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Abstract: Since the ability of anthropogenic aerosols to act as ice nucleation particles has been
recognized, the effect of anthropogenic aerosols on ice clouds has attracted increasing attentions. In
recent years, some progress has been made in investigating the effects of anthropogenic aerosols on
ice clouds. In this paper, we briefly review the study on the impact of anthropogenic aerosols on ice
nuclei, properties and radiative forcing of ice clouds. Anthropogenic aerosols can form ice nuclei
through homogeneous nucleation and heterogeneous nucleation. Convective strength can modulate
the response of ice clouds to anthropogenic aerosols by affecting the nucleation activities. There have
been large uncertainties in calculating the radiative forcing of anthropogenic aerosols on ice clouds in
climate models. Further studies on the impact of anthropogenic aerosols on ice clouds are imperative
to provide better parameterization schemes and reduce the uncertainties of aerosol indirect effects.
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1. Introduction

Global aerosol concentrations have increased substantially from pre-industrial time
to the present [1-6]. Aerosols can alter the Earth’s energy balance, thereby affecting the
climate system [7,8]. The direct aerosol effect accounts for the ability of aerosol particles
to absorb and scatter solar radiation [9]. The semi-direct aerosol effect accounts for the
burning of clouds, due to the warming of the atmosphere by absorbing aerosols [10]. The
indirect aerosol effect accounts for the ability of aerosols to act as cloud condensation nuclei
(CCN) or ice nuclei (IN) [11]. Changes in aerosol concentration and chemical composition
can affect cloud microphysical and optical properties [12,13], such as cloud albedo and
cloud lifetime. The indirect aerosol effect is one of the largest uncertainties of global
radiative forcing.

Ice clouds, which are composed entirely, or almost entirely, of ice crystals, cover over
30% of the Earth’s surface, and they are mainly in the form of cirrus clouds [14,15]. Ice
clouds play an important role in regulating the global radiation budget [16]. Two major
types of ice clouds are characterized by distinct formation mechanisms: ice clouds formed
by deep convections and those formed in situ, due to updrafts caused by frontal systems,
gravity waves, or orographic waves [17-19]. Due to the immaturity of the ice crystal
observations and identification techniques, the research related to ice clouds is limited to
some extent. So far, there are extensive studies on the aerosol impact on liquid and mixed-
phase clouds [20-22]. By contrast, less attention has been paid on the connections between
aerosols and ice clouds. With the development of satellite observation and numerical simu-
lation technology, the interaction between ice clouds and aerosols, especially the influence
of anthropogenic aerosols on ice clouds, has attracted more and more attention [23-27].

Compared with the number of particles that can serve as CCN, the proportion of
particles that can serve as IN is very low. Only a fraction of 1073 to 10> of the background
aerosols can serve as IN [28], and the fraction is even several orders of magnitude lower
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in marine regions [29]. IN can significantly influence the microphysical properties of ice
clouds, such as ice particle number and size [30,31].

In addition, it is still challenging to study the impact of anthropogenic aerosols on
microphysical characteristics, such as the cloud cover of ice clouds. This review covers
the mechanism and process of the impact of anthropogenic aerosols on ice clouds to help
further the understanding of aerosol-cloud-climate interaction and reduce the uncertainty
of aerosol indirect effect.

2. Anthropogenic Aerosols as Effective Ice Nucleating Particles

Mineral dust, volcanic ash, and bio-aerosols (such as bacteria, fungal spores, and
pollen) are known as effective ice nucleating particles (INPs) that can serve as IN [32,33].
Recently, Sato and Inoue [34] suggested that marine aerosols can act as INPs for ice-cloud
formation over near-coastal Antarctic ice-covered areas. However, some aerosols related to
anthropogenic activities have also been proven to play a similar role in nucleating ice.

Two studies conducted in Beijing, China compared INP activities during events of
heavy pollution haze and dust storms. They found that average INP concentrations, in
heavy pollution haze cases, were two times higher than those in dust storms [35]. In 1995,
similar observations were conducted for the same season and location, and the severity
of storm was even more serious. It was found that the air pollution case still had INP
activity comparable to that of the heavy dust counterpart [36]. Yang et al. [37] observed
INP concentrations in Nanjing, China, distinguished air masses originating in different
regions, including deserts and anthropogenic pollution regions, and showed that INP
concentrations in air masses originating in pollution regions were usually larger than those
originating from deserts. Yin et al. [38] found that INP concentrations in China increased by
a factor of five to ten from 1980 to 2000, which could not be explained by natural processes
alone, confirming that anthropogenic aerosols were the main reason for the increase in
INP concentrations.

Investigations outside China have similar findings. Knopf et al. [39] observed the
heavily polluted atmosphere in Mexico City and found that anthropogenic organic particles
had potentially contributed to the formation of cirrus clouds. Cziczo et al. [40] suggested
that the residual components of cirrus cloud collected in the field were mainly metallic
particles, followed by mineral dust. In addition, fire aerosols have significant impacts on
ice clouds over southern Mexico and the central United States during fire events [41].

While field measurements were only conducted at several discrete sites and at the sur-
face, satellite observations can provide a much larger coverage. Using aerosol optical depth
(AOD) data, obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS),
and aerosol classification information, available from the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP) space-borne instrument [42], Rosenfeld et al. [43] compared
the glaciation temperature of growing convective clouds contaminated by different aerosol
subtypes over East Asia and showed that desert dust and heavy air pollution over East Asia
have a similar ability to glaciate the tops of growing clouds. Recently, using MODIS and
CALIOP satellite observations, Zhao et al. [25] found a similar observed effective radius
of ice crystals’ (Rei)-AOD relationships between dusts and polluted continental aerosols,
verifying that a portion of polluted continental aerosols had a certain ice nucleating ability.

Aside from field and satellite observations, the ability of anthropogenic aerosols, serv-
ing as INDPs, is also validated by cloud-resolving sensitivity simulations [25]. Zhao et al. [25]
found that, only if a portion of polluted continental aerosols can serve as INPs, the ob-
served relationship between R.; and polluted continental AOD can be produced by the
model simulations.

The abovementioned studies fully demonstrate that anthropogenic aerosols have the
ability to serve as INPs (Table 1). It should be noted that, although anthropogenic aerosols
can serve as INPs, compared to the aerosols from the natural sources, the portion of ice
nuclei from anthropogenic aerosols are orders of magnitude smaller. However, it is still of
great importance to investigate the effects of anthropogenic aerosols on ice clouds.
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Table 1. Summary of investigations on the ability of anthropogenic aerosols serving as INPs.

Location/Period Method Remarks Reference
INP concentrations in heavy pollution haze
Beijing, China/spring, 1963 Field measurements cases were two times higher than those in [35]
dust storms
. . . The INP activity of air pollution is
Beijing, China/spring, 1995 Field measurements comparable to that of heavy dust [36]
INP concentrations originating from
Nanjing, China/winter, 2011 Field measurements pollution regions were larger than those [37]
originating from desserts
Survey of the existing .
China/1980-2010 literature on field Natural processes alone could not explain [38]
the increase in INP concentrations
measurements
potential contribution of anthropogenicln
Mexico City, . highly polluted environment, anthropogenic
Mexico/March, 2006 Field measurements organic particles had potential contribution (31
to the formation of cirrus clouds
North and Central America . Dominant component of ice residuals of
Aircraft measurements [40]

and nearby ocean/2002-2011

East Asia

East Asia

East Asia

cirrus clouds was metallic particle
Heavy air pollution and desert dust have
similar ability to glaciate the tops of [43]
growing clouds

Similar Re;-AOD relationships between dust

and polluted continental [25]
aerosols was observed

A portion of polluted continental aerosols

can serve as INPs.

Satellite observations

Satellite observations

Cloud-resolving model [25]

3. Effect of Anthropogenic Aerosols on Ice Cloud Properties

The mechanism and influencing factors of interactions between aerosols and ice clouds
are complicated, and they have been recognized as one of the substantial uncertainties in
climate change assessment [22]. Limited studies of the effects of anthropogenic aerosols on
ice cloud properties have shown contradicting results [44,45].

Ice nucleation occurs following two primary pathways: homogenous freezing of super-
cooled cloud droplets, or solution particles below about —37 °C [46], and heterogeneous
nucleation triggered by INPs [31,47]. Heterogeneous nucleation is the dominant formation
mechanism of cirrus clouds [40,48]. With the increases in INPs, the contribution of ice
crystals from heterogeneous nucleation is significantly increased. More heterogeneous nu-
cleation could inhibit the production of ice crystals from homogeneous nucleation [48]. The
portion of heterogeneous nucleation can significantly alter the subsequent properties of ice
clouds. Meanwhile, the chemical composition of anthropogenic aerosols is complex, and it
easily changes over time and varies from region to region, due to photochemical processing,
mixing state variations, phase state change, and cloud recycling. Organic aerosols [47],
lead-bearing aerosols [49-51], black carbon [32,52-54], solid ammonium sulfate [55], and
metallic compounds (other than lead) [56] have been discussed as anthropogenic aerosol
constituents serving as INPs. Therefore, different studies showed contradictory ice cloud
formation activities [47,52,56,57].

3.1. Effect of Anthropogenic Aerosols on Effective Radius of Ice Crystals

Rej is the most important factor to determine the net radiative effect of ice clouds.
According to the rule of the Twomey effect, when the cloud water path remains constant,
cloud droplet effective radius decreases with the increase in aerosol concentrations [12].
For R, an increase in aerosol concentrations lead to the increase in INPs, which promotes
the occurrence of heterogeneous nucleation. Since heterogeneous nucleation leads to the
formation of less and larger ice crystals compared to homogeneous nucleation [31,58],
theoretically, an increase in anthropogenic aerosol concentrations leads to an increase in Re;.
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However, in the real atmosphere, the effect of aerosols on Re; is complicated, and studies
have reported contrary results.

Jiang et al. [44,59] found that, compared with ice clouds in clean regions, the R¢; of ice
clouds in polluted regions was smaller, which was in agreement with the classical Twomey
effect for liquid clouds. Chylek et al. [58] reported that R¢; was larger when pollution was
more serious. Zhao et al. [17] further confirmed that the response of the Rg; of cirrus clouds
to aerosol loading could be either positive (anti-Twomey effect) or negative (Twomey effect),
depending on meteorological conditions.

The underlying possible mechanism is revealed in Zhao et al. [25] by conducting
cloud-resolving simulations. Generally, in a rising air parcel, because the requirements of
the temperature or supersaturation of heterogeneous nucleation are lower, heterogeneous
nucleation occurs prior at homogeneous nucleation. For strong convective systems, plenty
of water vapor is transported to the upper troposphere, and the ice formation is dominated
by the homogeneous freezing of cloud droplets; therefore, Re; decreases with the increasing
loading of anthropogenic aerosols (Twomey effect). By contrast, for moderate convective
systems, water vapor brought to the upper troposphere by convection is limited. The
heterogeneous nucleation can efficiently compete with, and even prevent, homogeneous
nucleation. The heterogeneous nucleation could produce less and larger ice crystals than
its homogeneous counterpart. Therefore, R,; increases with the increasing loading of
anthropogenic aerosols (anti-Twomey effect) [25]. The convection strength does not only
change the content of water vapor in the upper troposphere, but it also alters the updraft
velocity. A stronger convection with higher updraft velocity is favorable for homogeneous
freezing by reducing the growth time of heterogeneously formed ice crystals [25].

3.2. Effect of Anthropogenic Aerosols on Ice Cloud Cover

The response of ice cloud cover to anthropogenic aerosols is complicated. One study
using Himawari-8 data found that convective cloud cover first increases then decreases with
anthropogenic aerosol loading, and this phenomena is consistent with the combined action
of the aerosol microphysical, and radiative effects [60]. There seems to be a turning point of
the response of cloud cover to anthropogenic aerosol loadings. The aerosol absorption effect
plays an important role only at large aerosol loading [61]; therefore, when aerosol loading
is relatively small, cloud cover increases with aerosol concentration, while it decreases with
aerosols when aerosol loading is large [26,62,63].

3.3. Effect of Anthropogenic Aerosols on Other Properties of Ice Clouds

The response of the altitude of convective clouds to anthropogenic aerosols is not
monotonic [26]. For small anthropogenic loading (AOD ~0.2-0.3), the altitude of convective
cloud gets higher with increasing AOD [26], which is in line with the aerosol invigoration
hypothesis (that is, through the latent heat release, due to the freezing of a larger amount of
water droplets, deep convection can be energized by an increase in CCN) [11]. For heavy
aerosol loading conditions (AOD > 0.3), the altitude of convective cloud decreases with
AOD, which could be explained by the reduction in sunlight reaching the surface due to
the substantial pollution, and in turn, it could weaken the convective intensity. It can be
seen that the non-monotonic relationship between the altitude of convective cloud and
anthropogenic aerosol concentration is caused by the competition between microphysical
and radiative effects of aerosols [26,61,64,65]. The feedback from environmental condition
changes might be another contributor to the non-monotonic relationship as well, since this
feedback could also be non-monotonic [66,67].

Responses of cloud optical thickness (COT), for different types of ice clouds, to changes
in anthropogenic aerosols are different. For convection-generated ice clouds, COT increases
with small-to-moderate AODs of <0.3. At larger AODs, COT decreases when AOD in-
creases [24]. A similar “boomerang shape” relationship has also been found for warm
clouds [61]. For in situ ice clouds, COT increases rapidly with layer AOD [24]. This could
be explained by the aerosols’ microphysical effect, which increases COT, far exceeding the
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effect of absorptive heating that reduces COT. Compared to other types of aerosols, the
fractional increases in COT with anthropogenic AOD are the largest, which is probably
because the number concentration of anthropogenic pollution aerosols is larger than other
aerosol type for a given AOD [24].

4. Effect of Anthropogenic Aerosols on Radiative Forcing through Ice Clouds

There are considerable uncertainties in calculating the radiative forcing of ice clouds
using global climate models, in terms of both its magnitude and its sign [68]. The radiative
effects of anthropogenic aerosols on ice clouds are influenced by competition between
homogeneous and heterogeneous ice nucleation processes [27]. Parameterization schemes
have been developed to deal with both homogeneous and heterogeneous nucleation in
global climate models [69-71]. Global numerical simulation experiments, using different
ice nucleation parameterization and updraft treatments, result in completely different
results. Since it is hard to clearly separate the anthropogenic aerosol forcing through ice
clouds from other aerosol forcing (i.e., anthropogenic aerosol forcing through warm clouds
and mixed-phase clouds) [48], very few published papers present the global forcing of
anthropogenic aerosols through cirrus clouds.

Barahona and Nenes [71] obtained the parameterization scheme (BN Scheme) from
the analytical solution of the cloud parcel equation. Liu and Penner [69] obtained the
parameterization scheme (LP Scheme) by the simulation of an adiabatic ascending cloud
parcel, however, LP Scheme could only deal with the case where the velocity of the updraft
was positive, ignoring the evaporation of drops in the downdraft. The parameterization of
Kércher et al. [70] (KL Scheme) explicitly calculates the evolution of ice supersaturation in a
rising cloud parcel. KL Scheme is mostly used in studies on aerosol effects on cirrus clouds
because it explicitly expresses relevant physical processes [72,73]. However, the competition
of aerosol particles, with different size bins for water deposition, is not considered in the
KL Scheme. Therefore, homogeneous nucleation of particles with small and medium sizes
in the KL Scheme was underestimated [74]. Shi and Liu [48] conducted a sensitivity study
of anthropogenic aerosol indirect forcing through cirrus clouds with three ice nucleation
parameterizations (i.e., BN Scheme, LP Scheme, and KL Scheme) and found that the change
in net cirrus cloud forcing ranged from —0.12 to 0.05 W m~2, reconfirming that different ice
nucleation parameterizations are of great importance to the uncertainty of anthropogenic
ice aerosol indirect forcing.

To make use of the advantages of various parameterization schemes, different parame-
terization schemes are often combined. Penner et al. [72] estimated the radiative forcing of
aerosols through cirrus clouds ranging from —0.53 to —0.67 W m~2 by applying KL and LP
schemes on an offline ice nucleation and the radiative transfer model. Gettelman et al. [75]
used the LP and BN schemes to calculate the radiative forcing, associated with aerosol ef-
fects through cirrus clouds, as 0.27 4- 0.10 W m~2. Zhu and Penner [27] developed a hybrid
parameterization scheme, combing the advantages of LP and KL schemes, and assessed the
radiative forcing of anthropogenic aerosols through cirrus clouds as —0.20 + 0.05 W m~2.
Since secondary organic aerosols (SOA) can also act as INPs [40,76-79], the radiative forcing
turns to —0.04 & 0.08 W m~2 when the influence of SOA is taken into consideration.

5. Summary

The interaction between aerosols and ice clouds has always been a complex and
difficult problem to solve. Since the ability of anthropogenic aerosols to act as INPs has
been recognized, several investigations on the influence of anthropogenic aerosols on ice
clouds have been carried out, mainly focusing on the formation of ice nuclei, properties of
ice clouds, radiative forcing of ice clouds, etc., but the understanding of this relationship is
not clear.

One of the factors limiting the study of anthropogenic aerosol effects on ice clouds
is the lack of observed data. In practice, only satellite observations can provide a global
scale data. CALIPSO and CloudSat satellites provide information of different types of ice
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clouds and aerosols, and they promote the study on the interaction between anthropogenic
aerosols and ice clouds. Although satellite observations have irreplaceable advantages in
space coverage, polar-orbiting satellites can only provide fixed time data, which can be used
to study the transient relationship between anthropogenic aerosols and ice clouds, rather
than the entire life cycle of an ice cloud. In addition, the uncertainty of satellite observation
data is an important defect of its application. Ground-based observations can make up
for the deficiency of satellite observations. Ground-based observation has the problem of
insufficient space coverage; however, it has great advantages in accuracy and personalized
observations. Meanwhile, the vertical distribution characteristics of aerosols and ice clouds
can be obtained in alpine areas or by aircraft observations, which is convenient for the
study of the influence of anthropogenic aerosols on ice clouds.

Multiple observations can be merged to reduce uncertainties. The challenge of using
numerical models to study ice clouds lies in how to update laboratory, ground-based mea-
surements and satellite observations to develop parameterized schemes that can accurately
quantify the interaction between anthropogenic aerosols and ice clouds, as well as build
more sophisticated numerical models to further study the mechanism of anthropogenic
aerosols on ice clouds and climate.
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