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Abstract. The effect of aerosols acting as ice-nucleating particles (INPs) remains one of the least understood
processes in aerosol-cloud—climate interactions. Mineral dust can serve as INPs in both mixed-phase and ice
clouds, yet few studies have simultaneously considered dust INPs in both cloud types, limiting our understanding
of their impacts on clouds and radiation. Here, we develop an improved INP parameterization in WRF-Chem that
explicitly represents dust INPs in both cloud types, incorporating both non-size-resolved and size-resolved INP
parameterizations. Model evaluation against ground-based and satellite observations shows good agreement with
the observed spatiotemporal variations of surface PM g, dust INPs, liquid water path (LWP), and ice water path
(IWP) over East Asia. Simulations for spring 2018 reveal that dust INPs in mixed-phase clouds accelerate the
Wegener—Bergeron—Findeisen (WBF) process, increasing IWP by 3.2 % and decreasing LWP by 2.9 %, thereby
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reducing cloud albedo and producing a warming of 0.20 W m~2. In ice clouds, dust INPs enhance heterogeneous
nucleation, increase ice crystal number concentrations, and reduce their effective radius. Sedimenting ice crystals
from ice clouds further intensify the WBF process in mixed-phase clouds, ultimately yielding a stronger warming
of 3.56 Wm™2. Differences among INP parameterizations are comparable to those between simulations with
and without INPs, whereas the size-resolved scheme may more reasonably represent the spatial variability of
dust INP effects. This study highlights the distinct roles of dust INPs in mixed-phase and ice clouds from the
microphysical perspective and advances our understanding of aerosol-cloud—climate interactions.

1 Introduction

Ice-nucleating particles (INPs) play a crucial role in initiating
ice crystal formation in the atmosphere, yet this process re-
mains one of the least understood aspects of aerosol—cloud—
climate interactions (Cantrell and Heymsfield, 2005; Gultepe
and Heymsfield, 2016; Seinfeld et al., 2016). Ice crystals can
form through homogeneous nucleation, which occurs when
supercooled droplets or solutions freeze spontaneously be-
low —37 °C (Koop et al., 2000). They can also form through
heterogeneous nucleation, in which INPs enable ice forma-
tion at higher temperature and lower supersaturation (De-
Mott et al., 2010; Kiselev et al., 2017; Bi et al., 2017; Knopf
et al., 2018; Holden et al., 2019; Zhao et al., 2019). Under-
standing the sources, properties, and representation of INPs
is therefore fundamental to improving cloud and climate sim-
ulations.

INP-induced ice formation can occur in both mixed-phase
clouds, which contain supercooled liquid droplets and ice
crystals, and ice clouds (cirrus) that consist entirely of ice
crystals (Vali, 1985; DeMott et al., 2015; Kanji et al., 2017).
A variety of aerosol types can act as INPs in the atmosphere,
and their relative importance depends strongly on thermody-
namic conditions and aerosol sources. Mineral dust is widely
recognized as one of the most important INP types because
of its strong ice-nucleating ability and large global emissions
from arid regions (Burrows et al., 2022; Textor et al., 2006;
Murray et al., 2012; Chen et al., 2021). Other aerosol types
may also contribute to heterogeneous ice formation under
certain conditions. For example, biological particles such as
bacteria, fungal spores, and pollen fragments can dominate
ice nucleation at relatively warm temperatures above about
—15°C (Cornwell et al., 2023). Biomass-burning smoke may
also act as INPs under cirrus conditions, although their ice-
nucleating efficiency depends strongly on particle composi-
tion and atmospheric processing (Phillips et al., 2013; Ver-
gara-Temprado et al., 2018; Nichman et al., 2019). Among
these aerosol types, mineral dust has received particular at-
tention because of its high ice-nucleating efficiency, large
emission fluxes, long-range transport capability, and rela-
tively well-characterized ice-nucleating properties (Murray
et al., 2012; Kanji et al., 2017; Burrows et al., 2022). Dust
can be activated as INPs in both mixed-phase clouds and ice
clouds, influencing cloud microphysics across a wide tem-
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perature range (Vali, 1985). In East Asia, frequent springtime
dust outbreaks originating from the Taklimakan and Gobi
deserts provide a strong and regionally dominant source of
INPs (Chen et al., 2014; Shi and Liu, 2019), offering an ideal
natural laboratory for investigating dust—cloud interactions.

Observational studies have provided important constraints
on the relationship between INPs and cloud microphysics.
For example, collocated A-Train satellite observations reveal
that enhanced ice particle production in mid-level stratiform
mixed-phase clouds is associated with elevated dust loading,
indicating that dust-induced ice formation can substantially
modify cloud phase and ice crystal number concentrations
(Zhang et al., 2018). Aerosol—cloud closure studies further
demonstrate that lidar-derived INP concentrations in Saha-
ran dust layers can explain observed ice crystal number con-
centrations within an order of magnitude, highlighting the
importance of heterogeneous nucleation on mineral dust in
altocumulus and cirrus (Ansmann et al., 2019). Recent co-
ordinated lidar-radar observations and process simulations
during the MOSAIC expedition further suggest that aged
Siberian wildfire smoke substantially influenced Arctic cirrus
formation and may have suppressed homogeneous freezing
under smoke-polluted upper-tropospheric conditions (Ans-
mann et al., 2025a, b). More recently, long-term observations
from two sites with contrasting aerosol conditions, charac-
terized by desert dust and continental aerosols versus marine
aerosol, also indicate that variations in INP concentrations
can significantly influence mixed-phase cloud microphysics
and precipitation formation (He et al., 2025). At larger spa-
tial scales, satellite analyses further suggest that dust-driven
droplet freezing plays a key role in determining cloud-top
phase across the Northern Hemisphere (Villanueva et al.,
2025).

Process-level insight into these interactions has also been
obtained from high-resolution spectral-bin simulations. For
example, Lee et al. (2024) demonstrated that higher INP con-
centrations lead to smaller ice particles and more irregular
crystal shapes, highlighting the influence of INP levels on ice
particle morphology, number, and cloud microphysics. How-
ever, these studies typically focus on idealized cloud systems
and therefore do not directly quantify the large-scale impacts
of INPs on cloud evolution and radiation.

Numerical modeling at regional and global scales is there-
fore essential for assessing the climatic effects of dust INPs,
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but most studies rely on limited parameterization schemes
that capture only part of the dust INP spectrum, either
for mixed-phase or ice clouds, rarely both. For mixed-
phase clouds, most modeling studies have used empirical
parameterization schemes to describe dust INP activation.
These studies generally found that dust INPs accelerate the
Wegener—Bergeron-Findeisen (WBF) process, which speeds
up the conversion of liquid water to ice (Shi and Liu, 2019;
Kawai et al., 2021; Shi et al., 2022; Luo et al., 2023; Liu et
al., 2011). The result is usually a reduction in the liquid water
path (LWP), a decrease in shortwave reflectivity, and an in-
crease in longwave transmittance. However, the radiative re-
sponse differs strongly across regions and seasons, as shown
in Shi and Liu (2019) and Shi et al. (2022). These differences
reflect a major limitation. Dust INPs in mixed-phase clouds
have rarely been validated with observations, and parame-
terization schemes differ greatly in their treatment of dust
size distributions and activation spectra. As a result, current
understanding is highly uncertain, and systematic evaluation
using multiple schemes is still needed.

For ice clouds, most studies have represented dust INPs
with deposition nucleation or immersion freezing schemes
that were designed for cirrus conditions. Using these ap-
proaches, Liu et al. (2012), Kuebbeler et al. (2014), and Beer
et al. (2024) reported that dust INPs reduce the number of
ice crystals and produce larger crystals compared to homo-
geneous freezing. This is often called the negative Twomey
effect. It usually results in thinner cirrus clouds and a cool-
ing effect. However, event-based simulations have reported
different microphysical responses. For example, Weger et
al. (2018) and Zeng et al. (2023) found that high dust con-
centrations during the April 2014 European dust outbreak
and the May 2017 East Asian event enhanced deposition nu-
cleation and reduced ice crystal size. Su and Fung (2018b)
showed that dust increased ice water but slightly reduced liq-
uid water over East Asia. These results are valuable, but they
depend strongly on the INP parameterization used. Because
most schemes are based solely on cirrus cloud conditions and
neglect mixed-phase cloud conditions, they do not fully cap-
ture the impact of dust INPs on clouds and radiation.

In summary, existing modeling studies have usually ex-
amined either mixed-phase or ice clouds, but very few have
treated both together. This separation is mainly because pa-
rameterization schemes were developed for only one type of
cloud. As a result, the overall effects of dust INPs on clouds
and radiation remain poorly understood. In this study, we
developed a comprehensive dust INP parameterization that
consistently represents both mixed-phase and ice-phase acti-
vation. The scheme also considers size-resolved dust proper-
ties and is evaluated against various observations, including
INP concentrations. This allows us to perform a systematic
assessment of dust INP effects across both cloud types. Our
results provide a stronger basis for understanding aerosol—
cloud—climate interactions and for improving climate predic-
tion.
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2 Methods

In this study, we developed an improved INP parameteriza-
tion within version 4.2 of the Weather Research and Fore-
casting model coupled with Chemistry (WRF-Chem; Grell
et al., 2005). The new scheme explicitly represents dust
INPs in both mixed-phase and ice clouds, together with sev-
eral modifications to the dust simulation, thereby provid-
ing a more comprehensive description of atmospheric INPs.
Specifically, we (1) implemented the Shao2011 dust emis-
sion scheme (Shao et al., 2011) within the Model for Simulat-
ing Aerosol Interactions and Chemistry (MOSAIC) aerosol
module (Zaveri et al., 2008) with 20 size bins, (2) introduced
dust-aware INP parameterizations for mixed-phase and ice
clouds, and (3) coupled the diagnosed dust INP concen-
trations to the Morrison two-moment microphysics scheme
(Morrison et al., 2005). These developments directly af-
fect the number concentrations and effective radius of cloud
droplets and ice crystals, and further influence liquid water
path (LWP), ice water path (IWP), and radiative balance.

2.1 Dust emission scheme

The Taklimakan Desert (TD) and the Gobi Desert (GD) are
the two dominant dust source regions in East Asia (Sun et
al., 2001; Zhang et al., 2008; Wang et al., 2012). Dust cycle is
simulated using the Shao2011 dust emission scheme (Shao et
al., 2011) in combination with the Zhang2001 dry deposition
scheme (Zhang, 2001), following the evaluation of Zeng et
al. (2020), who identified this configuration as optimal for
East Asia.

The Shao2011 scheme calculates dust emission as a func-
tion of surface erodibility, vegetation fraction, soil particle
size distribution, soil moisture, and near-surface winds (Shao
etal., 2011). Specifically, the erodibility factor prescribes the
fraction of erodible surface in each grid cell, and the vegeta-
tion fraction reduces the effective bare soil area exposed to
wind erosion. The soil particle size distribution regulates the
emitted dust mass across different size bins, while soil mois-
ture suppresses dust emission by enhancing inter-particle co-
hesion. The erodibility distribution applied in this study is
shown in Fig. S1 in the Supplement.

In WRF-Chem, the Shao2011 scheme is originally imple-
mented only within the Goddard Chemistry Aerosol Radia-
tion and Transport (GOCART) aerosol module. Here, we es-
tablished a new coupling by integrating Shao2011 with MO-
SAIC, which resolves 20 size bins (0.000968—10 um). More-
over, as suggested by Zeng et al. (2020), we adopted the soil
particle size distribution from WRF-Chem v3.7.1, as it yields
dust simulations that are more consistent with observations
compared with the default distribution in WRF-Chem v4.2.

It has been shown that the National Centers for En-
vironmental Prediction Final Operational Global Analysis
(NCEP/FNL) reanalysis data that drive the WRF-Chem
model are biased towards high soil moisture, often result-
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ing in unsatisfactory dust simulations (Chen and Mitchell,
1999). To mitigate this problem, we employed the Climate
Change Initiative soil moisture (CClrec, 1989-2021) global
long-term non-missing satellite soil moisture product devel-
oped by Hu et al. (2023), which avoids the overestimation of
soil moisture inherent in the FNL reanalysis data.

2.2 Ice nucleation parameterizations

In the atmosphere, four major heterogeneous nucleation
pathways are identified: deposition nucleation, immersion
freezing, contact freezing, and condensation freezing (Kanji
et al., 2017). Deposition nucleation refers to the direct de-
position of water vapor onto the surface of INPs under ice-
supersaturated conditions, in the absence of liquid droplets
(Burrows et al., 2022). Immersion freezing occurs when
INPs are first activated as cloud condensation nuclei to form
droplets, which subsequently freeze upon further cooling
(Kanji et al., 2017). Contact freezing, by contrast, takes place
when INPs collide with supercooled droplets, leading to the
rapid freezing of the droplets (Murray et al., 2012). Conden-
sation freezing occurs when water vapor condenses onto INP
surfaces at subzero temperatures while simultaneously freez-
ing to form ice (Burrows et al., 2022). However, the latter
mechanism remains under debate, as it is not yet clear from
a microphysical perspective whether condensation freezing
is distinct from immersion freezing or deposition nucleation
(Kanji et al., 2017). Therefore, it is not regarded as a separate
mechanism in this study.

In the default Morrison cloud microphysics scheme (see
Text S1 in the Supplement for details), heterogeneous nucle-
ation parameterization schemes (Bigg, 1953; Cooper, 1986;
Meyers et al., 1992) rely solely on temperature or ice su-
persaturation. However, the combined application of these
schemes is still unable to reproduce the observed ice nu-
cleation concentrations (DeMott et al., 2010). In this study,
we revised the default Morrison microphysics scheme by in-
corporating aerosol-aware parameterizations for both mixed-
phase clouds (Sect. 2.2.1) and ice clouds (Sect. 2.2.2), which
successfully reproduce the observed INP—temperature rela-
tionships in natural environments.

2.2.1 Mixed-phase clouds parameterizations

In this study, we improved the representation of ice nucle-
ation in mixed-phase clouds by replacing the Bigg (1953) pa-
rameterizations for immersion freezing with those of DeMott
et al. (2015), Reicher et al. (2019), and Chen et al. (2021).
Deposition nucleation and contact freezing are not included
for mixed-phase clouds, as their contribution is generally
negligible compared to immersion freezing (Hoose et al.,
2008). Immersion freezing is restricted to the presence of lig-
uid water droplets, as the ice nucleation rate is activated only
within these droplets.
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DeMott et al. (2015) derived a parameterization scheme
for dust INP number concentration as a function of temper-
ature and dust number concentration with diameters larger
than 0.5 um (Eq. 1; hereafter DeMott2015), based on labo-
ratory experiments and field observation datasets of Saha-
ran and Asian desert dust. This parameterization scheme has
since been widely adopted for representing dust INPs in both
global and regional models (Shi and Liu, 2019; Kawai et al.,
2021; Zeng et al., 2023).

nine (T) = (cH) (g > 0.5 pum)@Z73-16=1+5)
exp(y (273.16 = T) +6) )

where ninp (T) denotes the number concentration of INPs
(in std L) at temperature T (in K), n, > 0.5 um represents
the number concentration of dust with diameters larger than
0.5 um (in std cm_3), and the constant coefficients, «, 8, v,
and g, are 0, 1.25, 0.46, and —11.6, respectively. The calibra-
tion factor, cf, was set to 3, following DeMott et al. (2015).

Reicher et al. (2019) developed a dust INP parameteriza-
tion scheme (Eqgs. 2 and 3; hereafter Reicher2019) for two
particle size intervals (0.3 um < Dp < 1 ym and Dp > 1 um;
Dy denotes the diameter of dust) based on six dust events in
the eastern Mediterranean during 20162017, as well as on
measurements reported by Price et al. (2018) and Boose et
al. (2016).

mnp(T) =ns(T)- A ()
ns(T) = explyo +a/(b + exp[(T — 248)/c])] [m~?] 3)

where A is the dust surface area per unit volume of air, ng (T)
is the density of surface active sites of INP (in m~2) at tem-
perature T (in K), and the parameters yg, a, b, and ¢ are de-
termined by the dust diameter, as listed in Table S1 in the
Supplement.

Chen et al. (2021), using observational data from East
Asian dust events in March and May 2018 and April
and May 2019 together with the observational data of
Reicher et al. (2019), established parameterizations for
five particle size intervals (0.18um < Dp < 1uym, 1pm <
Dp < 1.8um, 1.8 um < Dy < 3.2um, 3.2 um < Dp < 5.6 um,
5.6um < Dp < 10 um). They reported that the ice-forming
efficiency of dust increased with particle size and then lev-
eled off, as decreasing dust number concentration with in-
creasing size limited further enhancement. The parameteri-
zation of Chen et al. (2021, hereafter Chen2021) retains the
fundamental framework of Reicher2019, but with a modified
ng(T) (Eq. 4).

ns(T) =exp(a-T +b) [m?] 4)

where the values of the parameters a and b depend on the
dust diameter, as listed in Table S2.
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2.2.2 |Ice clouds parameterizations

In the default Morrison microphysics scheme, all cloud
droplets and raindrops are assumed to homogeneously freeze
into ice crystals at temperatures below —40°C. However,
for aerosol solution, the occurrence of homogeneous or het-
erogeneous nucleation is governed by supersaturation, and
freezing does not necessarily occur below —40 °C. Heteroge-
neous nucleation requires lower supersaturation and is there-
fore easier to occur, as INPs provide surfaces for ice for-
mation, thereby lowering the activation barrier for freezing
(Koop et al., 2000; Kanji et al., 2017). At higher, colder, and
drier altitudes, deposition nucleation becomes the dominant
heterogeneous nucleation pathway.

Previous studies have demonstrated that the competition
between homogeneous and heterogeneous nucleation plays a
critical role in ice clouds (Liu and Penner, 2005; Kuebbeler
et al., 2014). In ice clouds, homogeneous nucleation of su-
percooled droplets can produce numerous small ice crystals,
whereas heterogeneous nucleation requires lower relative hu-
midity, may occur earlier than homogeneous nucleation, pro-
duces fewer but larger ice crystals, and suppresses homoge-
neous nucleation.

In this study, we implemented the parameterization of
Barahona and Nenes (2009) to simulate the competition be-
tween homogeneous and heterogeneous nucleation, enabling
the model to explicitly represent interactions between these
two nucleation pathways. The ice nucleation spectrum inte-
grated in Barahona and Nenes (2009) includes classical nu-
cleation theory, Meyers et al. (1992), Phillips et al. (2007),
and Phillips et al. (2008), which is used in this study. The
parameterization of Phillips et al. (2008), based on observa-
tions, includes deposition nucleation and immersion freez-
ing and accounts for three aerosol types: dust and metal
compounds, inorganic black carbon, and insoluble organic
aerosols. In this study, only dust INPs were considered in
order to isolate dust-specific microphysical and radiative ef-
fects. The dust INP number concentration is calculated ac-
cording to Eq. (5).

o
niNe (S, T) = / {1 —exp[—u(S;, T}
log0.1
dn
dlogD 5
dlogD, " 2P ©)

where (S, T) is the average number of activated ice em-
bryos per dust particle at ice supersaturation S; and temper-
ature 7', n is the number concentration of dust particles, and
Dy, (in ym) is the dust particle diameter. 1 (S;, T) is calculated
according to Eq. (6).

O - NINP, 1 % dQ
Q4 dn
forT <0°Cand0 < S; < S (6)

w (S, T)=H(S;, T)&(T)
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where S denotes the ice supersaturation at water saturation.
H (S;, T) is an empirically determined fraction (0 < H <1)
representing the scarcity of heterogeneous nucleation of ice
seen in substantially subsaturated conditions. At water sat-
uration, H =1. When 7 <0°Cand 0 < §; < Siw, H(S;, T)
is defined by Eq. (7). The factor &€ (T") accounts for the ob-
servation that droplets containing INPs are typically seen not
to freeze at temperatures warmer than about —2 °C. At tem-
peratures colder than —5 °C and warmer than —2 °C, & (T')
is assigned values of unity and zero, respectively, with a cu-
bic interpolation in between. « is the fractional contribution
from dust to the INP concentration inferred from the contin-
uous flow diffusion chamber (CFDC) measurements, and is
set to 2/3 for dust. The term €2 is the total surface area con-
centration of all dust particles with dry diameters larger than
0.1 um, and €2 represents the component of €2 contributed
by aerosols with diameters between 0.1 and 1 pm. nnp,; is
the component of nnp due to dust with diameters between
0.1 and 1 um, parameterized by Phillips et al. (2007) (Egs. 9
and 10).

H (S;, T) = min {fc + (1= £ 8 [Sw(Si, T), Swo. 1], 1] (7)

where f. denotes the contribution to H from nucleation
modes (e.g., deposition nucleation) under subsaturated con-
ditions, as defined by Eq. (8). 83 [, ¥1, y2] denotes a cubic
interpolation function used to interpolate y within [y, y2]
onto the interval [a, b] (see Text S2). Sy, is the saturation ra-
tio with respect to water, parameterized following Murphy
and Koop (2005). Sy, is the threshold of Sy, when H =0,
which is set to 0.97.

fo=80(T, Ty, To + AT)8}(Si, Si0, Sio+ AS)/y (8)

where h is the small fraction to which § is reduced by warm-
ingover AT.h =0.15,Tp = —40°C, AT =5°C, Sj o =1+
10°(—80°C < T < 0°C), and AS; =0.1 for dust. x = by +
biT +byT? + b3 T3, where by = —1.0261, by = —3.1656 x
1073, by =5.3938 x 107, and b3 = 8.2584 x 107°. y is a
factor that enhances INP concentration due to bulk-liquid
modes and is set to 2.

ninp = 1000exp[12.96S; — 0.639] x

for —30°C<T <—5°C )
nine = 1000{exp[12.96 (S; — 0.1)]}%-3
for —80°C < T < —30°C (10)

where nynp is the number concentration of INPs (in m3),
including contributions from deposition nucleation, immer-
sion freezing, and condensation freezing. S; denotes the ice
supersaturation, and  is a normalization factor set to 0.06.
The parameterization of Barahona and Nenes (2009) has
been widely applied in global models and has demonstrated
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good performance (Liu et al., 2012; Shi et al., 2015). Fur-
ther details of the parameterization scheme can be found in
Barahona and Nenes (2009) and Phillips et al. (2008).

At the model resolution used in this study, vertical mo-
tions associated with individual air parcels are not resolved,
yet they are essential for determining local cooling rates, su-
persaturation, and thus cloud droplet activation and ice nucle-
ation (Donner et al., 2016). Using only grid-resolved vertical
velocity would therefore lead to an underestimation of su-
persaturation and ice formation (Ghan et al., 1997; Morrison
and Pinto, 2005).

To account for this, a subgrid-scale vertical velocity pa-
rameterization is applied following Morrison et al. (2005)
and Ghan et al. (1997). A characteristic subgrid vertical ve-
locity, w’, is used to represent unresolved turbulent fluctua-
tions within each grid cell. The subgrid vertical velocity is
parameterized as:

K
w' =27 — (11)
Az

where K (in m?s~!) is the vertical eddy diffusivity calcu-
lated online by the planetary boundary layer scheme, and Az
is the model layer thickness. Thus, K is not a fixed constant
but varies spatially and temporally according to the simu-
lated turbulence and atmospheric stability. Here, w’ repre-
sents the magnitude of turbulence-induced vertical velocity
fluctuations.

Larger K leads to stronger vertical fluctuations, enhanc-
ing cooling rates and supersaturation, and thereby promoting
cloud droplet activation and ice nucleation. Similar formula-
tions are widely used in cloud microphysics schemes in both
regional and global models (Storelvmo et al., 2006; Morrison
and Gettelman, 2008).

2.3 Model configurations

We employed the WRF-Chem model with a horizontal res-
olution of 27km, 23 vertical layers, and a top pressure of
50hPa, with denser layers within the planetary boundary
layer (PBL). The simulation domain covers most of East Asia
(14-60° N, 74°-130°E), as shown in Fig. S1. The simulated
period for analysis is spring 2018 (March—-May), which cor-
responds to the peak dust season in East Asia.
Meteorological initial and boundary conditions were ob-
tained from FNL reanalysis data with a temporal resolution
of 6h and a spatial resolution of 1° x 1° (https://gdex.ucar.
edu/datasets/d083002/, last access: 28 October 2025). Chem-
ical initial and boundary conditions were acquired from the
simulation results of the Community Atmosphere Model
with Chemistry (CAM-Chem) with a temporal resolution of
6h and a spatial resolution of 0.94° x 1.25° (https://www.
acom.ucar.edu/cam-chem/cam-chem.shtml, last access: 28
October 2025). Each simulation was initialized five days
before the analysis period (March—-May 2018) to minimize
the influence of initial conditions. The meteorological fields
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were reinitialized daily using FNL reanalysis data, while the
chemical fields were carried over from the previous day’s
simulation. This treatment allows for continuous chemical
evolution and more reliable meteorological conditions (Zeng
et al., 2020). Anthropogenic emissions over mainland China
were taken from the ABaCAS-EI 2017 inventory (Air Ben-
efit and Cost and Attainment Assessment System—Emission
Inventory), while emissions outside China were based on the
ITASA 2015 inventory (International Institute for Applied
Systems Analysis) (Zheng et al., 2019; Gao et al., 2020; Li
etal., 2023).

The major physical parameterizations employed in this
study include the rapid radiative transfer model for
GCMs (RRTMG) shortwave and longwave radiative trans-
fer schemes (Iacono et al., 2008), the revised MM5 Monin-
Obukhov surface layer scheme (Jiménez et al., 2012), the
unified Noah land surface scheme (Tewari et al., 2004), Yon-
sei University (YSU) PBL scheme (Hong et al., 2006), and
the Grell-Freitas ensemble cumulus scheme (Grell and Fre-
itas, 2014). For atmospheric chemistry, we employed version
1999 of the Statewide Air Pollution Research Center mecha-
nism (SAPRC-99; Carter, 2000) gas-phase chemistry mech-
anism and the MOSAIC aerosol chemistry module using a
20-bin size representation.

2.4 Experimental design

Six simulation scenarios, summarized in Table 1, were de-
signed to investigate the impacts of dust INPs on clouds and
radiation, with all scenarios sharing identical model config-
urations except for the treatment of ice nucleation. In this
study, heterogeneous nucleation in mixed-phase clouds in-
cluded immersion freezing, whereas that in ice clouds com-
prised both deposition nucleation and immersion freezing.
The heterogeneous and homogeneous nucleation processes
for each scenario were specified as follows:

— NoINPs: Heterogeneous nucleation was turned off
in both mixed-phase and ice clouds (INPs were re-
moved entirely), while homogeneous nucleation of
cloud droplets was active.

— MixINPs: Heterogeneous nucleation was enabled in
mixed-phase clouds by employing the immersion freez-
ing scheme of Chen2021, while heterogeneous nucle-
ation in ice clouds remained off. Homogeneous nucle-
ation was active.

— IcelNPs: Heterogeneous nucleation was enabled in ice
clouds, while heterogeneous nucleation in mixed-phase
clouds was off. Homogeneous nucleation was active.

— MixIceINPs: Heterogeneous nucleation was enabled in
both mixed-phase and ice clouds. The immersion freez-
ing process followed the parameterization of Chen2021.
Homogeneous nucleation was active.

https://doi.org/10.5194/acp-26-12329-2026


https://gdex.ucar.edu/datasets/d083002/
https://gdex.ucar.edu/datasets/d083002/
https://www.acom.ucar.edu/cam-chem/cam-chem.shtml
https://www.acom.ucar.edu/cam-chem/cam-chem.shtml

H. Zhang et al.: Contrasting impacts of dust INPs on mixed-phase and ice clouds

— MixINPs_DeMott2015: Similar to MixINPs, but im-
mersion freezing in mixed-phase clouds employed the
scheme of DeMott2015.

— MixINPs_Reicher2019: Similar to MixINPs, but im-
mersion freezing in mixed-phase clouds employed the
scheme of Reicher2019.

Only dust was considered as INPs in this study. To sep-
arate the effects of aerosol ice nucleation from the thermo-
dynamic impacts of aerosols on cloud microphysics result-
ing from changes in solar radiation, dust emissions were
activated in the NoINPs scenario to maintain consistent
thermodynamic conditions with other scenarios, but het-
erogeneous ice nucleation by dust was not considered. In
all scenarios, aerosol-radiation interactions were enabled,
so that the direct radiative effects of dust were consis-
tently represented. The differences MixINPs — NoINPs,
IceINPs — NoINPs, and MixIceINPs — NoINPs represented
the indirect effects of dust INPs in mixed-phase clouds,
ice clouds, and both cloud types, respectively. For mixed-
phase cloud immersion freezing, the scheme of Chen2021
was applied in MixINPs, as it shows the best performance
in reproducing dust INPs (see Sect. 3.1). To assess sensi-
tivity to different parameterizations, two additional exper-
iments, MixINPs_DeMott2015 and MixINPs_Reicher2019,
employed alternative immersion freezing schemes. Compar-
isons among MixINPs, MixINPs_DeMott2015, and Mix-
INPs_Reicher2019 allowed evaluation of the uncertainties
associated with different parameterizations, particularly re-
garding dust particle size effects.

2.5 Measurements

Surface PMjg concentrations were obtained from the Na-
tional Environmental Monitoring Center of China (https:
/Iquotsoft.net/air/, last access: 28 October 2025) and corre-
spond to the observation sites shown in Fig. 1. For model-
observation comparison, simulated PMo values were ex-
tracted from the nearest grid cell to each monitoring sta-
tion. Monthly aerosol optical depth (AOD), IWP, and LWP
were derived from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) onboard the Aqua satellite, using
the MYDO0O8_M3 (Collection 6.1) product with a spatial res-
olution of 1° x 1° (https://ladsweb.modaps.eosdis.nasa.gov/,
last access: 28 October 2025). Modeled AOD was compared
with MODIS retrievals at the wavelength of 550 nm, obtained
using the Combined Dark Target and Deep Blue algorithms.

Dust INPs under mixed-phase cloud conditions were de-
rived from aerosol samples collected at the Peking University
Atmospheric Environment Monitoring Station (116.31°E,
39.99°N), a typical urban site influenced by East Asian dust
transport, using the Peking University Ice Nucleation Array
(PKU-INA) during two representative dust events on 1 and
26 May 2018, covering temperatures from —5 to —25°C
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(Chen et al., 2021). PKU-INA is a cold-stage-based instru-
ment designed for immersion freezing measurements. Parti-
cle number size distributions (PNSDs) from 3 nm to 10 um
were measured with two scanning mobility particle sizers
(SMPS) and an aerodynamic particle sizer (APS). Further
details of the measurement setup can be found in Chen et
al. (2021).

Dust INPs under ice cloud conditions were derived from
ambient aerosol samples collected on 22 May 2014 at the
Kuga Meteorological Bureau (83.04°E, 41.43°N) in the
Aksu region of Xinjiang, China, with INP concentrations
measured using a Static Vacuum Diffusion Cloud Chamber
(Jiang et al., 2016). The deposition mode measurements were
performed at following temperatures (ice supersaturations):
—14°C (5%, 8%, 12%, 15%), —16°C (5%, 8 %, 12 %,
17 %), —18°C (5 %, 8 %, 12 %, 16 %, 20 %), and —20°C
5%, 8%, 12 %, 16 %, 20 %, 22 %). Although the Phillips
et al. (2008) parameterization accounts for both immersion
freezing and deposition nucleation, the observations repre-
sent deposition nucleation only. The contribution from im-
mersion freezing is likely negligible, as the site is located
near the Taklamakan Desert, where anthropogenic pollu-
tion is minimal and deposition nucleation dominates dust
ice formation. PNSDs from 0.1 to 10 um were measured us-
ing a Passive Cavity Aerosol Spectrometer Probe (PCASP)
and an APS. Additional information is provided in Jiang et
al. (2016).

For comparison with observations, modeled INP con-
centrations were diagnosed offline using parameterization
schemes and simulated aerosol properties. The supersatu-
ration used in the simulation is assumed to be identical to
that used in the observations, and no subgrid-scale variabil-
ity is considered. The observational INP concentrations are
derived from aerosol samples collected at surface sites un-
der specific temperatures and ice supersaturation conditions,
reflecting the potential for aerosol activation as INP. To com-
pare the simulation results with the observed data, the same
activation conditions (temperature and ice supersaturation)
as in the observations are applied in the simulation, and the
modeled INP concentrations are calculated based on the sim-
ulated aerosol number concentrations and the relevant pa-
rameterization schemes.

2.6 Statistical methods

To ensure a physically meaningful analysis of cloud-related
variables, we applied a threshold to select grid cells within
clouds. Specifically, a grid cell was considered to be inside
a cloud if the sum of the ice water mixing ratio and lig-
uid water mixing ratio exceeded 10®kgkg™!, as suggested
by Hines et al. (2019). For cloud-related variables, including
ice crystal number concentration, ice crystal effective radius,
ice water content, cloud droplet number concentration, cloud
droplet effective radius, liquid water content, IWP, and LWP,
only cloud grid cells were included in the statistical anal-
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Table 1. Ice nucleation treatments in six simulation scenarios designed to investigate the effects of dust INPs on clouds and radiation.
Homogeneous and heterogeneous ice nucleation in ice clouds followed Barahona and Nenes (2009). All other model configurations were

identical.
Scenarios Mixed-phase cloud Mixed-phase cloud Ice cloud heterogeneous ~ Homogeneous
heterogeneous nucleation  immersion freezing scheme nucleation nucleation
NoINPs Off / Off On
MixINPs On Chen2021 Off On
IceINPs Off / On On
MixIceINPs On Chen2021 On On
MixINPs_DeMott2015 On DeMott2015 Off On
MixINPs_Reicher2019  On Reicher2019 Off On

ysis. This criterion excludes non-cloud grid cells in which
cloud microphysical variables are zero or, for some variables,
not physically meaningful, and prevents the calculated cloud-
property averages from being diluted by cloud-free condi-
tions.

For PM | concentration, dust number concentration, dust
INP concentration, and radiative variables, no threshold was
applied as these variables are relevant across all grid cells. In
particular, the shortwave, longwave, and net radiative effects
were calculated as all-sky, domain-mean differences in top-
of-atmosphere radiative fluxes over the entire simulation do-
main to represent the overall radiative effects of dust INPs on
the regional energy balance. Radiative fluxes are defined over
both cloudy and cloud-free grid cells, and a grid cell may be
cloudy in one simulation scenario but cloud-free in another.
Applying the cloud threshold separately to each simulation
scenario would therefore result in comparisons between dif-
ferent spatial samples and would exclude radiative changes
associated with the formation, dissipation, or displacement
of clouds. All grid cells were consequently retained to ensure
that the same spatial domain was compared among the simu-
lations and that both changes in cloud properties and changes
in cloud occurrence were included in the overall radiative ef-
fects of dust INPs.

We compared the mean values of cloud-related variables
with and without threshold filtering applied to cloud grids.
This comparison, presented in Tables S3 and S4, showed that
filtering the data generally resulted in higher average values
for cloud-related variables because non-cloud grid cells were
excluded. However, the responses of cloud properties to dust
INPs were generally consistent with and without threshold
filtering, confirming that the central conclusions regarding
dust-cloud interactions were not substantially affected by the
threshold.

We focused on analyzing mean values in this study be-
cause they provide a comprehensive overview of model
performance and aerosol-cloud interactions. Median values
were not analyzed because they may not adequately represent
domain-integrated responses in large-scale simulations, par-
ticularly for variables with many zero values or strong spatial
heterogeneity.
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3 Results and discussion

3.1 Model evaluation

To evaluate the accuracy and reliability of the model, the
simulated results were compared with multiple observational
datasets. The evaluation focused on surface PM |y mass con-
centration, AOD, IWP, LWP, and dust INP number concen-
tration in both mixed-phase clouds and ice clouds.

The simulated monthly mean surface PMjg mass con-
centrations for March—-May 2018 are evaluated against ob-
servations from 1035 sites within the domain shown in
Fig. 1a. In March 2018 (Fig. 1a), the observed site-averaged
monthly mean is 95.13 uyg m~—3, whereas the simulated mean
is 68.6 ugm~3, corresponding to an overall underestimation
of 28 %. The bias is more pronounced near the Taklamakan
Desert than over the Gobi Desert or in eastern China, likely
due to an inaccurate representation of soil particle size dis-
tribution (Zeng et al., 2020). In April 2018 (Fig. 1b), the
model slightly overestimates PM( concentrations by 2 % on
average, with underestimation near the Taklamakan Desert
and eastern China and overestimation over the Gobi Desert.
In May 2018 (Fig. 1c), the simulated monthly mean concen-
trations are generally consistent with the observations, cap-
turing the observed spatial distribution with a normalized
mean bias (NMB) of —8 % and a spatial correlation coeffi-
cient (R) of 0.64. Overall, the model reasonably reproduces
the spatial distribution of PMo and performs comparably to
previous studies (Su and Fung, 2018a; Zeng et al., 2020).

The modeled monthly mean AOD for March—-May 2018
is evaluated against MODIS observations. In March 2018
(Fig. S2a and d), AOD is underestimated over the Takla-
makan Desert, consistent with the PM;¢ underestimation
since dust dominates the aerosol burden in this region. The
model reproduces the elevated AOD in eastern China, mainly
driven by anthropogenic emissions, with minor spatial dis-
crepancies that are acceptable given that anthropogenic pol-
lution is not the focus of this study. In April (Fig. S2b and e),
AOD is slightly underestimated over the Taklamakan Desert
and overestimated over the Gobi Desert, consistent with the
PM;g distribution. In May (Fig. S2¢ and f), AOD remains
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Figure 1. Comparison between simulated and observed surface monthly mean PM g mass concentrations in (a) March, (b) April, and
(¢) May 2018. Circles denote monthly mean observations from 1035 sites, and color shading indicates the corresponding simulated monthly
means. The statistics shown above each panel include the normalized mean bias (NMB), normalized mean error (NME), and correlation
coefficient (R). The simulated results are from the MixIceINPs scenario and represent averages of hourly values. The observation data were
obtained from the National Environmental Monitoring Center of China.

overestimated over the Gobi Desert. Overall, the model rea-
sonably captures the spatial distribution of AOD.

The simulated monthly mean IWP and LWP for March—
May 2018 are evaluated against MODIS observations
(Fig. S3). The simulated IWP is in satisfactory agreement
with the observations and reproduces their spatial distribu-
tion. The simulated LWP also shows good agreement with
observations over the Yangtze River Delta in China and
Japan, although noticeable discrepancies remained in north-
ern China. These differences may have resulted from limita-
tions in the cloud parameterization schemes in the model or
from uncertainties in the retrievals from the MODIS dataset.
Overall, the model reproduces the spatial distribution of both
IWP and LWP reasonably well, providing a useful basis for
assessing the impacts of dust INPs on clouds and radiation.

The simulated dust INP concentrations under mixed-phase
cloud conditions are evaluated against observations at Peking
University on 1 and 26 May 2018 (Chen et al., 2021). On
both days, simulations with Chen2021 reproduces the ob-
served INP concentrations within one order of magnitude
across most temperatures, outperforming both DeMott2015
and Reicher2019 (Fig. 2a). On 1 May 2018, Chen2021 un-
derestimates INPs but remains within one order of mag-
nitude, while DeMott2015 agrees well between —12 and
—18°C but overestimates above —12 and below —18°C.
Reicher2019 showed larger deviations than Chen2021 at all
temperatures. On 26 May 2018, Chen2021 overestimates
INPs between —6 and —9 °C and underestimates between
—9 and —20 °C, yet errors still remain within one order of
magnitude. In contrast, DeMott2015 overestimates INPs at
all temperatures, whereas Reicher2019 underestimates below
—9°C and overestimates above —9 °C, again with larger er-
rors than Chen2021.

Biases in simulated dust INP concentrations are closely
linked to errors in simulated dust number or surface area
concentrations. In the absence of dust number observations,
simulated PNSDs are used for evaluation, which is reason-
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able since dust dominated the aerosol composition during
both events. On 1 May 2018 (Fig. 2c), the model underes-
timates aerosol number concentrations in the 1-10 ym range
by up to one order of magnitude. Correcting this underesti-
mate would improve the agreement of Chen2021 with the ob-
servations but exacerbate the overestimation by DeMott2015.
On 26 May (Fig. 2c), the model overestimates aerosol num-
ber concentrations in the 0.1-2 pum range and slightly un-
derestimates in the 2—10 um range, likely contributing to the
modest underestimation of INPs in Fig. 2a. However, since
the observations represent total INPs from all aerosol types
while the simulations consider dust only, some compensating
biases may exist.

Overall, DeMott2015 predicts INP concentrations about
five and ten times higher than Chen2021 on 1 and 26 May,
respectively, at a representative urban site influenced by
East Asian dust transport. This discrepancy may be as-
sociated with the use of uniform parameters for all dust
particles larger than 0.5 um in DeMott2015, which could
overrepresent the ice-forming efficiency of smaller parti-
cles. In DeMott et al. (2015), the predicted INP concen-
trations were in excellent agreement with those from the
aerosol-surface-area-based parameterization of Niemand et
al. (2012), whereas Chen et al. (2021) found that their pa-
rameterization for the 5.6—10 um size interval is consistent
with the Niemand et al. (2012) scheme. These findings sug-
gest that the DeMott2015 parameterization is more suitable
for representing larger dust particles (> 5.6 pm), while Chen
et al. (2021) further indicate that the ice-forming efficiency
of dust increases with particle size. However, at this observa-
tion site, smaller dust particles (0.18-5.6 um) contribute over
95 % of the total dust surface area (Fig. S4), implying that
large-particle-oriented schemes may overestimate INP con-
centrations under such conditions. Because smaller dust par-
ticles can be transported to higher altitudes and over long
distances, DeMott2015 is likely to predict higher INP con-
centrations aloft and downwind of dust sources. By incorpo-

Atmos. Chem. Phys., 26, 12329—-12354, 2026



12338

rating size-resolved effects, Chen2021 offers an alternative
representation that may better capture the spatial variability
of dust INPs.

The simulated dust INP concentrations under ice cloud
conditions are evaluated against observations at a station lo-
cated near the Taklimakan Desert, China (Jiang et al., 2016).
As the observational data were obtained on 22 May 2014, the
period from 14 to 25 May 2014 is simulated using the same
model configuration as in the IceINPs scenario. As shown in
Fig. 2b, the error between the simulation and observation de-
creased with decreasing temperature, but the model increas-
ingly overestimated INPs with higher ice supersaturation at a
given temperature. At —14 °C, simulated INP concentrations
deviated from observations by about one order of magnitude,
whereas at —20 °C the maximum deviation was a factor of
5. These errors likely arise from biases in simulated aerosol
number concentrations. To further investigate, the simulated
PNSDs on 22 May 2014 were compared with measurements
(Fig. 2c). The model generally overestimated aerosol num-
ber concentrations in the 0.1-10 um range, with the smallest
bias (near agreement) at 1 um. The overestimation was within
one order of magnitude for particles between 1 and 10 pm,
but reached up to two orders of magnitude in the 0.1-1 pm
range. The overestimation of aerosol number concentrations
in the 0.1-10 um range explains the overestimation of dust
INP number concentrations.

In summary, the performance of the model in simulating
dust, dust INP, and cloud water over East Asia is fairly good,
and the discrepancies between the simulations and observa-
tions are reasonable and acceptable.

3.2 Impacts of dust INPs on clouds and radiation
3.2.1 Spatial distribution of dust INPs

Figure 3 shows the meridionally averaged vertical cross-
sections of dust INPs and ice crystals formed by homoge-
neous nucleation for each scenario. Unless otherwise noted,
the simulations are averaged over March—-May 2018. For
the NoINPs scenario, ice crystals formed through homoge-
neous nucleation are mainly found at temperatures below
—40°C. The occurrence of ice crystals formed through ho-
mogeneous nucleation at temperatures greater than —37 °C
is noted, which is due to temporal averaging and meridional
averaging.

For the MixINPs scenario, the distribution of ice crys-
tals formed by homogeneous nucleation closely resem-
bles that in NoINPs, whereas dust INPs in mixed-phase
clouds are mainly distributed below the —40°C isotherm.
The mean concentration of INPs in mixed-phase clouds
(1.8 x 1073L~1) is about one order of magnitude lower
than that of ice crystals from homogeneous nucleation
(1.7x 1072L1h).

For the IceINPs scenario, INPs in ice clouds are also
mainly distributed at temperatures below —40 °C. The mean
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concentration of ice crystals formed from homogeneous nu-
cleation (9.1 x 107*L~") in IceINPs is only 5.4 % of that in
NoINPs, indicating strong suppression of homogeneous nu-
cleation by heterogeneous nucleation. By contrast, the mean
concentration of INPs in ice clouds (3.7 x 10~ L1} is about
22 times higher than that of ice crystals formed through ho-
mogeneous nucleation in NoINPs, which may be due to the
relatively low ice supersaturation limiting the occurrence of
homogeneous nucleation, as further supported by sensitivity
experiments with alternative subgrid vertical velocity param-
eterizations (Sect. 3.2.5). Homogeneous nucleation mainly
occurs at ice saturation greater than 1.3, but grid cells with
ice saturation greater than 1.3 account for less than 0.7 %
of the grids at temperatures below —37°C (Fig. S5). This
higher concentration of INPs relative to homogeneous ice
crystals is further supported by high dust concentrations at
temperatures below —40 °C (Fig. S6a) and by the fact that
heterogeneous nucleation can occur at warmer temperatures
and lower ice supersaturation. Overall, INPs in ice clouds are
about 206 times more abundant than INPs in mixed-phase
clouds in MixINPs, reflecting that ice-phase conditions are
more favorable for heterogeneous nucleation.

For the MixIceINPs scenario, the concentrations of ice
crystal number formed by homogeneous nucleation and dust
INPs in ice clouds are similar to those in IceINPs. However,
the mean concentration of dust INPs in mixed-phase clouds
(1.9 x 1074 L) is about one order of magnitude lower than
in MixINPs. This reduction is likely related to latent heat re-
lease during heterogeneous nucleation in ice clouds, which
increases temperatures in the mixed-phase layer (Fig. S8b).

The horizontal distributions of dust INP number concen-
trations under different scenarios are presented (Fig. 4). Dust
INPs in ice clouds are analyzed at 250 hPa, representing a
typical ice cloud altitude, while dust INPs in mixed-phase
clouds are analyzed at 450 hPa, representing a typical mixed-
phase cloud altitude (Hoinka, 1998). For the MixINPs sce-
nario, dust INPs in mixed-phase clouds are mainly concen-
trated over dust source regions, with substantially lower val-
ues in downwind areas, likely due to the removal of coarse
particles during long-range transport (Fig. S7). Notably, the
Qinghai-Tibetan Plateau appears as a hotspot of dust INPs
in mixed-phase clouds, suggesting their potential influence
on cloud and radiation processes over this region. For the
IceINPs scenario, dust INPs in ice clouds are more evenly
distributed between source and downwind regions, as they
are primarily contributed by fine dust particles that can be
transported over longer distances. For the MixIceINPs sce-
nario, a suppression effect of dust INPs in mixed-phase
clouds by those in ice clouds is also evident.

3.2.2 Impacts of dust INPs on clouds

The meridionally averaged vertical cross-section of ice-
phase and liquid-phase variables is shown in Fig. 5. For the
NoINPs scenario, ice crystals are mainly found at tempera-
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Figure 2. Comparison of simulated and observed dust INP number concentrations and particle number size distributions (PNSDs). (a) Sim-
ulated dust INP number concentrations in mixed-phase clouds compared with observations on 1 and 26 May 2018 at the Peking University
Atmosphere Environment Monitoring Station (116.31°E, 39.99° N). Ninps denotes the number concentration of dust INPs, and 7' denotes
the temperature. (b) Simulated dust INP number concentrations in ice clouds compared with observations at —14, —16, —18, and —20 °C on
22 May 2014 at the Kuga Meteorological Bureau (83.04°E, 41.43° N) in the Aksu region of Xinjiang, China. Sj denotes ice supersaturation,
Obs. denotes observations, and Sim. denotes simulations. (¢) Simulated PNSDs compared with observations from the same stations and
dates as in panels (a) and (b). N denotes the aerosol number concentration, and Dp denotes the aerosol diameter. Error bars indicate the 95 %
confidence intervals for the observations. The simulated results are from the MixIceINPs scenario and represent averages of hourly values.
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Figure 3. Simulated meridional mean vertical cross-sections of (a—d) homogeneously formed ice crystals, (e~h) dust INPs in ice clouds, and
(i-1) dust INPs in mixed-phase clouds, for the NoINPs (first column), MixINPs (second column), IceINPs (third column), and MixIceINPs
(fourth column) scenarios. Dashed lines indicate isotherms, and grey shading denotes missing values due to terrain. The mean value over the
plotted region is shown above each panel. The simulated results are averages of hourly values from March to May 2018.

tures below —40 °C, consistent with ice crystals formed by
homogeneous nucleation. The effective radius of ice crystals
tends to be larger between —40 and —20 °C, with smaller
radii at the upper and lower boundaries of this range. This
pattern reflects gravitational sedimentation of larger ice crys-
tals, during which rising temperature enhances the satu-
ration vapor pressure. When the ambient vapor pressure
falls below the saturation level, sublimation occurs and re-
duces crystal size. The distribution of ice water content
shows a similar pattern, though with maximum values be-
tween —30 and —10 °C. The number concentration of cloud
droplets decreases steadily with altitude. The effective ra-
dius of cloud droplets remains nearly uniform vertically, but
increases gradually eastward. This east—west contrast likely
arises from differences in water vapor supply, as the domain
is bounded by the Pacific Ocean to the east and the Takla-
makan Desert to the west. The vertical distribution of liquid
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water content largely mirrors that of droplet number concen-
tration.

For the MixINPs scenario, dust-induced ice nucleation in
mixed-phase clouds enhances the number concentration of
ice crystals, the effective radius of ice crystals, and ice water
content, while reducing the number concentration of cloud
droplets and liquid water content, but increasing droplet
mean radius. These changes are caused by the acceleration
of the WBF process by dust particles (Liu et al., 2011),
as confirmed by process-rate diagnostics (Sect. 3.2.6). Dust
INPs initiate additional ice crystals, increasing crystal num-
ber concentration, while the WBF process transfers mass
from liquid to ice, promoting crystal growth. The combined
increase in number concentration and radius leads to higher
ice water content. Small droplets, with higher saturation va-
por pressures, evaporate preferentially during WBFE, leaving
fewer but larger droplets, thus lowering droplet concentra-
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to May 2018.

tion, enlarging their mean radius, and reducing liquid water
content.

For the IceINPs scenario, ice crystal number concentra-
tion in ice clouds (< —37 °C) increases sharply because dust
INP concentrations are about 22 times larger than the con-
centration of ice crystals formed via homogeneous nucle-
ation in the NoINPs scenario. Under a fixed water content,
this increase in number concentration reduces crystal radius,
an effect analogous to the Twomey effect (Twomey, 1974).
This contrasts with the global-scale “anti-Twomey effect”
reported in Liu et al. (2012), Kuebbeler et al. (2014), and
Beer et al. (2024), as here the dust INP concentrations in
ice clouds greatly exceed those of homogeneously nucle-
ated crystals. This result is robust across sensitivity experi-
ments with alternative subgrid-scale vertical velocity param-
eterizations (Sect. 3.2.5), indicating that it is not driven by
underestimated vertical velocity fluctuations. Although the
effective radius decreases, the increase in number concen-
tration dominates, leading to enhanced ice water content in
ice clouds. Moreover, precipitation of ice crystals from ice
clouds into mixed-phase clouds further increases ice crystal
number concentration there, reinforcing the WBF process, as
supported by the diagnosed sedimentation flux (Sect. 3.2.6).
This produces larger ice crystals, higher ice water content,
fewer cloud droplets, larger droplet mean radius, and reduced
liquid water content in mixed-phase clouds. The magnitude
of these changes in the IceINPs scenario exceeds those in
MixINPs, because the flux of ice crystals sedimenting from
ice clouds into mixed-phase clouds is greater than the num-
ber of crystals nucleated in situ by dust INPs. As a result, the

https://doi.org/10.5194/acp-26-12329-2026

influence of dust INPs in ice clouds dominates over those in
mixed-phase clouds, and the outcomes of MixIceINPs and
IceINPs are nearly identical.

The horizontal distributions of ice-phase and liquid-phase
variables are presented (Fig. 6). For this analysis, the ice
crystal number concentration, cloud droplet number concen-
tration, ice water content, and liquid water content were ver-
tically integrated to obtain column concentrations, while the
effective radii of ice crystals and cloud droplets were verti-
cally averaged.

For the NoINPs scenario, higher values of ice crystal
column number concentration are found over the Qinghai—
Tibetan Plateau, the middle and lower reaches of the Yangtze
River Plain, Mongolia, and the western Pacific. Larger ice
crystal effective radii are found over the Qinghai—Tibetan
Plateau and Northeast Asia, where lower temperatures fa-
vor ice crystal growth. High IWP values are located over
the western Pacific, the Qinghai—Tibetan Plateau, and the
middle-lower Yangtze River plain, consistent with higher
water content (see the spatial distribution of temperature and
total water column mass concentration in Fig. S9). Elevated
cloud droplet number concentrations in the Yangtze River
plain are associated with higher moisture and temperatures
compared to the Plateau and northern regions. The distribu-
tion of cloud droplet effective radius resembles that of ice
crystals, while LWP broadly follows the distribution of cloud
droplet column number concentration.

For the MixINPs scenario, ice crystal column number con-
centration increases slightly in most regions. The effective ra-
dius of ice crystals is larger over the Qinghai-Tibetan Plateau

Atmos. Chem. Phys., 26, 12329—-12354, 2026
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Figure 5. Simulated meridional mean vertical cross-sections of (a—d) ice crystal number concentration, (e=h) ice crystal effective radius,
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and dust source regions, driven by the enhanced WBF pro-
cess induced by dust INPs in mixed-phase clouds. On aver-
age, IWP increases by 3.2 %, cloud droplet column number
concentration decreases by 6.4 %, cloud droplet mean effec-
tive radius increases by 0.2 %, and LWP decreases by 2.9 %.

For the IceINPs scenario, dust INPs in ice clouds lead to
an average increase of 928.6 % in ice crystal column number
concentration and 41.1 % in IWP across the domain. The in-
crease in ice crystal effective radius over the Tibetan Plateau
and northern regions is likely associated with lower temper-
atures in these regions, where ice crystals sedimenting from
ice clouds into mixed-phase clouds grow larger via the WBF
process, with the increase in ice crystal effective radius in
mixed-phase clouds exceeding the decrease in ice clouds.
Ice crystals precipitating from ice clouds into mixed-phase
clouds accelerate the WBF process, resulting in an average
19.1 % decrease in cloud droplet column number concentra-
tion, a 3.1 % increase in cloud droplet mean effective radius,
and a 8.6 % decrease in LWP. These changes are more pro-
nounced over the Qinghai—Tibetan Plateau and northern re-
gions than elsewhere. Results for the MixIceINPs scenario
are generally consistent with those of the IceINPs scenario.

To enhance the robustness of the simulation results,
monthly averages were calculated and analyzed. Figure S10
presents the horizontal monthly means of ice-phase and
liquid-phase variables. Overall, the direction and magnitude
of changes for each variable in individual months are consis-
tent with the results from multi-month averages, except for
the effective radius of ice crystals in May 2018. In this case,
the difference between the IceINPs and NoINPs scenarios is
a very small negative value, arising from compensating re-
gional signals where the effective radius of ice crystals in-
creases in some areas but decreases in others.

For all variables, the perturbations induced by dust INPs
in ice clouds are larger than those induced by dust INPs in
mixed-phase clouds. In mixed-phase clouds, the increase in
ice crystal column number concentration is much smaller
than the corresponding decrease in cloud droplet column
number concentration; the enhancement in the effective ra-
dius of ice crystals is about one order of magnitude larger
than the enhancement in cloud droplet effective radius; and
the increase in IWP slightly exceeds the decrease in LWP. In
contrast, for dust INPs in ice clouds, the increase in ice crys-
tal column number concentration is greater than the decrease
in cloud droplet column number concentration, the increase
in the effective radius of ice crystals is slightly larger than the
increase in cloud droplet effective radius, and the increase in
IWP clearly exceeds the decrease in LWP. These findings are
consistent with the results reported by Su and Fung (2018b).

3.2.3 Impacts of dust INPs on radiation

The radiative effects of dust INPs in mixed-phase and ice
clouds at the top of the atmosphere are shown in Fig. 7. For
the MixINPs scenario, shortwave radiation over the simu-

https://doi.org/10.5194/acp-26-12329-2026
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lated region increases by an average of 0.35 W m~2, long-
wave radiation decreases by an average of 0.15 W m™2, and
net radiation increases by an average of 0.20 Wm™2. The
presence of dust INPs in mixed-phase clouds accelerates the
WBF process, leading to more numerous and larger ice crys-
tals, fewer cloud droplets, and a larger cloud droplet mean
radius. These changes reduce cloud albedo, allowing more
shortwave radiation to enter and more longwave radiation to
escape. Because the increase in shortwave radiation exceeds
the decrease in longwave radiation, the net effect is an in-
crease in net radiation. The radiative effect of dust INPs in
mixed-phase clouds found here contrasts with the results of
Shi and Liu (2019) and Kawai et al. (2021), where increases
in low-cloud fraction and decreases in droplet radius offset
the shortwave response to reduced LWP. In this study, no
such changes in low-cloud fraction or droplet radius are evi-
dent.

For the IceINPs scenario, shortwave radiation decreases
by an average of 5.73 W m~2, longwave radiation increases
by an average of 9.29 W m~2, and net radiation increases by
an average of 3.56 W m~2. Dust INPs in ice clouds enhance
heterogeneous nucleation, producing more ice crystals with a
smaller radius and higher ice water content. These processes
intensify ice cloud formation, resulting in greater reflection
of shortwave radiation to space and stronger trapping of long-
wave radiation within the atmosphere. Because the longwave
effect dominates, the net radiation increases, strengthening
the warming effect of ice clouds. This behavior reflects the
Twomey effect and leads to a radiative response opposite to
the globally averaged results reported by Liu et al. (2012),
Kuebbeler et al. (2014), and Beer et al. (2024).

Monthly calculations (Fig. S11) show radiative effects
with consistent sign and magnitude compared to the three-
month averages, confirming the robustness of our simulation
results.

3.2.4 Comparison of INP parameterization schemes

The meridional averaged vertical cross-section differences
between simulations employing the DeMott2015 and Re-
icher2019 schemes for mixed-phase clouds and those em-
ploying the Chen2021 scheme are presented (Fig. 8). Sim-
ulations with DeMott2015 produced higher dust INP con-
centrations than Chen2021, particularly between the —20
and —40 °C isotherms, with an average increase by a factor
of 2.3. Consistently, DeMott2015 yielded higher ice water
content (mean: 7.9 x 107> mgm™3) and lower liquid water
content (mean: 6.0 x 1072 mgm~3) compared to Chen2021,
suggesting enhanced activity of the WBF process and
stronger liquid-to-ice conversion due to elevated INP concen-
trations. Notably, the mean liquid water content difference
between DeMott2015 and Chen2021 (—6.0 x 1072 mg m?)
is comparable to that between Chen2021 and simula-
tions without dust INPs (MixINPs — NoINPs; Fig. 5v;
—1.0 x 107" mgm™3), underscoring that the choice of pa-

Atmos. Chem. Phys., 26, 12329-12354, 2026
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Figure 6. Simulated spatial distributions of (a—d) ice crystal column number concentrations (vertically integrated), (e-h) ice crystal effective
radius (vertically averaged), (i-1) ice water path, (m—p) cloud droplet column number concentrations (vertically integrated), (q-t) cloud
droplet effective radius (vertically averaged), and (u—x) liquid water path, for the NoINPs (first column), MixINPs — NoINPs (second column),
IceINPs — NoINPs (third column), and MixIceINPs — NoINPs (fourth column) scenarios. The mean value over the plotted region is shown
above each panel. The simulated results are averages of hourly values from March to May 2018, calculated for cloud grid cells only, defined
by a threshold where the sum of ice and liquid water mixing ratios exceeds 1076 kg kg_l.
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to May 2018.

rameterization can induce differences as large as the inclu-
sion or exclusion of dust INPs.

In contrast, Reicher2019 produced lower dust INP concen-
trations than Chen2021 between the 0 and —20 °C isotherms,
but higher concentrations at temperatures below —20 °C. The
underestimation in the warmer temperature range is consis-
tent with evaluation against observations (Fig. 2a). Since
most laboratory INP measurements are performed at rela-
tively high temperatures (Jiang et al., 2016; Reicher et al.,
2019; Chen et al., 2021), the reversed trend below —20°C
highlights the need for additional measurements at lower
temperatures. Reduced INP concentrations in the 0 to —20 °C
range weakened the WBF process in Reicher2019, leading to
higher liquid water content relative to Chen2021.

The horizontal distribution differences for the same sets
of simulations are presented in Fig. 9. Consistent with the
vertical sections, DeMott2015 produced higher INP con-
centrations, higher ice water path, and lower liquid water
path than Chen2021, reaffirming enhanced ice formation
through the WBF process. These differences ultimately re-
sulted in a net top-of-atmosphere radiative forcing difference
of 0.18 Wm™2 between DeMott2015 and Chen2021, com-
parable to the forcing difference between Chen2021 and the
NoINPs scenario (MixINPs — NoINPs; Fig. 7g; 0.2 W m_z).

https://doi.org/10.5194/acp-26-12329-2026

Larger differences in INPs, cloud water paths, and radia-
tive effects were found downwind of dust source regions
(e.g., from eastern China to Japan), indicating that non-size-
resolved parameterizations such as DeMott2015 may over-
estimate the ice-nucleating ability of finer dust particles and
hence their downwind impacts. In contrast, the opposing ten-
dencies in Reicher2019 at temperatures above and below
—20 °C largely offset each other, resulting in minimal net im-
pacts on clouds and radiation.

3.2.5 Sensitivity to subgrid vertical velocity
parameterization

The relatively low concentration of ice crystals formed
through homogeneous nucleation raises the question of
whether this behavior is influenced by the representation of
subgrid vertical velocity. To examine this, we conducted an
additional sensitivity experiment using an alternative param-
eterization based on turbulent kinetic energy (TKE), follow-
ing Morrison and Pinto (2005). The subgrid vertical velocity

is parameterized as w’' = ,/%TKE, where TKE is provided
by the PBL scheme. Compared to the eddy-diffusivity-based
formulation used in the base simulation, the TKE-based ap-
proach generally produces stronger vertical velocity fluctua-

Atmos. Chem. Phys., 26, 12329—-12354, 2026
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Figure 8. Simulated meridional mean vertical cross-sections of (a=b) dust INPs in mixed-phase clouds, (c—d) ice water content, and (e—f)
liquid water content. The left column shows differences between the MixINPs_DeMott2015 scenario (DeMott2015, D15) and the MixINPs
scenario (Chen2021, C21), and the right column shows differences between the MixINPs_Reicher2019 scenario (Reicher2019, R19) and the
MixINPs scenario (Chen2021, C21). Dashed lines indicate isotherms, and grey shading denotes missing values due to terrain or filtering of
non-cloud grid cells (where the sum of ice and liquid water mixing ratios is less than 1076 kg kgfl ). The mean value over the plotted region
is shown above each panel. The simulated results are averages of hourly values from March to May 2018.

tions, as supported by the simulated subgrid vertical veloc-
ity in Fig. S12. Previous studies have shown that such pa-
rameterizations may even lead to overestimation of ice crys-
tal number concentrations due to enhanced supersaturation
(Zhou et al., 2016). Therefore, this experiment provides a
useful upper-bound test for the role of subgrid vertical ve-
locity in controlling homogeneous nucleation.

Atmos. Chem. Phys., 26, 12329-12354, 2026

The sensitivity experiments were conducted for May 2018,
rather than the entire spring season (March-May), for two
reasons: (1) The results for May are representative of the en-
tire spring season, as demonstrated by the similarity between
the May and spring averages (Figs. 3 and S13, 5 and S15,
and 6 and S17). (2) Limiting the simulation to May reduced
computational costs while maintaining the robustness of the
results.
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Figure 9. Simulated spatial distributions of (a-b) dust INP column number concentrations (vertically integrated) in mixed-phase clouds,
(c—d) ice water path, (e-f) liquid water path, and (g-h) net radiative effect at the top of the atmosphere. The left column shows differences
between the MixINPs_DeMott2015 scenario (DeMott2015, D15) and the MixINPs scenario (Chen2021, C21), and the right column shows
differences between the MixINPs_Reicher2019 scenario (Reicher2019, R19) and the MixINPs scenario (Chen2021, C21). The mean value
over the plotted region is shown above each panel. The simulated results are averages of hourly values from March to May 2018.

Despite the stronger subgrid vertical velocities in the TKE-
based simulation, the overall results remain qualitatively con-
sistent with the base case (Figs. S13 and S14, S15 and S16,
and S17 and S18). Homogeneous nucleation still contributes
much less to ice crystal number concentrations than hetero-
geneous nucleation, and the occurrence frequency of homo-
geneous nucleation remains low.

These results suggest that the limited contribution of ho-
mogeneous nucleation is not primarily controlled by weak

https://doi.org/10.5194/acp-26-12329-2026

vertical velocities, but rather by the infrequent occurrence of
sufficiently high ice supersaturation conditions. This is con-
sistent with the fact that homogeneous nucleation requires
ice supersaturation exceeding a critical threshold (typically
> 1.3), which is rarely achieved in the simulated conditions.
Furthermore, the relatively low frequency of high ice super-
saturation is consistent with the climate characteristics of the
dust regions of East Asia in spring, where dry conditions pre-
vail (Gerelmaa et al., 2015).

Atmos. Chem. Phys., 26, 12329—-12354, 2026
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3.2.6 Microphysical process analysis

To further elucidate the mechanisms underlying the simu-
lated cloud responses, we analyze key microphysical process
rates associated with the WBF process and ice crystal sedi-
mentation.

The Morrison microphysics scheme does not provide a di-
rect diagnostic of the WBF process. Instead, the process is
implicitly represented through the combined effects of cloud
droplet evaporation and vapor deposition. To quantify the
WBF process, we diagnose these rates under conditions fa-
vorable for WBF (Pruppacher et al., 1998), defined as grid
cells where (1) the air is supersaturated with respect to ice
but subsaturated with respect to liquid water, (2) temperature
ranges between —37 and 0 °C, and (3) cloud droplets and ice
crystals coexist.

Figure S19 shows that, in the MixINPs scenario, both
cloud droplet evaporation and vapor deposition rates in-
crease markedly compared to the NoINPs scenario, partic-
ularly within the —20 to 0 °C temperature range. The com-
parable enhancement of these two rates indicates an acceler-
ated transfer of water from the liquid phase to the ice phase,
providing direct evidence of an enhanced WBF process due
to dust-induced ice nucleation. Nevertheless, the quantita-
tive strength of the simulated WBF process remains sub-
ject to uncertainties in cloud microphysics parameterizations
(Omanovic et al., 2024). These process-rate diagnostics sup-
port the occurrence and relative strengthening of the WBF
process among the simulations, but observational constraints
are still required to evaluate the absolute magnitude of this
response.

To examine sedimentation effects, we analyze the ice crys-
tal sedimentation flux (Fig. S20). In the IceINPs scenario, re-
gions of enhanced sedimentation flux are collocated with ar-
eas of increased ice crystal number concentration compared
to the NoINPs scenario (Fig. 5¢). Below these regions, the in-
crease in sedimentation flux is relatively weaker, suggesting
that part of the sedimenting ice crystals is retained within the
mixed-phase cloud layer. This leads to an accumulation of
ice crystals in mixed-phase clouds, which further enhances
ice number concentrations and promotes the WBF process,
as supported by the diagnosed cloud droplet evaporation and
vapor deposition rates in Fig. S19b and e.

4 Conclusions

To investigate how dust ice-nucleating particles (INPs) in
mixed-phase and ice clouds modulate cloud microphysical
processes and radiative effects, we conducted WRF-Chem
simulations over East Asia during spring 2018, using a newly
developed dust INP parameterization that explicitly accounts
for dust INPs in mixed-phase and ice clouds. Three aerosol-
aware parameterizations for dust INPs in mixed-phase clouds
were evaluated. Among them, the widely used, non-size-
resolved DeMott et al. (2015) scheme predicts INP concen-
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trations about one order of magnitude higher than the size-
resolved Chen et al. (2021) scheme at a typical urban site
affected by East Asian dust transport, likely due to an over-
representation of the ice-forming efficiency of smaller dust
particles (< 5.6 um). For ice clouds, the Barahona and Nenes
(2009) parameterization provided predictions consistent with
available observations.

Our results indicate that dust INPs in mixed-phase clouds
trigger ice formation, thereby accelerating the WBF process
and enhancing the conversion of hydrometeors from liquid
to ice phase. This process increases the number and effective
radius of ice crystals, while decreasing the number concen-
tration of cloud droplets and slightly increasing their mean
effective radius. Consequently, the IWP increases by 3.2 %
while the LWP decreases by 2.9 %. These microphysical
changes lead to a reduction in cloud albedo, allowing more
shortwave radiation to enter the atmosphere (0.35Wm™2)
and more longwave radiation to escape (0.15 W m~2), result-
ing in a net radiation increase of 0.20 W m~2,

Dust INPs in ice clouds substantially enhance heteroge-
neous nucleation, producing approximately 22 times more
ice crystals than homogeneous nucleation in the absence of
INPs. The presence of dust INP increases the number con-
centration of ice particles but reduces their effective radius
within ice clouds. Sedimentation of ice particles from ice
clouds into underlying mixed-phase clouds further acceler-
ates the WBF process, leading to an increase in number and
effective radius of ice particles, a reduction in cloud droplet
number concentration, and a slight enlargement of droplet
mean effective radius. Overall, the IWP increases by 41.1 %
whereas the LWP decreases by 8.6 %. This pronounced en-
hancement of ice cloud development strengthens both the
shortwave reflection to space (5.73 Wm™2) and longwave
radiation back to the surface (9.29 Wm™2). As the long-
wave effect dominates, the net radiative flux increases by
3.56 Wm™2, indicating a notable warming effect. The over-
all impacts of dust INPs in mixed-phase and ice clouds on
cloud properties and radiation are summarized in Fig. 10.

Our results demonstrate that the variability among mixed-
phase cloud INP parameterizations is comparable to the dif-
ference between simulations with and without INPs, high-
lighting the need for further evaluation to constrain inter-
scheme uncertainties. The widely used non-size-resolved
DeMott et al. (2015) scheme tends to overestimate the ice-
nucleating efficiency of fine dust particles, potentially exag-
gerating the downwind impacts of dust INPs on cloud prop-
erties and radiation. In addition, the reversed trends among
schemes at temperatures below —20 °C underscore the im-
portance of extending INP measurements to colder condi-
tions, thereby enabling the development of parameterizations
applicable across a broader temperature range.

It should be noted that this study focuses exclusively on
mineral dust as the source of INPs. The simulations were
conducted for spring over East Asia, a period characterized
by frequent dust outbreaks originating from the Taklimakan
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Figure 10. Schematic of the effects of dust INPs in mixed-phase and ice clouds on clouds and radiation. Dust INPs in mixed-phase clouds
enhance the Wegener—Bergeron—Findeisen (WBF) process, producing fewer but larger droplets and more, larger ice crystals, which reduce
shortwave albedo, increase longwave transmittance, and lead to a net warming effect. In ice clouds, dust INPs intensify heterogeneous
nucleation, generating more but smaller ice crystals; their sedimentation further enhances the WBF process in mixed-phase clouds. The
much stronger changes in ice clouds amplify the warming effect, dominated by longwave radiation, resulting in an overall net warming.

and Gobi deserts. Under these conditions, mineral dust is ex-
pected to dominate the regional INP population and there-
fore represents the primary driver of heterogeneous ice nu-
cleation in the simulated environment. Nevertheless, other
aerosol types such as biological particles or biomass-burning
smoke may also contribute to ice nucleation under different
environmental conditions or during other seasons. Their po-
tential roles should therefore be investigated in future studies.

This study elucidates the distinct effects of dust INPs in
the mixed-phase and ice clouds on cloud microphysical prop-
erties and radiation, highlighting the underlying microphys-
ical mechanisms. These finding advance our understanding
of aerosol-cloud—climate interactions and provide a founda-
tion for improving the accuracy of climate model projections.
Looking ahead, future studies could investigate how climate
change and land use changes (such as afforestation) might
alter vegetation cover, soil moisture, and wind speed, which
in turn affect dust emission. These changes in dust emissions
would likely influence cloud properties and radiative effects
through dust-cloud interactions, offering an important area
for further research in the context of regional climate impacts
in East Asia and surrounding regions.
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lease of WRF-Chem v4.2, which is publicly accessible at
https://github.com/wrf-model/WRF/tree/release-v4.2  (last ac-
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implementation of dust emission schemes and aerosol-aware
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