-resolved scavenging in an implicit manner.
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When falling precipitation partially or completely evaporates, aerosols may be re-released into the atmosphere, a process
known as resuspension. In PAMT, resuspension is represented by releasing previously scavenged aerosols back to the clear-
sky portion of the grid cell in proportion to the fraction of precipitation that evaporates (rain) or sublimates (snow) during its

descent, while conserving mass by reducing the remaining precipitating flux accordingly. This process is parameterized as:

(aMi_j) :Fp_Mi_j'fevp (%) _ Fo.nyfevp (17)
ot Jresus At >\t Jresus At ’

where Fp,Mz,j and F), y, are the fluxes of aerosol mass and number carried by precipitation, f,.,, is the fraction of precipitation

that evaporates (for rain) or sublimates (for snow), and At is the time step.

In MAMY7, the treatment of aerosol wet deposition is generally similar. The parameterization is mainly based on (Barth et al.,
2000; Rasch et al., 2000), and it is modified to be consistent with cloud macro- and microphysics. For rainout, cloud fraction,
cloud water, and precipitation production profiles are used to calculate first-order cloud-water loss rates, which are then
multiplied by solubility factors to determine aerosol loss rates. For washout, the first-order removal rate is given by
[(solubility factor)x(scavenging coefficient)x(precipitation rate)], where the solubility factor serves as a tuning parameter.
The scavenging coefficient is explicitly calculated and varies with particle size (Easter et al., 2004). Aerosols removed at one
altitude can be resuspended at lower altitudes if precipitation evaporates. In MAM7, a fraction of cloud-scavenged aerosols

is resuspended, equal to the fraction of precipitation that evaporates below the cloud.

2.2.13 Summary of PAMT

PAMT and MAM? differ significantly in their representation of aerosol mixing state and size distribution. There are also
differences in the parameterizations of aerosol source and sink processes between the two modules. A summary of the

similarities and differences for all parameterizations is provided in Table 2.

2.3 Module coupling

Integrating the PAMT into CIESM requires a systematic restructuring of the aerosol-related physical processes originally
implemented in CAMS.3 (Fig. 3). In the baseline configuration (i.e., CIESM-MAM?7), the computation of aerosol processes
is distributed across multiple components of the model. During the integration of PAMT, all parameterizations and process
handlers associated with MAM?7 are first disabled to avoid conflicts or double counting. Subsequently, the PAMT module is
embedded and linked to the corresponding atmospheric physics routines. The key modifications required to achieve full two-

way coupling between PAMT and CIESM are described below.
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Figure 3. Schematic of online aerosol coupling in CIESM with PAMT and MAM?7. Panel (a) shows the default coupling scheme
CIESM-MAMY (processes related to aerosols are marked in blue), and panel (b) shows the coupling scheme after integrating the new
PAMT module (processes related to aerosols are marked in green).

2.3.1 Treatment of Tracers

In CIESM, the PAMT module introduces 29 additional tracers that can be transported across grid cells. Among them, 24
tracers represent aerosol number mixing ratios and component-specific mass mixing ratios within different sections, while
the remaining 5 tracers represent concentrations of gases. These tracers are transported by the resolved three-dimensional
wind field using the finite-volume dynamical core with a conservative flux-form semi-Lagrangian transport scheme (Lin and
Rood, 1997, 1996). Subgrid-scale vertical redistribution of aerosols is represented through deep convection (ZM scheme)
(Zhang and McFarlane, 1995), shallow convection (Park and Bretherton, 2009), and turbulent mixing based on a diagnostic
turbulent kinetic energy (TKE) scheme (Bretherton and Park, 2009). In deep convective clouds, aerosols and trace gases are
vertically transported within a grid column using updraft and downdraft mass fluxes from the ZM scheme (Neale et al.,
2012). Consistent with the default CAMS.3 configuration, convective transport is currently treated separately from wet
removal. Therefore, key quantities diagnosed by the ZM scheme, including cloud water, rain water, evaporation, detrainment
rates, cloud fraction, and related variables, are passed to the aerosol module to compute convective wet deposition. Shallow

convection transports aerosols in an analogous manner using mass fluxes diagnosed from the shallow convection
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parameterization, while wet deposition is also handled within the aerosol module. Turbulent mixing is represented using a
diagnostic TKE scheme, which parameterizes boundary-layer vertical diffusion of aerosols and provides a characteristic
velocity scale used in stratiform cloud nucleation and aerosol resuspension processes. In addition, aerosol mass and number

are modified by source and sink processes as described in Table 2.

2.3.2 Interface Construction

During each time step, the PAMT module requires a comprehensive set of input variables, which can be grouped into several
categories. Atmospheric state variables include temperature, pressure, humidity, wind fields, and boundary layer height,
which control aerosol thermodynamics and transport. Cloud and precipitation properties from both stratiform and convective
parameterizations (e.g., cloud fraction, liquid water content, precipitation rates, and evaporation) are used to represent wet
scavenging and in-cloud processes. Tracers of aerosol (number and mass mixing ratios in Table 1) and gas (e.g., SO2, H20x,
DMS, H:SOs4, and SOAG) are prognostic variables that are transported and undergo coupled physical and chemical
processes within PAMT (Fig. 3b). In addition, prescribed oxidants (O3, OH, NOs, and HOz) and background gases (e.g., CO2)
are provided from external forcing datasets and are used in in-cloud oxidation and proton molarity (pH) calculations, but are
not modified by the PAMT module. Surface properties, including land—sea fraction, vegetation type, soil moisture, surface
wind speed, and dust-related parameters, are used to constrain emissions, dry deposition, and natural aerosol sources.

These variables are passed from the atmospheric component of CIESM to PAMT through a dedicated interface, and
subsequently processed within the module following the workflow illustrated in Fig. 3b. After these calculations, updated
tracer mixing ratios are first computed within the PAMT module. Rather than directly overwriting the state variables in
CIESM, PAMT diagnoses the corresponding tendencies as the difference between the updated and original tracer
concentrations divided by the model time step. These tendencies are passed to the host model through the physics tendency
structure and are then used to advance tracer concentrations within the time integration framework of the atmospheric model
component. In addition, selected diagnostic quantities (e.g., column-integrated tendencies and aerosol-related variables) are

archived for analysis but do not directly affect the model state.

2.3.3 Impacts on Clouds

The impacts of PAMT on clouds are primarily represented through its provision of cloud condensation nuclei (CCN) and
ice-nucleating particles (INPs), which directly influence cloud droplet nucleation (Section 2.2.9) and ice nucleation (Section
2.2.10). In CIESM, stratiform cloud microphysics is treated using the Morrison and Gettelman (2008) (i.e., MG1.5), while
convective microphysics is represented by a diagnostic scheme embedded in the ZM convection parameterization (Song and
Zhang, 2011) (i.e., ZMm). Aerosol effects are not explicitly considered in the shallow convection scheme. Notably, ZMm
was developed with reference to MG1.5, and therefore adopts consistent formulations for cloud droplet and ice nucleation.

For stratiform clouds, CCN concentrations are diagnosed within the PAMT module based on the large-scale cloud properties

(e.g., cloud liquid water content, cloud fraction), thermodynamic conditions (e.g., water vapor, temperature), vertical
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velocity, and environmental variables provided by the host atmospheric model. The resulting CCN number mixing ratio is
stored in pointer variables and subsequently accessed by the MG1.5 microphysics scheme during droplet nucleation.
Compared to CCN, the treatment of INPs is more straightforward: the number mixing ratios of sulfate and dust aerosols
predicted by PAMT are directly passed to the stratiform microphysics scheme and used in heterogeneous ice nucleation. In
convective clouds, CCN and INPs are treated in an analogous manner. However, the cloud properties used for CCN
calculation correspond to convective clouds, and the updraft velocity is taken as the vertical velocity in cumulus updrafts
diagnosed by the ZMm scheme (Song and Zhang, 2011).

It is important to note that, due to the modular design of PAMT, all aerosol processes are handled within a separate module.
As a result, aerosol and cloud processes are not executed sequentially within the same microphysics routines, as is the case in
MAM?7, where CCN and INPs are computed and used directly within MG1.5 or ZMm (Fig. 3a), but are instead coupled
through external interfaces (Fig. 3b). This structural separation may weaken the coupling between aerosol and cloud

processes to some extent, and further analysis is needed in future work.

2.3.4 Impacts on the Radiation

To enable interactive aerosol-radiation coupling, PAMT calculates aerosol optical properties, including extinction coefficient,
single-scattering albedo, and asymmetry factor, for each given spectral band (14 shortwave and 16 longwave bands) (Neale
et al., 2012). These quantities are then passed to the CIESM radiative transfer module, named RRTMG (lacono et al., 2008;
Mlawer et al., 1997), to calculate atmospheric heating rates and radiative fluxes, thereby representing aerosol-radiation
interactions within the model. However, existing CIESM interfaces were originally designed for MAM3/MAM?7. Therefore,
for each longwave and shortwave band in RRTMG, we generated an offline lookup table of aerosol optical parameters,
taking into account the mixing states represented in PAMT (Fig. 1), using the following approach.

In the radiation calculations, five aerosol species are considered: SO4, BC, OA, DU, and SS, as shown in Fig. 1.
Hygroscopic growth modifies aerosol size and effective refractive index, thereby altering aerosol optical properties and
radiative fluxes. For hygroscopic components, the water uptake under subsaturated conditions is parameterized using the k-
hygroscopicity framework of Petters and Kreidenweis (2007), which relates aerosol chemical composition to equilibrium
hygroscopic growth as a function of relative humidity. Aerosol optical properties are taken from Li et al. (2001, 2008) for
SO4 and SS, Peng et al. (2012) for DU, d’Almeida (1991) for BC, and Peters et al. (2010) for OA.

A key feature of the aerosol radiation algorithm is the explicit treatment of internal mixing among SO4, BC, and OA. These
components are assumed to coexist within the same particles, such that hygroscopic growth of the host material (e.g., SO4 or
OA) modifies the effective optical environment of absorbing inclusions (BC). The optical properties of internally mixed
aerosols are parameterized in a six-dimensional state space, defined by effective radius and effective variance (particle size),
relative humidity (hygroscopic growth), and the fractional contributions of SO4, OA, and BC (composition, summing to
unity). Each point in this parameter space represents a realizable state of the internally mixed aerosol, for which extinction

coefficient, single-scattering albedo, and asymmetry factor are evaluated. Compared with external mixing, the internal-
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mixing treatment enhances absorption through lensing effects and provides a physically consistent representation of
composition-dependent aerosol radiation interactions.

In addition, the CCN and INP concentrations diagnosed by the aerosol module are passed to the stratiform and convective
microphysics schemes to compute droplet and ice nucleation, representing aerosol-cloud interactions. Aerosol-induced
radiative effects further modify large-scale circulation, which in turn alters aerosol sources and sinks, constituting a fully

two-way coupled process.

2.3.5 Others

Several other adjustments were made to aerosol-related parameterizations when implementing PAMT in CIESM. We
replaced the default COSP1.3 (the Cloud Feedback Model Intercomparison Project Observational Simulator Package,
version 1.3) (Bodas-Salcedo et al., 2011) in CIESM with the COSP1.4 implementation of (Guo et al., 2020), incorporated
the effect of pre-existing ice crystals on homogeneous freezing (Shi et al., 2015), and adjusted the prescribed minimum in-
cloud cloud droplet number concentration from 0 to 30 cm™ based on observational constraints (Jia and Quaas, 2023),

consistent with the range of 2040 cm™ adopted by Neubauer et al. (2019).

3 Model Configuration and Experimental Setup
3.1 Forcing Data, Nudging, and Simulation Configuration

After successfully implementing the PAMT into CIESM, simulations using the same atmospheric general circulation model
can be conducted to compare the outputs of the two different aerosol modules (PAMT and MAM?7). To minimize the
influence of internal variability and uncertainties associated with different forcing agents, both CIESM-MAM7 and CIESM-
PAMT are driven with identical prescribed observational sea surface temperature (SST) and sea ice cover that include
interannual variability (Eyring et al., 2016), as well as consistent emissions of SO4, BC, OA, and their precursors based on
the CMIP6 emission inventory (see Section 2.2.3).

In addition, to further reduce the impact of natural variability on the simulations, this study applies Newtonian relaxation
(nudging) to constrain horizontal wind fields in CIESM. The nudging reference data are taken from the latest global
horizontal wind reanalysis dataset released by the European Centre for Medium-Range Weather Forecasts (ECMWF),
namely ECMWF Reanalysis version 5 (ERAS) (Hersbach et al., 2020). The nudging technique adjusts the simulated winds
in all model levels toward the observations-constrained fields of the reanalysis, ensuring that the model atmosphere remains
close to reality (Kooperman et al., 2012). This approach helps ensure that differences between simulations primarily arise
from differences in aerosol and their effects on clouds and radiation, rather than from discrepancies in meteorological
conditions. A key parameter in nudging is the relaxation timescale, which determines how strongly the model is nudged

toward observations, and a 6-hour timescale recommended by Kooperman et al. (2012) is adopted in this study.
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For the simulations, CIESM is configured with a finite-volume grid of 1.9° x 2.5° for the atmosphere and land, and a
displaced-pole ocean/sea-ice grid with a resolution of 1.125° x 0.27-0.54° (i.e., f19 g16). The vertical grid consists of 30
layers using the hybrid sigma-pressure grid. The model time step is 30 minutes. The simulations span 15 years (2000-2014),

and observational datasets corresponding to this period are used for performance evaluation.

3.2 Model Tuning and Aerosol Diagnostics

Hourdin et al. (2017) pointed out that uncertainties associated with parameter tuning in model development constitute an
important process that should be transparent. Therefore, prior to the simulations, a limited set of tunable parameters related
to cloud fraction, convective transport, and cloud evaporation were adjusted following a transparent tuning strategy aimed at
achieving a realistic global radiation balance and cloud climatology. The tuning was performed only for CIESM-MAM?7,
while CIESM-PAMT directly adopted the same parameter settings to ensure a consistent comparison between the two
aerosol modules. Details of the tuning strategy and the final parameter values are provided in Appendix A.

To facilitate a comprehensive evaluation following the AeroCom phase III (AeroCom3) protocol (Glif3 et al., 2021), several
additional aerosol diagnostics were implemented in CIESM, including the aerosol surface emission flux (Tg year), aerosol
lifetime (days), aerosol burden (Tg), optical depth (0D, unitless), mass extinction coefficient (MEC, m? g'), Angstrom
exponent (AE, unitless), and fine-/coarse-mode aerosol optical depth (AOD; and AOD,, unitless). For variables not directly
available from the model output, particularly AOD; and AOD, in PAMT, dedicated diagnostic procedures were developed

based on aerosol optical properties and size distributions. A detailed description of the diagnostic framework is provided in

Appendix B.

4 Datasets for Model Evaluation

The observational datasets used in this study can be categorized by their relative reliability into, in descending order, in-situ
measurements (including ground-based and shipborne observations), satellite observations, reanalysis products, and multi-

model results. Each category is introduced below.

4.1 In-situ Measurements

In-situ measurements are widely regarded as the most accurate means of observing aerosols and are commonly used to
calibrate satellites and evaluate model performance. For aerosol studies, in-situ observations provide information on aerosol
optical properties as well as mass and number concentrations of different species. However, most existing in-situ sites are
located on land. To compensate for the lack of marine observations, this study also incorporates a set of shipborne

measurements. The spatial distribution of all in-situ observation sites used in this study is shown in Fig. 4.

23



635

640

645

650

655

https://doi.org/10.5194/egusphere-2026-6615
Preprint. Discussion started: 10 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

90N !

60N —

oooee|

30N .

IMPROVE * AERONET
* ECCC/NAPS » N20_Data

308 Yy G L

* EMEP « SHIP . .
60S — * CAWNET+CARE-China . —

90S ——— R T T T T T T T T
180 150w 120W 90W 60W 30W 0  30E G60E 90E 120E 150E 180

Figure 4. Spatial distribution of aerosol observation sites used in this study. Observation networks include the Aerosol Robotic
Network (AERONET) (Holben et al., 1998), the Interagency Monitoring of PROtected Visual Environments (IMPROVE) (Hyslop and
White, 2008), the Environment and Climate Change Canada/National Air Pollution Surveillance (ECCC/NAPS) (Bari and Kindzierski,
2018), the European Monitoring and Evaluation Programme (EMEP) (Terseth et al., 2012), the multiple international research cruises
since 1991 (SHIP), the China Atmosphere Watch Network (CAWNET) (Zhang et al., 2012), and the Campaign on Atmospheric Aerosol
Research network of China (CARE-China) (Xin et al., 2015).

The Aerosol Robotic Network (AERONET) is a global ground-based remote sensing network built on sun photometers
(Holben et al., 1998) and is widely regarded as the most reliable method for long-term aerosol optical property
measurements. AERONET includes more than 500 long-term monitoring sites worldwide (Fig. 4) and has provided aerosol
optical observations since 1992. To ensure consistency with previous multi-model evaluations, this study uses the dataset use
by Glif} et al. (2021) to evaluate simulated aerosol optical properties. Specifically, AOD and AE were obtained from the
AERONET Version 3 (Level 2) sun photometer products, while AOD; and AOD,., were derived from the Level 2 spectral
deconvolution algorithm (SDA) products. Cloud-screened and quality-assured daily observations were used directly without
additional quality control. Only sites below 1000 m altitude were retained, while data from short-term DRAGON campaigns
were excluded to avoid regional overrepresentation (Holben et al., 2018). To match the model output at 550 nm, AOD, AODy,
and AOD, reported at 500 nm were converted to 550 nm using AE. Monthly means were calculated from daily observations
for comparison with model simulations. For in situ hourly data, daily means were first computed using at least six valid
hourly observations, followed by monthly averaging requiring at least seven valid daily values, and months not meeting
these coverage criteria were excluded. It should be noted that SDA-derived AOD; and AOD,. are based on optical partitioning
rather than a strict particle size threshold and may therefore differ from the model-defined fine and coarse modes.

To evaluate aerosol mass concentrations over land, this study collects several ground-based observations (Fig. 4). These
datasets include the Interagency Monitoring of PROtected Visual Environments (IMPROVE) in the United States (Hyslop
and White, 2008), the Environment and Climate Change Canada / National Air Pollution Surveillance (ECCC/NAPS) in
Canada (Bari and Kindzierski, 2018), the European Monitoring and Evaluation Programme (EMEP) in Europe (Terseth et al.,
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2012), as well as the China Atmosphere Watch Network (CAWNET) (Zhang et al., 2012) and the Campaign on Atmospheric
Aerosol Research network of China (CARE-China) (Xin et al., 2015) in China. These networks provide mass concentrations
of different aerosol species and size fractions, including BC, OA, and SO4, as well as particles with dry diameters smaller
than 2.5 pm (PM2.5) and 10 um (PM10). IMPROVE includes approximately 200 sites across the United States and provides
data since 2000. EMEP comprises around 110 sites in Europe with data availability also starting from 2000. CAWNET and
CARE-China include more than 100 sites in China, offering measurements since 2006, with most sites located in eastern
China (Fig. 4). ECCC/NAPS provides surface observations across Canada dating back to 2005, with measurements primarily
focused on PM2.5 and PM10 mass concentrations, while the availability of species-resolved aerosol mass concentrations is
relatively limited.

To evaluate the performance of CIESM in simulating aerosols over the ocean, this study compiles shipborne observations
from various regions worldwide. The Pacific Marine Environmental Laboratory of the National Oceanic and Atmospheric
Administration (NOAA PMEL) has conducted multiple international research cruises since 1991 (referred to as SHIP)
(Meinig et al., 2019). For this study, we selected cruises from 2000-2014 that include near-surface SO4 mass concentration
measurements to evaluate the model’s SO4 simulations over ocean (Fig. 4). These cruises include ACEASIA, CALNEX,
DYNAMO, ICEALOT, NEAQS2002, NEAQS2004, TEXAQS2006, VOCALS, WACS, and WACS2. ACEASIA provides
aerosol over the East China Sea, the Sea of Japan, and the central Pacific; DYNAMO covers the Indian Ocean; ICEALOT
samples near-polar marine aerosols; NEAQS2002, NEAQS2004, TEXAQS, WACS, and WACS?2 capture aerosols around
the coastal regions of North American; and VOCALS provides aerosol data off the west coast of South America.

Previous studies have shown that aerosol number concentrations exhibit greater model uncertainties than mass
concentrations (Mann et al., 2014). Therefore, this study incorporates some number-concentration datasets to evaluate
CIESM. N20 represents the aerosol number concentration for particles with diameter larger than 20 nm and can be measured
using aerosol spectrometers. The N20 observational dataset (N20 Data) used here includes observations from three
Canadian stations (Whistler, Alert, and Egbert) (D’Andrea et al., 2013), one U.S. Southern Great Plains site (ARM SGP)
(McComiskey and Ferrare, 2016), several European sites (LEEDS) (Mann et al., 2014), and 14 global sites from the Global
Atmosphere Watch network (GAW) network (Asmi et al., 2013).

4.2 Satellite Observations

Given the limited spatial coverage of in situ observations, satellite observations are further used to evaluate the model's
performance in simulating aerosol optical properties at the global scale.

Commonly used satellite instruments for observing aerosol optical properties include the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the Advanced Along Track Scanning Radiometer (AATSR). MODIS is carried on NASA’s
satellites Terra (launched in 1999) and Aqua (launched in 2002) (Platnick et al., 2003). MODIS provides global AOD
retrievals. Using AERONET for evaluation, Wei et al. (2019) showed that MODIS performs well with the AERONET-based

AOD values on different spatial scales among satellites. However, MODIS still overestimates AOD compared with
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AERONET, with MODIS-Aqua and MODIS-Terra showing biases of +9% and +17%, respectively (Gli} et al., 2021).
AATSR, one of the nine instruments aboard the European Space Agency (ESA)'s Envisat satellite, operated from 2002 to
2012. AATSR retrievals provide optical parameters including AOD, AODy, AOD,, and AE. In this study, we use the Swansea
University product (AATSR-SU) (Bevan et al., 2012). It should be noted that compared with AERONET, AATSR-SU also
shows biases of +1.6%, —14.7%, and +14.3% for AODy, AOD,, and AE, respectively (Gl et al., 2021).

4.3 Reanalysis Datasets

Reanalysis products provide comprehensive datasets by assimilating a wide range of atmospheric, land, and ocean
observations into numerical models, yielding long-term, high-accuracy datasets that are physically consistent with
observations. To further evaluate the optical depth (OD) and burden (Burden) of different aerosol species (BC, OA, SO4,
DU, and SS), this study uses two reanalysis datasets, including the Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2) (Gelaro et al., 2017) and the Monitoring Atmospheric Composition and Climate
(MACC) (Inness et al., 2013). Both MERRA-2 and MACC provide aerosol optical depth for individual species, while
MERRA-2 additionally offers burden information for each aerosol component. Both MACC and MERRA-2 assimilate
satellite observations of AOD, primarily MODIS retrievals, providing observation-constrained estimates of aerosol loading

for model evaluation.

4.4 Multi-model Data from AeroCom3

This section introduces a comprehensive dataset that integrates the strengths of multiple observational products and has
undergone rigorous quality control, making it highly suitable for model evaluation.

Since 2002, the Aerosol Comparisons between Observations and Models initiative (AeroCom) has coordinated multi-model
aerosol simulations from modeling groups worldwide. Its aim is to provide up-to-date understanding of aerosol forcing
uncertainties and best estimates. The most recent project with relatively comprehensive results is its third phase (AeroCom3).
Multi-model results are generally considered more robust than single-model simulations and tend to exhibit greater
consistency with observations. Glif3 et al. (2021) evaluated aerosol optical properties and aerosol life-cycle metrics from 14
global climate models participating in AeroCom3, showing that current models systematically underestimate aerosol optical
parameters, leading to an overall ~15% low bias in modeled aerosol radiative forcing. Given its extensive use of
observational datasets and multi-model simulations, AeroCom3 provides an excellent reference for evaluating CIESM’s
aerosol optical properties. Therefore, this study performs CIESM simulations using the same experimental setup and
compares the results against AeroCom3 datasets. The evaluation uses AERONET observations, satellite products (AATSR-
SU and the merged dataset MERGED-FMI), and multi-model results (AeroCom_Mean). The variables involved include
AOD, AOD¢, AOD,, and AE, as well as OD, MEC, surface emission flux, lifetime, and burden for individual aerosol

components. All datasets correspond to the year 2010.
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4.5 Summary of Aerosol Datasets

725 The datasets used in this study to evaluate the aerosol simulations in CIESM include ground-based and shipborne
observations, satellite products, reanalysis datasets, and multi-model ensemble results. The variables cover aerosol optical
properties, number concentrations, and mass concentrations, with spatial sampling ranging from surface sites to the vertical
column, and from regional to global scales. The temporal coverage spans 2000-2014, consistent with the CIESM simulation

period. A summary of all datasets is provided in Table 5.

730  Table 5. Overview of aerosol datasets used for model evaluation in this study.

Type Dataset Variable Region Time period Reference
AERONET (from (GliB et al., 2021; Holben et
AeroCom3) AOD, AOD;, AOD,, and AE Global 2010 al., 1998)
IMPROVE United States 2000 - 2014 (Hyslop and White, 2008)
EMEP Europe 2000 - 2014 (Torseth et al., 2012)
Mass concentration of BC, OA, SO4, PM2.5,
Site ECCC/NAPS and PM10 Canada 2005 - 2014 (Bari and Kindzierski, 2018)
CAWNET, . (Xin et al., 2015; Zhang et al.,
CARE-China China 2006 - 2014 2012)
SHIP Mass concentration of SO4 Ocean 2000 - 2014 (Meinig et al., 2019)
N20 Data N20 (Aerosol number concentration with a Global 2000 - 2014 (D’Andrea et al., 2013)
particle size larger than 20 nm)
MERGED-FMI (GliB et al., 2021; Sogacheva et
(AeroCom3) AoD Global 2010 al., 2020)
Satcllite AATSR-SU B 1., 2012; Glif3 et al
- evan et al., ; Glib et al.,
(AeroCom3) AODy, AOD,, and AE Global 2010 2021)
MERRA-2 Optical depths and burdsnsss(’f BC, OA, 504, Global 2000 - 2014 (Gelaro et al., 2017)
Reanalysis DU, an
MACC Optical depths of BC, OA, SO4, DU, and SS Global 2003 - 2012 (Inness et al., 2013)
AOD, AODy, AOD,, and AE from 14 models,
Model AeroCom Mean 2long with the optical depth, burden, mass Global 2010 (GliB et al., 2021)
extinction coefficient, surface emission flux,
and lifetime of different aerosol components
5 Results

This section presents the aerosol simulations from CIESM-MAM?7 and CIESM-PAMT, including aerosol optical properties,

mass concentrations, and number concentrations. The evaluation of aerosol optical properties mainly follows the framework

of the AeroCom3 (GIliB3 et al., 2021). In the evaluation, the reliability of datasets is considered to decrease in the following

735 order: ground-based/shipborne observations, satellite observations, reanalysis datasets, and multi-model results.
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5.1 CIESM performance compared to reference datasets
5.1.1 Spatial distributions of aerosol optical properties

First, we evaluate the spatial distributions of AOD, AOD;, AOD,, and AE simulated by CIESM under different aerosol
modules. Figure 5 shows the global distributions of aerosol optical metrics from CIESM-PAMT/MAM?7, AeroCom3,

satellite products, and AERONET observations. To ensure comparability of the global means, model results have been

masked to exclude regions without satellite coverage.
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Figure 5. Simulated aerosol optical properties from CIESM. Columns 1 and 2 show CIESM-PAMT and CIESM-MAM? results,
respectively; column 3 shows the AeroCom3 multi-model mean (AeroCom_Mean), and column 4 shows satellite observations. Rows 1-4
(top to bottom) represent AOD, fine-mode AOD (AODy), coarse-mode AOD (AOD,), and Angstrom exponent (AE). Colored circles refer
to AERONET observations. Only 2010 data are used.

Overall, both CIESM-PAMT and CIESM-MAM?7 reproduce the broad spatial patterns of aerosol optical properties
reasonably well, and their global means are close to AeroCom3 and satellite estimates. Compared with CIESM-MAM?7

(0.153, 0.114, 0.039, and 0.575), CIESM-PAMT yields higher AOD, AODy, AOD,, and AE overall (0.168, 0.120, 0.048, and
0.871). These values of AOD and AOD; simulated by CIESM are generally larger than the AeroCom3 ensemble mean

(AeroCom_Mean, 0.133 and 0.082) and satellite retrievals (0.152 and 0.091). In contrast, the simulated AOD,, is consistently
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lower than both the AeroCom Mean (0.050) and satellite retrievals (0.058). The AE simulated by CIESM-PAMT is higher
than the AeroCom_Mean (0.732) but lower than the satellite retrieval (0.940), whereas CIESM-MAM?7 underestimates AE
relative to both AeroCom_Mean and satellite observation.

Specifically, the observed maxima in AOD are well reproduced in the simulations with MAM7 and PAMT (Figs. 5a-d). High
values of AOD are concentrated in anthropogenic source regions such as East Asia and India, and in natural aerosol source
regions such as central-western Africa and northern—central South America (dust and biogenic organics). Notably, CIESM-
PAMT matches satellite observations better over northern Africa and does not produce the spurious high-A0D region in
northeastern Africa that is seen in CIESM-MAM7.

High AODy values are mainly distributed over industrialized and densely populated regions, including East Asia, India,
Europe, and the eastern coast of North America, as well as regions strongly affected by biogenic and biomass-burning
emissions, such as central Africa and central South America, where OA and BC are the dominant aerosol species (Figs. Se—
h). High AODy is also evident in coastal areas. Overall, CIESM reproduces the spatial distribution and major hotspots of
elevated AOD; reasonably well. Nevertheless, compared with satellite retrievals, CIESM underestimates AOD; at high
latitudes (e.g., > 60°N), a bias commonly found in current-generation climate models (Fig. 5g). Conversely, AODy is
generally overestimated over remote open-ocean regions.

Both CIESM-PAMT and CIESM-MAM?7 underestimate AOD,, relative to AeroCom3 and satellite products (Figs. 5i-1). Over
land, high AOD_values are primarily concentrated in major dust source regions, including northern Africa, the Arabian
Peninsula, central Australia, and parts of East Asia such as the Gobi Desert. Both CIESM configurations successfully capture
these major dust-related AOD, maxima, with CIESM-PAMT showing closer agreement with satellite observations over
northern Africa (Fig. 51). In addition, satellite and AERONET observations indicate systematically higher AOD, over South
America and Siberia compared to AeroCom3 estimates. CIESM-PAMT reproduces these enhanced AOD,. signals well (Fig.
5i), whereas CIESM-MAM7 substantially underestimates AOD, across these regions (Fig. 5j). Over the oceans, satellite
observations reveal elevated AOD, over regions influenced by dust transport, such as the tropical North Atlantic and the
Arabian Sea, as well as over the North Atlantic and Southern Ocean. These large-scale spatial patterns are generally well
represented by CIESM-PAMT, demonstrating improved performance relative to CIESM-MAM7 (Figs. 5i-j).

AE is a key metric characterizing aerosol extinction and is closely related to aerosol composition and mixing state. It is often
interpreted as an effective indicator of particle size because AE generally decreases with increasing particle size (i.e., small
AE typically corresponds to larger particles). However, when particle sizes exceed the visible wavelength, the AE—size
relationship can be substantially distorted, particularly for multi-component aerosols, so AE differences in the visible band
cannot be attributed solely to particle size differences (Schuster et al., 2006). As shown in Figs. 5Sm—p, CIESM-PAMT yields
higher AE than CIESM-MAM?7, which is more consistent with satellite-derived AE. The higher AE may reflect a generally
smaller particle size in CIESM-PAMT, which is consistent with its higher AOD; (Fig. Se-f). It may also arise from

differences in the representation of mixing state or from differences in the AE calculation method (Eq. (S1) in Appendix B).
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These possibilities warrant further investigation. Also, close inspection of Fig. 5p shows that satellite-derived AE at high

latitudes is higher than AERONET, suggesting that satellite retrievals may have a positive bias in polar regions.

5.1.2 Regional evaluation against AERONET observations

To evaluate the performance of CIESM across different regions and to identify where the main simulation biases occur, this

study follows the AeroCom3 framework and presents scatter comparisons between model-simulated AOD, AOD;, AOD,, and

AE and AERONET observations over nine major global regions (Fig. 6 and Table 6).
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Figure 6. Scatter plots comparing CIESM-simulated aerosol optical properties with monthly AERONET observations for 2010.
The variables include AOD, AODy¢, AOD., and AE. Different colors denote the nine AeroCom3 regions. Small markers represent
individual monthly mean values, whereas large markers indicate regional mean values averaged over all collocated data within each region.
The global mean relative error (RE) is reported in the upper-right corner of each panel.

To ensure data representativeness, the AERONET observations were subject to strict sampling requirements (Section 4.1),
including at least six valid hourly observations per day and at least seven valid daily observations per month. Months that did
not satisfy these coverage criteria were excluded. As a result, the available AERONET records do not necessarily provide
complete monthly coverage throughout the year for every station. Because Fig. 5 is intended to illustrate the large-scale

spatial distribution of aerosol optical properties, these sampling constraints were not explicitly considered, and annual means
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were calculated directly from the available monthly observations. In contrast, the station-scale evaluation presented in this
section applies a more rigorous collocation procedure. Monthly mean model outputs were matched to the corresponding
months with valid AERONET observations and bilinearly interpolated to the station locations. The resulting station-based
comparisons are presented in Fig. 6 and Table 6.

Table 6. Relative errors (RE, %) of CIESM-PAMT and CIESM-MAM?Y relative to AERONET observations. Light green shading

highlights the better-performing model. No shading is applied when both models have absolute relative errors below 5%, indicating
comparable performance.

CIESM-PAMT CIESM-MAM?7

Region
AOD AODg¢ AOD, AE AOD AODg AOD, AE
ASIA 0.7 20.1 -41.4 2.7 -23.8 -1.6 -71.2 =255
AUSTRALIA 80.0 141.0 6.0 -12.3 78.3 136.3 8.5 -46.5
CHINA -3.2 10.5 -38.8 10.1 -28.4 -17.8 -68.7 -21.2
EUROPE 26.6 30.7 14.9 -23.8 -16.1 -1.6 -62.8 -34.7
INDIA -26.5 -2.3 -69.8 37.1 -33.6 -6.2 -79.0 -3.3
NAFRICA 12.7 473 -4.1 -7.9 -7.3 67.0 -53.6 -29.9
SAFRICA -14.1 -3.5 -46.2 -5.7 214 -11.8 -50.4 -32.8
SAMERICA 34.8 40.9 -21.7 -4.5 9.3 24.1 -67.6 -19.8
NAMERICA 24.8 47.6 -32.5 -7.8 0.5 29.3 -74.0 -24.8
OTHERS -0.2 37.5 -37.5 30.9 -8.7 34.2 -38.9 -10.9
ALL 10.5 30.1 -24.9 -8.6 -13.7 11.9 -64.1 -27.7

Different colors indicate different regions (Fig. 6a), and the global mean relative error (RE) is shown in the lower-right
corner of each panel (Figs. 6b-i). Overall, CIESM coupled with the PAMT shows significant improvements in AOD, AOD,.,
and AE compared with CIESM-MAM7, reflected by smaller biases. Compared with CIESM-MAM?7, CIESM-PAMT shows
substantial improvement in global RE: from —13.7% to 10.5% for AOD, —64.1% to -24.9% for AOD,, and —27.7% to —8.6%
for AE. Although CIESM-PAMT and CIESM-MAMT7 produce similar global mean AOD; values (0.120 vs. 0.114; Figs. Se—
f), the RE of PAMT at grid cells collocated with AERONET observations is substantially larger than that of MAM?7 (30.1%
vs. 11.9%; Figs. 6¢c, g). Since AERONET sites are predominantly located over continental regions, this discrepancy
indirectly suggests that CIESM-PAMT exhibits larger biases in simulating AOD; over land.

More specifically, CIESM-PAMT overestimates AOD mainly in Australia, Europe, North Africa and Americas, and
underestimates it mainly in India and South Africa ([RE| > 10%). The overestimation of AOD over Australia, North Africa
and Americas is primarily associated with an overestimation of AOD; (Table 6). The overestimation of AOD in Europe is
associated with both AODy and AOD,. (Fig. 6¢, d, Table 6). The AOD underestimation in India and South Africa is mainly
due to underestimated AOD,.. Correspondingly, regions with AOD; overestimation generally exhibit low AE, and vice versa

(Fig. 6e). In contrast to CIESM-PAMT, CIESM-MAM7 shows varying degrees of AOD underestimation in most regions
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except Australia, and the biases are mainly linked to AODy (Fig. 6f, g). In fact, satellite observations and AERONET site
measurements differ noticeably over Australia (Fig. 5d, h, 1, p). Satellites detect higher AOD, AODy, and AOD, over the

central Australian dust source region, while AERONET values remain low, likely because the stations are mostly located

along the desert margins.

5.1.3 Zonal distributions of aerosol optical properties

To further evaluate the large-scale characteristics of the simulations, we next analyze the zonal distributions of aerosol
optical properties. Figure 7 shows the zonal AOD, AODs, AOD., and AE from CIESM compared with satellite and
AERONET observations.
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Figure 7. Zonal mean distributions of AOD, AODf, AOD, and AE from models and observations. AeroCom_Mean represents the
monthly AeroCom3 multi-model mean. Four columns correspond to different variables. The first row shows comparisons with satellite
observations, while the second row shows comparisons at grid cells collocated with AERONET sites. The root-mean-square error (RMSE)
between the CIESM simulations and the corresponding observations is indicated at the top of each panel.

Following the AeroCom3 protocol, monthly mean AERONET observations and CIESM simulations were regridded to a
common 5° % 5° grid and matched in space and time prior to the zonal averaging. Note that AOD, AOD;, AOD,, and AE are
derived from different AERONET products and therefore do not necessarily share the same temporal coverage. For example,
the highest AOD; values near 15° S, which even exceed the corresponding AOD values, are primarily associated with
Amazonian sites (e.g., Ji_Parana_SE) where valid AOD; retrievals are available only during August-October, whereas AOD
observations span a much longer period. However, because simulations are collocated with AERONET observations on a
monthly basis, the evaluation is largely unaffected by differences in temporal sampling among the observational datasets.

As shown in Fig. 7, CIESM is able to reasonably reproduce the latitudinal variation patterns of aerosol optical properties.
Overall, AeroCom Mean generally underestimates these variables relative to observations, a bias that is substantially

reduced in CIESM simulations, particularly for coarse-mode aerosol particles. Consistent with the previous analysis, CIESM
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exhibits larger biases relative to satellite observations than AeroCom Mean. However, it shows better overall agreement
with AERONET observations, especially for AOD, AOD;, and AOD.. Compared with CIESM-MAM7, CIESM-PAMT
produces higher values of AOD, AOD,, and AE, which are in better agreement with AERONET observations, particularly for
AOD, and AE (Figs. 7g, h). In contrast, although PAMT and MAM?7 yield similar global mean AOD,. (Figs. Se, f), noticeable
discrepancies remain when compared with AERONET observations (Fig. 7f); nevertheless, the bias is still smaller than that
in AeroCom_Mean, as indicated by the RMSE values.

To clarify the current stage of CIESM’s development, this study presents the global annual averages (2010) of surface
emissions, lifetimes, burdens, optical depths, and mass extinction coefficients for different aerosol components simulated by
CIESM-PAMT, CIESM-MAM?7, and AeroCom3 (median and range), as shown in Table 7. Overall, most of the results from
both CIESM-PAMT and CIESM-MAMY7 fall within the AeroCom3 range, indicating that the overall performance of CIESM
is broadly consistent with current mainstream models and is reasonable. Specifically, CIESM-PAMT generally produces
higher values for aerosol optical properties than CIESM-MAM7, particularly for OA and SOA4.

Table 7. Comparison of CIESM simulations with the multi-model median (and range). Values in red indicate that CIESM results fall
outside the multi-model range (minimum to maximum).

Variable CIESM-PAMT CIESM-MAM7 AeroCom3
BC 9.4 9.4 9.7 (8.4-9.8)
DU 965 1703 1440 (848 - 5650)
Surface emission POA 46.2 46.2 74.6 (62.0 - 81.5)
[Tgyear™ ] 0A 151.6 151.2 116.0 (48.0 - 246.0)
S04 132.7 163.2 143.0 (94.3 - 240.0)
ss 1845 5269 4980 (2030 - 50000)
BC 6.3 6.9 5.5(2.9-9.6)
DU 5.6 33 3.7(14-7.0)
Lifetime [day] OA 5.8 7.4 6.0(3.4-9.3)
S04 47 5.6 49(1.8-7.0)
ss 1.57 0.54 0.56 (0.19 - 3.13)
BC 0.159 0.176 0.131 (0.068 - 0.260)
DU 14.8 15.1 16.6 (5.7 - 22.3)
Burden [Tg] OA 234 2.99 1.91 (0.79 - 2.99)
S04 1.7 25 1.8 (0.66 - 2.95)
ss 7.9 7.7 8.7 (2.5 -26.4)
BC 0.002 0.006 0.002 (0.001 - 0.004)
DU 0.014 0.024 0.021 (0.011 - 0.031)
ontical depth OA 0.048 0.038 0.022 (0.009 - 0.041)
S04 0.054 0.030 0.035 (0.010 - 0.047)
ss 0.040 0.046 0.044 (0.013 - 0.078)
AOD 0.159 0.145 0.128 (0.097 - 0.148)
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BC 10.0 18.7 10.3 (3.7 -13.7)
DU 0.85 1.24 0.74 (0.39 - 1.68)
Mass extinction
coefficient [ mg? g=1] OA 10.9 12.1 6.1 (4.3-13.3)
SO4 16.0 5.8 8.5(3.8-17.2)
SS 2.67 2.79 2.84(0.93-4.11)

From the evaluation of CIESM against AeroCom3, the following conclusions can be drawn: 1) The results from CIESM-
PAMT and CIESM-MAM7 mostly lie within the uncertainty range of AeroCom3, indicating that CIESM’s current
performance is consistent with mainstream models and is reasonable. 2) Compared with CIESM-MAM?7, CIESM-PAMT
shows clear improvements in simulating AOD, AOD,, and AE. Although its simulated values are generally higher than those
from AeroCom3 and satellite observations, they show better agreement with AERONET measurements. In particular, the AE
simulated by CIESM-PAMT is substantially closer to both satellite and AERONET observations than that simulated by
CIESM-MAM?7. Given that AE is highly sensitive to aerosol size distributions, this improvement provides independent
support for the conclusion of von Salzen (2006) that the PLA represents aerosol size distributions more realistically than the

conventional modal approach.

5.2 Aerosol Types in CIESM

Since satellite and AERONET observation mainly provide total aerosol optical depth and not component-specific values, this
study uses reanalysis datasets MERRA-2 and MACC as additional references for comparing the optical depth (OD) and
column mass (Burden) of different aerosol components (BC, DU, OA, SS, and SO4), as shown in Fig. 8. MERRA-2
provides both OD and Burden, while MACC only provides OD.

Compared with CIESM-PAMT, CIESM-MAM?7 simulates significantly higher BC optical depth, which falls outside the
uncertainty range of AeroCom3 but is closer to MERRA-2 values (Fig. 8a). This discrepancy is likely related to the optical
calculation of BC in CIESM-MAM?7, as its MEC for BC is notably higher than the multi-model results (Table 7).
Assessment of BC optical depth remains highly uncertain, as substantial differences exist among the reanalysis products (Fig.
8a). Consequently, comparisons with these products alone are insufficient to determine which simulation better represents
BC optical properties, highlighting the need for additional observational constraints such as absorption aerosol optical depth
measurements. For BC burden, both CIESM-PAMT and CIESM-MAM?7 produce similar results that fall within the
AeroCom3 uncertainty but are noticeably lower than MERRA-2, especially at mid-to-high latitudes.

34



885

890

895

https://doi.org/10.5194/egusphere-2026-6615
Preprint. Discussion started: 10 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

“q(f) BC, Burden p mgm?2f

0.015

0.012 =

0.009 =

0.006 =1

OD of BC
Burden of BC

0.003 =

0.000 = T T T T 1}

oD i *3(g) DU, Burden mgm2f

160 = -

() DU,

0.08

120 = o
0.06

OD of Dust
Burden of Dust

1s 1 1 1 1 1

»1(h) OA, Bugden mgm2}

OD of OA
2
1
T
Burden of OA

0.00 T T T T T T

018 1 1 1 1 L 30 1 1 1 1 1

ws4(d) SS, OD - 1G) SS,Burden =~ mgm?}

OD of Sea Salt
1
T
Burden of Sea Salt
&
1
1

000 T T T T T - 9 T T T T T o

1 1 12 1 1 1 1

(j) SO4, Burde

(e) SO4, OD

OD of SO4

N~

Burden of SO4

0.06 =

0.02
—

0.00 T T T T T
90S 60S 308 0 30N 60N 90N 90S 60S 308 0 30N 60N 90N

e MERRA-2 MACC == CIESM-PAMT = CIESM-MAM7 AeroCom_Mean AeroCom_Std

Figure 8. Zonal mean distributions of aerosol optical depth and burden for different aerosol types simulated by CIESM. Data
include CIESM, reanalysis (MERRA-2 and MACC), and AeroCom3 simulations (multi-model mean AeroCom Mean and geometric
standard deviation AeroCom_Std). Columns represent optical depth and burden, and rows represent BC, DU, OA, SS, and SO4 aerosols.

For DU, the simulated burden in CIESM-PAMT is closer to MERRA-2 than that in CIESM-MAM?7, whereas the OD
simulated by CIESM-MAM?7 shows closer agreement with the reanalysis products (Figs. 8b, g). Overall, results for both
aerosol modules remain within the AeroCom3 uncertainty range. However, CIESM-PAMT fails to capture the peak around
45°N, indicating an underestimation of dust over northern hemisphere deserts such as the Taklamakan and Gobi. Simulations
of OA are similar between CIESM-PAMT and CIESM-MAM?7, with both overestimating burden and OD to varying degrees,
especially in mid-to-low latitudes (Figs. 8c, h). POA emissions in OA are generally lower than in AeroCom3 (Table 7), but
overall OA is higher than AeroCom3, suggesting overly strong SOA formation in CIESM. For SS, simulations of both 0D
and burden are comparable between CIESM-PAMT and CIESM-MAM?7, falling within the AeroCom3 uncertainty range
(Figs. 8d, 1). Specifically, CIESM-PAMT shows closer agreement with the reanalysis products over the Southern Ocean,
whereas CIESM-MAM?7 shows slightly closer agreement in subtropical oceans. For SO4, CIESM-PAMT simulates lower

35



900

905

910

915

https://doi.org/10.5194/egusphere-2026-6615
Preprint. Discussion started: 10 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

burden than CIESM-MAM?7 (Fig. 8j) but significantly higher OD (Fig. 8¢), which is related to the higher MEC for SO4 in
PAMT (Table 7).

5.3 Aerosol Mass Concentrations in CIESM
5.3.1 Comparison between PAMT and MAM?7

Figure 9 shows the aerosol mass size distributions of different aerosol components simulated by CIESM-PAMT and CIESM-
MAMY7. Overall, the total aerosol mass size distribution exhibits a clear bimodal structure, with the accumulation-mode peak
primarily associated with internally mixed aerosols (SO4, BC, and OA) and the coarse-mode peak dominated by natural
aerosols (SS and DU) (Figs. 9a, h). For DU and SS, both aerosol modules produce unimodal size distributions. However,
compared with CIESM-MAM?7 (Figs. 9j, k), the spectral peaks of DU and SS in CIESM-PAMT occur at smaller particle
sizes (Figs. 9¢, d). More pronounced differences are found for internally mixed aerosols. While the combined SO4+BC+OA
distribution exhibits a single mode in CIESM-MAM7 (Fig. 9i), it shows a distinct bimodal structure in CIESM-PAMT (Fig.
9b), largely driven by the bimodal distribution of organic aerosol (OA) (Fig. 9g). These differences in aerosol mass size
distributions can influence key aerosol processes, such as aerosol activation, coagulation, and dry and wet deposition,

thereby contributing to differences in spatial distributions between the two aerosol modules.

CIESM-PAMT (kg/m®) CIESM-MAM7 (kg/m®)
(a) mﬁﬂ o (h) : : [
Total ! 0.0 Total —— g ; } 0.0
®) 3 3 E L 2509 @ | j % L 2509
: : : ~ 2.5e-9 H H ; ~ 2.5e-9
SQ4 3 : : - sy : } : r
BC e —— : : 0.0 BC O e : 0.0
oa |© : § : [ 2ses  OA 5 : 3 - 2.5¢-9
SS : m ; 0.0 SS : ; 0.0
(d s s 5 5 &) g 3 : r
: : ' - 2.5¢-9 ' : : - 2.5e-9
s s i e, N S
DU et Jr!_ﬂ—hj—‘—l fimt-rranf= 100 DU A———rrrr——eeeB R 1 00
(e) i - 3.0e-10 O - 3.0e-10
S04 ).—l_rlﬂ—m_’—»—_ 0.0 S04 m 0.0
® : : : - (m) s : : -
: ; ) I 3.0e-10 : : : I 3.0e-10
BC 3 ? 00 BC : - 00
(2 : 3 s B () z z 1 B
0A ——em e ———— 00 0A ; i i 00
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Aerosol radius (fem) Aerosol radius (pm)

Figure 9. Near-surface aerosol mass size distributions simulated by CIESM-PAMT and CIESM-MAM?7. Rows correspond to total
aerosols, fine-mode aerosols (SO4+BC+OA), sea salt (SS), dust (DU), and individual fine-mode components (SO4, BC, and OA). The x-
axis represents the aerosol particle radius after hygroscopic growth (wet radius), while the y-axis shows the corresponding dry aerosol
mass concentration (excluding aerosol water) within each size bin. The aerosol size distribution is divided into 30 radius bins, and each bar
represents the dry aerosol mass concentration (kg m™>) contained within the corresponding wet-radius interval.
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The zonal vertical distributions of aerosol mass concentrations for different components in CIESM-PAMT/MAM?7 are
shown in Fig. 10. The results indicate that both PAMT and MAM?7 simulate the vertical distribution of aerosols in a
generally consistent manner, with high concentrations in source regions and lower concentrations in non-source areas and
the upper atmosphere. Specifically, CIESM-MAM?7 shows stronger vertical transport for SO4, BC, and OA compared with
CIESM-PAMT, allowing these aerosols to reach higher altitudes. In contrast, CIESM-MAM?7 simulates weaker vertical
transport for DU and SS, resulting in lower concentrations in the upper atmosphere and regions far from dust sources
compared with CIESM-PAMT. This behavior is broadly consistent with Mahmood et al. (2016), who showed that
convective transport of BC is more efficient in NCAR CESM-MAM than in CanAM-PAM, suggesting that differences in
aerosol transport processes contribute to the contrasting aerosol distributions simulated by the two aerosol modules. Since
the wind fields in both CIESM-PAMT and CIESM-MAM?7 are nudged during simulations, long-range aerosol transport is
mainly controlled by particle size and source—sink processes.
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Figure 10. Zonal vertical distributions of aerosol mass concentrations simulated by CIESM-PAMT and CIESM-MAM?7. Columns
represent SO4, BC, OA, SS, and DU. Rows show CIESM-PAMT and CIESM-MAM? results. Units: pg kg™

(=

Pressure (hpa)

Table 8 summarizes the sources (emissions, gas-to-particle conversion, and in-cloud production), sinks (convective wet
deposition, stratiform wet deposition, and dry deposition), burdens, and lifetimes of different aerosol species simulated by
CIESM-PAMT/MAMY7. Overall, the two aerosol modules produce similar emissions for SO4, BC, and OA, as well as
comparable gas-to-particle conversion rates for OA. In contrast, substantial differences are found in SO4 formation pathways,
particularly in gas-to-particle conversion and in-cloud production. For SS and DU, whose emissions are calculated online,
source strengths differ considerably between the two modules, with generally higher emissions in CIESM-MAM7.
Consistent with the near balance between total sources and sinks, BC and OA exhibit similar overall source and sink

magnitudes in both modules, whereas SO4, SS, and DU generally show larger source and sink terms in CIESM-MAM7.
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Table 8. Source—sink budgets of different aerosol types in CIESM-PAMT and CIESM-MAM?7.

CIESM-PAMT CIESM-MAM7
Process
SO4 BC OA SS DU SO4 BC OA SS DU
Sources [Tg year™'] 133.7 8.6 146.6 1839.3 1020.3 166.0 8.6 146.3 5303.2 1770.5
Emission 5.3 8.6 42.1 1839.3 1020.3 52 8.6 42.0 5303.2 1770.5
Gas_to_particle conversion 58.3 / 104.6 / / 35.7 / 104.3 / /
In-cloud production 70.1 / / / / 125.1 / / / /
Sinks [Tg year™!] 1333 8.6 145.6 1835.7 1019.4 165.3 8.6 145.8 5299.7 1769.5
Convective wet deposition 41.2 2.8 49.7 241.8 234.3 24.5 1.3 28.7 357.9 114.9
Stratiform wet deposition 84.0 4.8 72.6 1265.5 252.4 120.5 5.6 96.1 1688.5 701.3
Dry deposition 8.1 0.95 233 328.4 532.7 20.3 1.7 21.0 32533 953.3
Burden [Tg] 1.8 0.15 2.3 8.0 15.7 2.6 0.17 3.0 7.9 16.2
Lifetime [day] 49 6.4 5.8 1.6 5.6 59 7.0 7.5 0.5 3.4

In details, SO4 exhibits notable differences in both source and sink processes between CIESM-PAMT and CIESM-MAM?.
Although the total SO4 source is lower in CIESM-PAMT than in CIESM-MAM?7 (133.7 vs. 166.0 Tg yr'), gas-to-particle
conversion contributes more sulfate production (58.3 vs. 35.7 Tg yr'), whereas in-cloud production is lower (70.1 vs. 125.1
Tg yr'). Differences are also evident in the sink terms, with stronger convective wet deposition (41.2 vs. 24.5 Tg yr') but
weaker stratiform wet deposition (84.0 vs. 120.5 Tg yr') and dry deposition (8.1 vs. 20.3 Tg yr!') in CIESM-PAMT.
Correspondingly, the sulfate burden and lifetime are reduced in CIESM-PAMT (1.8 Tg and 4.9 days) relative to CIESM-
MAMT7 (2.6 Tg and 5.9 days). For both BC and OA, CIESM-PAMT produces shorter atmospheric lifetimes than CIESM-
MAMY7 (6.4 and 5.8 days vs. 7.0 and 7.5 days, respectively). Convective wet deposition is stronger in CIESM-PAMT (2.8 vs.
1.3 Tg yr! for BC and 49.7 vs. 28.7 Tg yr ' for OA), while stratiform wet deposition and/or dry deposition are generally
lower than in CIESM-MAMY7. Despite differences in sink partitioning, the overall source and sink magnitudes for OA and
BC remain broadly comparable between the two aerosol modules. SS shows the largest discrepancy in source strength
between the two aerosol modules. The total sea-salt source in CIESM-PAMT (1839.3 Tg yr!) is substantially lower than
that in CIESM-MAMY7 (5303.2 Tg yr '), whereas the simulated burdens are very similar (8.0 vs. 7.9 Tg). Consequently, the
sea-salt lifetime is considerably longer in CIESM-PAMT (1.6 days) than in CIESM-MAM?7 (0.5 days). The relative
contributions of individual sink processes also differ, with dry deposition contributing more strongly in CIESM-MAM7 and
wet deposition contributing more strongly in CIESM-PAMT. Similarly, DU emissions are lower in CIESM-PAMT than in
CIESM-MAMY7 (1020.3 vs. 1770.5 Tg yr '), while the simulated burdens remain comparable (15.7 vs. 16.2 Tg). As a result,
the dust lifetime is substantially longer in CIESM-PAMT (5.6 days) than in CIESM-MAM?7 (3.4 days). Compared with
CIESM-MAMY7, CIESM-PAMT exhibits lower stratiform wet deposition (252.4 vs. 953.3 Tg yr') and higher convective
wet deposition (234.3 vs. 114.9 Tg yr!'), whereas dry deposition contributes a comparable fraction of the total aerosol

removal in both aerosol modules (~53%).
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In summary, changes in aerosol representation and the associated process treatments substantially modify the source—sink
budgets of aerosols in CIESM. The differences between CIESM-PAMT and CIESM-MAM?7 are pronounced for SO4
formation pathways and for the source—sink budgets of SS and DU, whereas BC and OA exhibit relatively similar global

budgets despite differences in sink partitioning.

5.3.2 Evaluation against In-Situ Observations

Ground-based observations are considered the most reliable data for evaluating model performance. To evaluate CIESM’s
simulation of surface mass concentrations of BC, OA, and SO4, this study collected observations from the United States
(IMPROVE), Europe (GAW/EMEP), Canada (ECCC), and China (CAWNET+CARE-China) for the period 2000-2014.

Figure 11 shows the spatial distributions and scatter comparisons of BC, OA, and SO4 simulated by CIESM-PAMT/MAM?7
against these observations, along with the mean relative errors (RE) for each simulation. Overall, both aerosol modules in
CIESM tend to underestimate surface BC and OA concentrations, while the simulated SO4 agrees well with observations,
showing only a slight overestimation (~2%). Compared with CIESM-MAM7, CIESM-PAMT shows improvements in
reproducing surface concentrations of BC, OA, and SO4, with relative errors reduced from —29.8%, —34.1%, and 2.3% to
—6.7%, —20.5%, and 2.2%, respectively (Figs. 11g-1). Specifically, the underestimation of BC in CIESM is mainly
concentrated in the United States and Canada, whereas the simulation for Europe is generally consistent with observations.
In China, the simulation is overall reasonable, with some regional underestimation that is improved in PAMT. The
underestimation of OA is mainly observed in China, where PAMT performs slightly better. For SO4, both CIESM-PAMT
and CIESM-MAMY7 show similar performance and good agreement with observations. Simulations over the United States,
Europe, and China tend to be slightly high, while those over Canada are underestimated. However, only one suitable
observation site is available in Canada (the Alert station; 62.5°W, 82.5°N), limiting the representativeness of this evaluation.
This limitation is partly attributable to the sparse aerosol composition measurements available from the ECCC/NAPS
network and partly to the stringent data-screening criteria adopted in this study, whereby annual means were derived from
seasonal averages, and each seasonal average required observations from at least three months. Nevertheless, Figs. 11a—f
show that both CIESM-PAMT and CIESM-MAM?7 underestimate BC, OA, and SO4 concentrations at the Alert station,
consistent with findings from previous studies (Mahmood et al., 2016). In summary, the improvements in CIESM-PAMT for
BC and OA mainly reflect a reduction in the underestimation seen in CIESM-MAM?7 over the United States and China,

while SO4 simulations remain largely consistent with the original aerosol module.
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Figure 11. Comparison of surface mass concentrations of BC, OA, and SO4 simulated by CIESM-PAMT and CIESM-MAM?7 with
observations. Panels (a—f) show spatial distributions, and panels (g—1) show scatter plots. Observation sites include IMPROVE, EMEP,
ECCC/NAPS, and CAWNET+CARE-China during 2000-2014. Units: pg m™.

Surface-based stations cannot capture aerosol mass concentrations over the ocean. Therefore, this study collected shipborne
observations from 2000 to 2014 to evaluate near-surface SO4 aerosol mass concentrations in marine regions, as shown in Fig.
12 and Table 9. Figure 12 presents the tracks of the 10 cruises (Fig. 12a), the observed SO4 concentrations, and their
comparison with the CIESM simulations (Figs. 12 b-c). The relative errors for each cruise and for all cruises combined are
summarized in Table 9. Compared with observations, CIESM generally overestimates SO4 concentrations across different
ocean regions, particularly along the U.S. East Coast (NEAQS2002, NEAQS2004, WACS, and WACS2), the western coast
of South America (VOCALS), and the Indian Ocean (DYNAMO). Simulated SO4 concentrations are underestimated in the
Sea of Japan and the Pacific (ACEASIA), the U.S. West Coast (CALNEX), and the Gulf of Mexico (TEXAQS2006). In
near-polar regions (ICEALOT), CIESM-MAM?7 underestimates SO4, whereas CIESM-PAMT shows a slight overestimation.
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Overall, the simulations of marine SO4 by CIESM-PAMT and CIESM-MAM?7 are similar, with both generally

overestimating concentrations (REs of 64.9% and 54.6%, respectively).
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Figure 12. SO4 mass concentrations simulated by CIESM-PAMT and CIESM-MAM?7 compared with shipborne observations

during 2000-2014. Panels (a) show spatial distributions, and panels (b—c) show scatter plots. Units: pg m=. The relative error (RE, %) of
all ship tracks is reported in the upper-right corner of each panel.

Table 9. Relative errors (RE, %) of CIESM-PAMT and CIESM-MAM?7 relative to SHIP observations for SO4 mass
concentrations. Light green shading highlights the better-performing model. No shading is applied when both models have absolute
relative errors below 5%, indicating comparable performance.

Ship track
Module NEAQS NEAQS TEXAQS
ACEASIA  CALNEX DYNAMO  ICEALOT VOCALS WACS WACS2 ALL
2002 2004 2006
PAMT 5.8 -13.4 36.6 5.8 60.1 28.2 31.0 19.1 2174 3316 649
MAM?7 444 20.4 38.2 -38.4 44.9 207 215 23.6 248.1 2950 546

Figure 13 shows the comparison between CIESM-PAMT/MAM?7 simulated fine particulate matter (PM2.5) and particulate
matter with aerodynamic diameter less than 10 pm (PM10) mass concentrations and ground-based observations. The results
indicate a significant underestimation of both PM2.5 and PM10 by CIESM. For PM2.5, the underestimation is similar for
both CIESM-PAMT and CIESM-MAM?7, approximately 30.5%, with the largest discrepancies occurring in China. Similar
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low biases have been reported in previous multi-model evaluations, where most global aerosol models tend to underestimate

surface PM2.5 concentrations (Whaley et al., 2022). For PM10, the underestimation is more pronounced in CIESM-PAMT

(RE = —57.5%), mainly over China and Canada. The overall coarse particle size of fine aerosols (BC, OA, and SO4) in

CIESM-PAMT (Fig. 9) enhances removal processes, leading to lower column concentrations in the atmosphere (Table 8).

1020

Although DU and SS particles in CIESM-PAMT are smaller than in CIESM-MAM?7, their low surface emission fluxes

(Table 8) and efficient vertical transport (Fig. 10) result in lower near-surface concentrations. In northeastern China,

proximity to the Gobi and Taklamakan deserts combined with strong anthropogenic emissions contributes to the pronounced

underestimation in this region by CIESM-PAMT.
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5.4 Aerosol Number Concentrations in CIESM

This study compares the zonal vertical distributions of aerosol number concentrations simulated by CIESM-PAMT/MAM?7,
as shown in Fig. 14. Compared with the differences in the vertical distribution of aerosol mass concentration between the
(030 two modules, the discrepancies in their simulation of aerosol number concentration are even more pronounced. CIESM-
PAMT predicts higher total aerosol number concentrations as well as higher concentrations across different size bins, both in
surface source regions and at higher altitudes, compared with CIESM-MAM?7.
The formation of ultrafine particles (diameter < 20 nm) is mainly associated with gas to particle conversion. The conversion
efficiency in CIESM-PAMT is higher than in CIESM-MAM?7 (Table 8), leading to the generation of more fine particles.
1035 Coagulation, which involves the collision and coalescence of aerosol particles, is crucial for the growth of ultrafine particles
into fine particles (tens to hundreds of nanometers). Coagulation reduces the total number of aerosols while increasing the
mean radius of the size distribution. In CIESM-PAMT, the coagulation scheme divides the aerosol size distribution into 21
sections and explicitly accounts for collisions within and between these bins, allowing a more detailed and accurate
simulation of the coagulation process. In contrast, CIESM-MAM?7 only considers coagulation among a few modes.
(040 Condensation is also an important process for aerosol growth. Both CIESM-PAMT and CIESM-MAM?7 account for the
condensation of sulfate and volatile organic gases, which are mainly emitted from the surface, so their impact is more
pronounced in the lower atmosphere. Sensitivity experiments in which nucleation and coagulation processes were turned on
and off show that differences in these processes between the two modules are the primary factor controlling the number of
fine particles with diameters of tens to hundreds of nanometers (Wang et al., in preparation).
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Figure 14. Vertical distributions of aerosol number concentrations simulated by CIESM-PAMT and CIESM-MAM?7. Columns
represent total aerosol number (N gy, ¢o¢), particles smaller than 20 nm (N gp, p<20nm)- particles between 20-100 nm (N gp, 20nm<p<100nm)>
and particles larger than 100 nm (N g, p>100nm)- Units: cm>.
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Figure 15 shows the spatial distribution of aerosol number concentrations larger than 20 nm (N20) simulated by CIESM-
PAMT and CIESM-MAM?7, along with scatter comparisons against ground-based observations. Spatially, CIESM-PAMT
predicts higher N20 concentrations over land than CIESM-MAM7, while the distributions over oceans are similar but still
slightly higher. Compared with observations, both modules underestimate N20, with relative errors of —48% for CIESM-
PAMT and —80% for CIESM-MAM?7. Overall, CIESM-PAMT demonstrates superior performance over CIESM-MAM?7 in

simulating aerosol number concentrations.
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Figure 15. Surface distributions and scatter plots of number concentrations of aerosols larger than 20 nm (N20) simulated by
CIESM-PAMT and CIESM-MAM?7 during 2000-2014. Units: cm™.

5.5 Evaluation of Aerosol Simulations over the Arctic

Polar regions have attracted considerable attention because of their unique geographical setting and high sensitivity to
climate change (AMAP, 2021; Mahmood et al., 2016; von Salzen et al., 2022; Whaley et al., 2022). Since the existing
ground-based aerosol sites are predominantly located in the Arctic (>60°N), this section focuses on evaluating the

performance of CIESM-PAMT/MAMY7 in simulating Arctic aerosols. The results are summarized in Fig. 16 and Table 10.

Table 10. Relative errors (RE, %) of CIESM-PAMT and CIESM-MAM?7 with respect to in situ observations over the Arctic (>
60°N). For SO4, the values in parentheses are based on shipborne observations from the ICEALOT campaign at latitudes north of 60°N.
Light green shading indicates the better-performing model. No shading is applied when both models have absolute relative errors below
5%, indicating comparable performance.

Model AOD AODg¢ AOD, AE BC OA S04 CN20 PM2.5 PM10
CIESM-PAMT -18.8 2.7 -51.0 -7.6 9.8 50.2 8.0 (-16.7) -36.3 -4.9 -46.6
CIESM-MAM7 -39.3 -15.1 -85.5 -17.1 -35.0 13.0 70.0 (-52.2) -71.5 -28.4 -58.2
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Figure 16. Comparison of ground-based observations and model simulations over the Arctic (>60°N). Panels (a—j) show scatterplots
of annual mean values for different variables, and panel (k) presents the spatial distribution of the observation sites. To maintain
consistency with the other analyses in this study, annual mean aerosol optical properties (A0D, AODf, AOD,, and AE) were calculated by
averaging the monthly mean observations and corresponding model simulations shown in Fig. 6 for 2010. For all other variables, annual
means were derived for the period 2000-2014 by averaging seasonal means, with each seasonal mean requiring observations from at least
three months. Red and blue symbols denote CIESM-PAMT and CIESM-MAM?7, respectively. The number of sites (N), correlation
coefficient (R), root mean square error (RMSE), and relative error (RE) are reported in the lower-right corner of each panel.

Before the implementation of the new aerosol module, CIESM-MAM?7 systematically underestimated Arctic aerosol optical

properties (AOD, AODy, AOD,, and AE), whereas these systematic biases were substantially reduced in CIESM-PAMT (Figs.
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16a—d; Table 10). In particular, although CIESM-PAMT exhibited an overall positive bias in AOD; at the global scale
(Section 5.1.2), it performed considerably better over the Arctic and effectively corrected the underestimation found in
CIESM-MAM?7 (Fig. 16b). CIESM-PAMT also showed overall improved performance in simulating the mass
concentrations of individual aerosol components (Figs. 16e—g; Table 10). For BC, CIESM-MAM?7 underestimated
concentrations at all Arctic sites, with the largest bias occurring at Alert (Fig. 16e). CIESM-PAMT substantially alleviated
this underestimation, bringing the simulated values at most sites much closer to the observations, although BC remained
underestimated at Alert. For OA, CIESM-PAMT produced generally higher concentrations than CIESM-MAM?7. While this
increased the existing positive bias at most sites, OA concentrations at Alert were still underestimated. In contrast to
carbonaceous aerosols, SO4 concentrations simulated by CIESM-PAMT were generally lower than those from CIESM-
MAM7 (Fig. 16g). This effectively reduced the widespread overestimation of SO4 over the Arctic but also resulted in a more
pronounced underestimation at the Alert site. For the aerosol number concentration CN20, CIESM-PAMT also demonstrated
clear improvements (Fig. 16h). Although both model versions underestimated CN20, the bias was substantially reduced in
CIESM-PAMT. Similar improvements were found for PM2.5 and PM10 (Figs. 16i—j). CIESM-MAM7 showed pronounced
underestimation for both variables, whereas the higher concentrations simulated by CIESM-PAMT generally reduced the
negative bias, as reflected by the smaller relative errors. However, the increased concentrations also introduced noticeable
positive biases at several sites, leading to larger RMSE values, indicating that further improvements are still needed.

Overall, CIESM-PAMT consistently performs better than CIESM-MAM?7 in reproducing Arctic aerosol optical properties,
mass concentrations, and number concentrations (Table 10). These improvements provide a more reliable foundation for

future investigations of aerosol processes and aerosol—climate interactions in the Arctic using CIESM-PAMT.

6 Conclusions

In this study, a new aerosol module PAMT (Piecewise lognormal approximation Aerosol Model for Tsinghua University)
was coupled into a climate model CIESM to improve its representation of aerosol processes. Compared with the original
MAM7 scheme, PAMT reduces the number of aerosol tracers from 31 to 24, significantly lowering computational
complexity. At the same time, it introduces a Piecewise Lognormal Approximation method (PLA) to represent the aerosol
size distribution, which achieves a better balance between computational efficiency and simulation accuracy. The coupling
of PAMT also incorporates updated parameterizations for key aerosol processes, some of which are based on recent field and
laboratory studies (Table 2).

Table 11 summarizes CIESM-PAMT and CIESM-MAM?7 simulations of different aerosol variables, evaluated against high-
reliability datasets including ground-based, shipborne, and satellite observations, excluding reanalysis and multi-model
results. The results indicate that, relative to the satellite observations, both CIESM-PAMT and CIESM-MAM7 overestimate
AOD and AODy, while underestimating AOD, and AE. Overall, CIESM-MAM?7 shows better agreement with the satellite

observations for AOD and AODy, whereas CIESM-PAMT performs better in simulating AOD. and AE. Nevertheless,
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comparisons with ground-based observations suggest an overall improvement in aerosol optical properties when using
PAMT. The relative errors for AOD, AOD,., and AE decrease from —13.7%, —64.1%, and —27.7% in CIESM-MAM?7 to
10.5%, —24.9%, and —8.6% in CIESM-PAMT, respectively. Both aerosol modules overestimate AODy, with relative errors
of 11.9% and 30.1% for CIESM-MAM?7 and CIESM-PAMT, respectively, indicating a more pronounced positive bias in
CIESM-PAMT. For mass and number concentrations of different aerosol species and sizes, CIESM-PAMT shows relative
errors of —6.7%, —20.5%, and —48% for BC, OA, and N20, respectively, all improvements over CIESM-MAM?7 (-29.8%, -
34.1%, and -80.0%). Both modules perform similarly for SO4 (2.2% vs. 2.3%) and PM2.5 (—=30.8% vs. —30.4%), while
CIESM-PAMT is slightly less accurate than MAM7 for PM10 (—57.5% vs. —48.6%) and shipborne sulfate (64.9% vs.
54.6%). When the evaluation is further restricted to the Arctic (> 60°N), CIESM-PAMT exhibits consistent improvements
over CIESM-MAM7 in simulating aerosol optical properties, aerosol mass concentrations, and aerosol number
concentrations (Table 10).

Overall, CIESM-PAMT reasonably reproduces the spatiotemporal distribution of major aerosol species and their optical
properties, particularly improving the simulation of organic aerosols and aerosol optical depth. These results demonstrate
that coupling the new module effectively enhances CIESM’s ability to simulate the global aerosol system and its radiative

effects, providing a solid foundation for further studies on aerosol—cloud interactions.

Table 11. Summary of CIESM-PAMT/MAM?7 simulation results compared with observational data, including observations and
relative errors. Light green highlights well-performing coupling schemes. No annotation is made when both models have biases below
5%, indicating no significant difference between the two.

Variable CIESM-PAMT CIESM-MAM?7 Observation Data source
AOD 0.168 0.153 0.152 MERGED-FMI
AODs¢ 0.120 0.114 0.091 AATSR-SU
Values
AOD, 0.048 0.039 0.058 AATSR-SU
AE 0.871 0.575 0.940 AATSR-SU
AOD 10.54 -13.72 / AERONENT
AODs¢ 30.06 11.87 / AERONENT
AOD, -24.88 -64.06 / AERONENT
AE -8.60 -27.72 / AERONENT
BC -6.7 -29.8 / Ground site
jf;?% OA -20.5 -34.1 / Ground site
S04 22 2.3 / Ground site
SO4 64.87 54.59 / Ship
PM2.5 -30.8 -30.4 / Ground site
PM10 -57.5 -48.6 / Ground site
N20 -48 -80 / Ground site
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Despite these advances, several issues require further investigation. First, dust aerosols do not account for sulfate coatings,
which may influence cloud condensation nuclei activity and cloud microphysics. Second, PAMT currently does not
explicitly simulate the evolution of gaseous ammonia, potentially leading to biases in ammonium aerosols over regions with
strong agricultural emissions. Third, wet deposition is not fully coupled with convective transport, so the treatment of
convective wet removal remains relatively simple. Overall, the ultimate goal is to develop a physically consistent and
computationally efficient aerosol—climate model, providing high-quality model foundations and scientific support for the
next phase of international coupled model comparison projects.

This paper mainly presents the coupling of PAMT in CIESM and its evaluation for aerosols. A comprehensive evaluations of
cloud properties in simulations with CIESM-PAMT (total/high/middle/low/ice/liquid cloud fractions, liquid/ice cloud water
paths, cloud droplet effective radius, cloud droplet number concentration, and so on), precipitation, radiation (top-of-

atmosphere and cloud radiative effects), and aerosol—cloud interactions are presented in Part 2 of this series.
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Appendix A: Tuning Strategy

In CIESM, tunable parameters mainly include the evaporation efficiency of convective clouds (ke), cloud-fraction
adjustment factors for deep convection (cldfrc _dpl and cldfrc_dp2) and shallow convection (cldfrc_shl and cldfrc _sh2), the
convective entrainment rate (dmpdz), and the minimum relative humidity for high stable clouds (cldfrc _rhminh) (Neale et al.,
2012). Although default values exist for these parameters, our goal is to adjust as few parameters as possible while
sequentially satisfying the following priorities: 1) the longwave and shortwave radiative fluxes at top of atmosphere to
closely match observations, with an approximately balanced global, annual mean net radiation; 2) the longwave, shortwave,
and net cloud radiative effects to agree with observations; and 3) cloud fraction, cloud water path, and precipitation are as
close to observations as possible. Given that tuning is just performed as a pre-simulation adjustment, the adjustment criterion
is based on agreement with global annual means rather than reproducing detailed two- or three-dimensional spatial patterns.
This approach helps avoid excessive parameter compensation that may compromise the physical consistency of the model.
Each tuning factor must be varied within a physically reasonable range, and tuning should first aim at achieving TOA
radiative balance before addressing the other criteria. Since MAMY is the aerosol module originally embedded in CIESM,
the above tuning strategy is primarily applied to CIESM-MAM?7. After the tuning parameters are determined, no further
adjustments are made for CIESM-PAMT, which directly adopts these values to ensure consistent parameter settings between
the two modules during evaluation. The results show that running CIESM-PAMT with the parameters tuned for CIESM-
MAM?T also satisfies the TOA radiative balance requirement.

After extensive sensitivity tests, we recommend the following parameter settings for CIESM: ke = 5e-7, cldfrc_dpl = 0.03,
cldfrc_dp2 = 200, cldfrc_shl = 0.04, cldfrc_sh2 = 500, dmpdz = —2e-3, and cldfrc_rhminh = 0.85. Among these, ke (default:
3.5e-5) and cldfrc_dpl (default: 0.05) are based on sensitivity tests, while the remaining parameters retain their default

model values.

Appendix B: Additional Diagnostic Variables

In evaluating the aerosol simulations of CIESM, this study follows the AeroCom phase III (AeroCom3) (Glif3 et al., 2021).
Accordingly, several diagnostic variables required by AeroCom3 are added to CIESM. Based on the AeroCom3 protocol,
the diagnostics introduced in this study include: aerosol surface emission flux (Tg year™!), aerosol lifetime (days), aerosol
burden (Tg), optical depth (OD, unitless), mass extinction coefficient (MEC, m? g=1), Angstrém exponent (AE, unitless),
and fine-/coarse-mode aerosol optical depth (AOD; and AOD,, unitless).

In PAMT, aerosol optical properties are calculated from the wet aerosol size distribution and chemical composition using
Mie theory (Section 2.3.4). For internally mixed particles, the effective complex refractive index is derived using the
Maxwell-Garnett approximation (Maxwell Garnett, 1905), after which aerosol extinction coefficients are computed and

vertically integrated to obtain AOD. A similar framework is employed in MAM?7, but volume mixing is used instead of the
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Maxwell-Garnett mixing rule for internally mixed aerosols, as the differences between the two approaches are found to be
negligible (Ghan and Zaveri, 2007).

In AeroCom3, AE is calculated using AOD at 870 nm and 440 nm (or 550 nm), following a prescribed formula. However,
neither PAMT nor MAM?7 provides AOD output at 870 nm and 440 nm. Instead, PAMT outputs AOD at 860 and 550 nm,
while MAMY7 provides AOD at 850, 550, and 350 nm. Therefore, this study uses the available AOD wavelengths adopt the

similar calculation and computes AE as follows:

AEpaur = — % s AEyam7 = — %ﬂ# ) (S1)
where AOD3s, AODsso, AODgs, and AODgg, represent AOD at 350 nm, 550 nm, 850 nm, and 860 nm, respectively.
AeroCom3 evaluates not only AOD and AE, but also fine- and coarse-mode AOD (AOD; and AOD.). However, most
participating models do not explicitly output these quantities. Instead, different diagnostic strategies are applied (GliB3 et al.,

2021). A commonly adopted approach is to attribute AOD from particles with dry or wet radii smaller than 0.5 um to AODy,

and the remainder to AODc. Some models further distinguish aerosol types by mode or section, for example assigning coarse
SS and DU to AODc, while others are classified as fine mode (see (Glif3 et al., 2021), Supplement 1.ods).

In CIESM-MAM7, AOD is directly diagnosed for each aerosol mode. The “coarse sea salt” and “coarse dust” modes are
broadly consistent with the AeroCom3 definition of coarse-mode particles (radius > 0.5 um) (Table 1). Therefore, AOD, is
defined as the sum of optical depths from these two modes, while AODy is obtained from all remaining modes.

In contrast, the CIESM-PAMT is more complex. As summarized in Table 1, the sectional size ranges do not align exactly
with a 0.5 pm separation. PAMT diagnoses 5 extinction coefficients within each grid cell, including internally mixed
BC/OA/SO4 (INT SEC1+ SEC2+ SEC3), externally mixed BC and OA (BC SEC and OC SEC), as well as sea salt (SS
SEC1+ SEC2) and dust (DU SEC1+ SEC12). In addition, PAMT uses the Maxwell-Garnett approximation to calculate the
optical properties and aerosol optical depth of internally mixed aerosols while accounting for the lensing effect associated
with internally mixed black carbon (BC) and sulfate aerosols. Therefore, AOD; and AOD, cannot be directly obtained from
existing output fields, and a diagnostic approach is required.

The aerosol optical depth is defined as the vertical integral of the extinction coefficient (f,,;). According to Mie theory, for a
given wavelength, aerosol composition, and relative humidity, the extinction coefficient can be expressed as (Hand and

Malm, 2007):

Bext = Iy Qexe(MImr?n(r)dr = Qegert [ r?n(r)dr, (S2)
where Q,,; denotes a bulk extinction efficiency representative of each aerosol type.

Assuming spherical particles with an effective radius 7,¢¢ and aerosol mass concentration M,, and using the definition of

effective radius as well as the relation between particle size and mass, the second moment of the size distribution can be

written as:

3Mg

[oe]
2 —
J, r*n@)dr = prepm

(83)
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which leads to:

_ 3QextMq
Xt = Gorerr (S4)

This expression indicates that aerosol extinction is proportional to aerosol mass loading and extinction efficiency, but
inversely proportional to effective radius (Hand and Malm, 2007).

For each aerosol species, the fine-mode (wet radius < 0.5 pm) and coarse-mode contributions can be expressed using mass
fractions f,,, and (1 — f;,), effective radii 7y and 7, and corresponding extinction efficiencies Q; and Q.. Assuming linear
additivity of extinction coefficients under the independent scattering approximation, the fractional contribution of fine-mode
extinction can be written as:

Bf _ fmQf/Tf
Bext  fmQf/Tf+(1-fm)Qc/Tc ’

(S5)

where f,,, is diagnosed by integrating the aerosol size distribution in PAMT. In addition, PAMT provides effective radius
(ER) and effective variance (EV) for 5 extinction coefficients. Assuming a lognormal size distribution with prescribed
geometric standard deviation (o, = 2), the geometric mean radius can be reconstructed from ER and EV. Combined with the
prescribed size ranges (Table 1) and the 0.5 pm cutoff, the effective radii 77 and 7, for each extinction coefficient are
diagnosed accordingly. The extinction efficiency Q,,, is estimated based on Mie theory and representative size regimes. For
coarse-mode particles, Q. = 2 is assumed. For internally mixed BC/OA/SO4 and externally mixed BC and OA, Qy = 1.8 is
used. For dust and sea salt, @y = 1.7 and Qy = 1.9 are adopted, respectively. Finally, the vertically integrated fine-mode

extinction yields AODy, while the remaining contribution is defined as AOD.,..

Code and data availability. The CIESM source code is publicly available at http://doi.org/10.5281/zenodo0.3596317

(YishuangLiang and hxmhuang, 2020) , and documentation for the PAM <can be accessed at
https://gitlab.com/PAMdev/canam5.1-pam and described by https://cccma.gitlab.io/PAM/PAMcode.html. AeroCom3 data

can be obtained from https://aerocom.met.no/tools/aeroval. AERONET data are available at

https://aeronet.gsfc.nasa.gov/new web/download all v3 aod.html, IMPROVE data can be downloaded from

https://views.cira.colostate.edu/fed/, and EMEP data are accessible via https:/www.emep.int/ and http://ebas-

data.nilu.no/Default.aspx. ECCC/NAPS data can be obtained from https://open.canada.ca/data/en/dataset/1b36a356-defd-
4813-acea-47bc3abd859b, SHIP data from https://www.pmel.noaa.gov/acg/, and MERGED-FMI data from

https://nsdc.fmi.fi/data/data aod. AATSR-SU data are available at
https://catalogue.ceda.ac.uk/uuid/5dd3881e89¢8419bbdba4ab06aa91112/, MERRA-2 data at
https://gmao.gsfc.nasa.gov/reanalysissMERRA-2, and MACC reanalysis data at

https://www.ecmwf.int/en/forecasts/dataset/macc-reanalysis. Last accessed: 1 December, 2025.
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