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possess the ability to nucleate ice crystals, and smoke particles to some extent as well. Even with coatings
of pollutants such as sulphate and nitrate on the surface of dust particles, it has been shown that polluted
dust particles are still able to nucleate ice in the immersion, deposition, condensation, and contact
freezing modes, albeit less eﬃciently than unpolluted dust. The ability of these aerosols to act as ice nuclei
in the Earth’s atmosphere has important implications for the Earth’s radiative budget and hence global
climate change. Here we determine the relationship between cloud thermodynamic phase and dust,
polluted dust, and smoke aerosols individually by analyzing their vertical proﬁles over a ∼5 year period
obtained by NASA’s spaceborne lidar, Cloud-Aerosol Lidar with Orthogonal Polarization. We found that
when comparing the eﬀects of temperature and aerosols, temperature appears to have the dominant
inﬂuence on supercooled liquid cloud fraction. Nonetheless, we found that aerosols still appear to exert a
strong inﬂuence on supercooled liquid cloud fraction as suggested by the existence of negative temporal
and spatial correlations between supercooled liquid cloud fraction and frequencies of dust aerosols from
around the world, at the −10◦ C, −15◦ C, −20◦ C, and −25◦ C isotherms. Although smoke aerosol frequencies
were also found to be negatively correlated with supercooled liquid cloud fraction, their correlations are
weaker in comparison to those between dust frequencies and supercooled liquid cloud fraction. For the ﬁrst
time, we show this based on observations from space, which lends support to previous studies that dust and
potentially smoke aerosols can globally alter supercooled liquid cloud fraction. Our results suggest that the
ice-nucleating ability of these aerosols may have an indirect climatic impact that goes beyond the regional
scale, by inﬂuencing cloud thermodynamic phase globally.

1. Introduction
Mixed-phase clouds account for 20–30% of the global cloud coverage [Ou et al., 2009] and have been
observed in all seasons, under a variety of conditions, and in many locations worldwide [Shupe et al., 2008].
The optical and microphysical properties of mixed-phase clouds and their ubiquity in the Earth’s atmosphere are all factors that strongly inﬂuence the Earth’s radiative budget and hydrological cycle. There are,
however, large uncertainties associated with the way mixed-phase clouds aﬀect global climate change due
to both lack of observations and insuﬃcient understanding of cloud microphysics; in particular, the various diﬀerent modes of heterogeneous ice nucleation in mixed-phase clouds are complicated processes to
understand. Heterogeneous ice nucleation can occur via the immersion, deposition, condensation, or contact modes, which lower the energy barrier required for ice nucleation in comparison to homogeneous
(spontaneous) ice nucleation [Vali, 1985; Pruppacher and Klett, 1997]. The immersion freezing mechanism
describes ice formation on an ice nucleus suspended in a supercooled liquid droplet. Deposition freezing occurs when supersaturated water vapor directly deposits on an ice nucleus. Condensation freezing,
sometimes classiﬁed as immersion or deposition freezing, refers to ice nucleation that occurs when supersaturated water vapor condenses onto an ice nucleus which then freezes. Contact freezing occurs the
instant an ice nucleus collides with a supercooled liquid droplet. Certain aerosols suspended in the Earth’s
atmosphere have long been known to impact clouds by acting as nuclei for ice crystal formation via the four
aforementioned mechanisms, thereby altering the radiative properties and lifetimes of clouds [Pruppacher
and Klett, 1997]. Ice-seeding aerosols, although rare, are therefore able to indirectly aﬀect global climate
via the way they alter cloud thermodynamic phase, which in turn aﬀects cloud optical properties such as
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optical depth, single-scattering albedo, and emissivity. Despite this, the current understanding of the impact
of aerosols on ice formation in clouds is still in its infancy; identifying which aerosols are able to nucleate
ice crystals and their relative eﬃciencies at nucleation are currently active areas of research [Murray et al.,
2012]. The radiative forcing resulting from aerosol-cloud interactions currently represents one of the largest,
yet least understood forcings of the climate system [Forster et al., 2007]. Aerosol impacts on cloud thermodynamic phase contribute signiﬁcantly to the large uncertainty in radiative forcing [Lohmann et al., 2010].
In this study, we focus on dust, polluted dust, and smoke aerosols, which have been shown by previous
laboratory studies and in situ measurements from ﬁeld campaigns to be discussed in what follows, to possess ice nucleation properties that can alter the proportion between supercooled liquid and ice in mixedphase clouds.
The ice nucleation potential of mineral dust particles has been well-established for over half a century [Isono
et al., 1959]. The majority of these mineral dust particles originate from desert and semiarid regions. Once
they get lofted into the atmosphere, they become one of the most eﬃcient ice nuclei (IN) in the Earth’s
atmosphere at mixed-phase and cirrus cloud temperatures [Hoose and Möhler, 2012; Murray et al., 2012].
A plethora of laboratory experiments consistently show that mineral dust aerosols are eﬃcient IN below
−15◦ C, displaying the ability to nucleate ice at relatively high temperatures and low ice supersaturations
via several diﬀerent modes of nucleation [see, e.g., Field et al., 2006; Koehler et al., 2010; Niemand et al.,
2012; Connolly et al., 2009]. Furthermore, in situ studies by DeMott et al. [2003] and Sassen et al. [2003] also
reported that mineral dust exhibits ice nucleation activity in the mixed-phase cloud temperature regime.
Although there are no hard and fast rules, the properties that tend to make mineral dust particles eﬃcient
IN include their insolubility, relatively large and irregular shape (that therefore contain more “active sites” on
which ice can form), ability to form chemical bonds with water, and lattice structure resembling that of ice
[Pruppacher and Klett, 1997].
Dust particles inevitably get advected over long distances away from their sources, and when this occurs,
they pick up coatings of sulphates, nitrates, and other electrolytes from polluted land masses [Zhang and
Carmichael, 1999]. These substances coat the surface of dust particles, blocking oﬀ their so-called “active
sites”, thereby rendering them less eﬃcient as IN [Yang et al., 2011]. A wide variety of studies have lent support to the idea that pollutants decrease the ice-nucleating ability of IN, including dust. Laboratory studies
have directly shown that coating surrogates for dust particles with sulphuric acid and ammonium nitrate
signiﬁcantly decreases the ice-nucleating ability of dust in the deposition and immersion freezing modes
[Cziczo et al., 2009] and immersion and condensation modes [Eastwood et al., 2009] at mixed-phase cloud
temperatures. In situ measurements taken during an arctic haze event during a ﬁeld campaign also show
that pollutants decrease the ice nucleation eﬃciency of IN [Borys, 1989]. Arctic haze is primarily composed
of sulphate aerosols from distant pollution sources. When comparing the samples taken in situ from areas
where arctic haze events took place and those taken from areas unaﬀected by distant pollution sources,
Borys [1989] found that IN concentrations in the former areas were 1 to 3 orders of magnitude smaller
than those in the latter areas. On the contrary, using samples of aluminum oxide, alumina-silicate, and iron
oxide as surrogates for dust, Archuleta et al. [2005] found that coatings of sulphuric acid had not aﬀected
the ice-nucleating ability of aluminum oxide samples, had actually enhanced the ice-nucleating ability of
iron oxide samples, but had decreased the ice-nucleating ability of alumina-silicates at cirrus cloud temperatures in the deposition freezing mode. In agreement with what Archuleta et al. [2005] had found with
their aluminum oxide samples, Knopf and Koop [2006] found that sulphuric acid coatings on surrogates for
dust particles had little to no eﬀect on their ice-nucleating ability in the deposition freezing mode but at
mixed-phase cloud temperatures.
While there is substantial evidence to support that mineral dust particles are eﬃcient IN and several studies
that support that coatings of pollutants decrease their ice nucleation eﬃciency, there is a lot more uncertainty associated with the ice nucleation eﬃciency of smoke particles, which are mainly by-products of
incomplete combustion processes, such as biomass burning. Within this realm of uncertainty is the more
fundamental question of whether smoke aerosols are able to function as IN to begin with. Previous studies have shown contradictory results. While some laboratory studies have reported that black carbon (BC),
which is a primary constituent of smoke, can function as moderately eﬃcient IN in the immersion mode
[DeMott, 1990], contact mode [Fornea et al., 2009], contact and/or deposition mode [Gorbunov et al., 2001],
and deposition, condensation, immersion, and contact modes [Diehl and Mitra, 1998], most studies have
reported that BC particles are relatively poor IN, at least in the deposition mode [see, e.g., Dymarska et al.,
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2006; Friedman et al., 2011] in the mixed-phase cloud temperature regime. Still, in situ measurements from
the lower troposphere have shown an enrichment of BC in ice crystal residuals, implying that BC particles
may be able to function as IN in the Earth’s atmosphere [Cozic et al., 2008; Targino et al., 2009]. It is important to note that while BC is a major component of smoke, organic matter on smoke particles may also be
responsible for their ice nucleation eﬃciency [e.g., Petters et al., 2009].
The aforementioned laboratory experiments and in situ measurements are some examples of studies that
have shown that while there is currently no general consensus as to whether soot particles are able to function as IN at mixed-phase cloud temperatures, there is little to no doubt that unpolluted dust particles are
able to function as eﬃcient IN via the immersion, condensation, and deposition modes of nucleation at
mixed-phase cloud temperatures. Like soot, previous laboratory experiments have not yet reached a consensus as to whether sulphate and nitrate coatings on dust particles decrease the ice nucleation eﬃciency
of dust particles. Based on these studies, several diﬀerent parameterizations of the ice nucleation eﬃciencies
of these aerosols have been developed to numerically model their impact on the Earth’s radiative budget.
Model simulations have shown that dust and smoke aerosols acting as IN signiﬁcantly aﬀect the Earth’s radiation budget. A numerical model sensitivity study by Lohmann and Diehl [2006] estimated that the aerosol
indirect eﬀect of ice nucleation by mineral dust in mixed-phase clouds contributes to a radiative forcing
of up to 2.1 W m−2 . This value is more than a factor of 5 (with the opposite sign) larger than the value of
−0.4 W m−2 due to the direct aerosol eﬀect of dust on radiative forcing at the top of the atmosphere calculated using a global model by Mahowald et al. [2006]. Hence, the aerosol indirect eﬀect of dust could play
a more important role than its direct eﬀect in the Earth’s changing climate. Several modeling studies have
also parameterized the inﬂuence of sulphuric acid on the eﬃciency of IN in the immersion, contact, and
condensation modes of nucleation based on laboratory studies and have concluded that the “deactivation”
eﬀect of pollution coatings could potentially have a strong inﬂuence on mixed-phase clouds. The extent
of the impact depends on how much sulphuric acid is required for the deactivation to occur [Girard et al.,
2005; Storelvmo et al., 2008; Lohmann and Hoose, 2009]. The total industrial era climate forcing of BC is estimated to be +1.1 W m−2 with ∼90% uncertainty bounds of 0.11 W m−2 to 2.1 W m−2 [Bond et al., 2013]. Of
the total estimate of 1.1 W m−2 , up to 0.18 W m−2 with a large uncertainty range is derived from eﬀects on
cloud thermodynamic phase alone.
In addition to the numerous laboratory experiments, ﬁeld campaigns, and modeling simulations that have
studied the ice nucleation eﬀects of dust and smoke aerosols on global climate, we wish to provide a study
based on satellite observations. NASA’s Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument aboard the Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite Observations (CALIPSO) satellite is
able to vertically proﬁle dust, polluted dust, and smoke aerosols and cloud thermodynamic phase on a
global scale. We take advantage of its unique ability to distinguish between clouds and diﬀerent aerosol
types to determine the relationships between dust and smoke aerosols and “supercooled cloud fraction”
(henceforth abbreviated as “SCF”), deﬁned as the ratio of the frequency of supercooled liquid to the total
frequency of supercooled liquid and ice (both randomly oriented and horizontally oriented) within a speciﬁed grid box size. Note that CALIOP does not have a separate “mixed-phase cloud” category (see the following section for details on the SCF calculations). Globally averaged SCFs calculated from CALIOP retrievals
from 1 December 2007 to 31 December 2012 reveal that SCFs are consistently larger in the Southern
Hemisphere at isotherms across the mixed-phase cloud temperature regime (Figure 1a, see section 2 for
details on the data set and method of calculations). One possible explanation for this phenomenon is
related to the obvious diﬀerence in land mass between the Northern and Southern Hemispheres. The
Northern Hemisphere contains more land mass, from which eﬃcient ice-nucleating aerosols originate. Such
aerosols include mineral dust from desert and semiarid regions and smoke from anthropogenic activities
such as biomass burning that can function as IN. Since the area above the ocean surface is relatively free of
ice-nucleating aerosols at altitudes where mixed-phase clouds form [Burrows et al., 2013], it is expected that
average SCFs over land would be higher (Figure 1b). An abundance of aerosols in and transported away from
source regions can have both direct and indirect, large-scale, and long-term climate eﬀects. Our analysis of
CALIOP retrievals suggests that the inﬂuence of dust, polluted dust, and smoke aerosols on ice nucleation in
mixed-phase clouds is so pronounced that it can be seen from space at a spatial resolution typically used in
global climate models.
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Figure 1. Comparison of supercooled cloud fractions (SCFs) averaged over (a) the Northern and Southern Hemispheres,
and (b) over land and ocean, as a function of isotherm with standard error bars. The data are averaged from 1 December
2007 to 31 December 2012 and were obtained from CALIOP.

2. Calculations of Supercooled Cloud Fractions and Relative Aerosol Frequencies
We analyzed global (all longitudes, 82◦ S to 82◦ N) spaceborne lidar data of vertically-resolved proﬁles of
cloud thermodynamic phase and dust, polluted dust, and smoke aerosols from NASA’s CALIOP instrument
from 1 December 2007 to 31 December 2012. Dust, polluted dust, and smoke are three of the six aerosol
types that CALIOP is able to identify in the Earth’s atmosphere. Dust primarily refers to mineral desert dust,
polluted dust refers to dust mixed with biomass burning smoke and urban pollution, and smoke refers to
aerosols emitted from biomass burning, composed primarily of soot and organic carbon. Launched on 28
April 2006, CALIOP is a dual-wavelength (532 nm, 1064 nm) nadir-viewing polarization lidar (the outgoing 532 nm pulses are linearly polarized with polarization purity >99%) that is mounted on the CALIPSO
Sun-synchronous satellite that ﬂies in the A-Train constellation at an altitude of 702 km. From the surface
to 8.2 km, CALIOP has vertical and horizontal resolutions of 30 m and 333 m, respectively. Above 8.2 km
in altitude, its vertical and horizontal resolutions are 60 m and 1000 m, respectively. The CALIOP “level 2”
processing system consists of three modules, which are responsible for detecting layers with enhanced scattering, classifying the detected layers by type, and then performing extinction retrievals. In versions 3.01 and
3.02 of the CALIOP level 2 Vertical Feature Mask (VFM) product, once layers with enhanced scattering are
detected, a set of algorithms is able to distinguish between aerosols and clouds based on ﬁve-dimensional
probability distribution functions that depend on the mean attenuated backscatter coeﬃcient at 532 nm,
volume color ratio, depolarization, latitude, and height of the center of the layer (see Liu et al. [2009, 2010]
for details on CALIOP’s cloud-aerosol discrimination (CAD) algorithm). Furthermore, once layers are classiﬁed as being aerosol or cloud, six diﬀerent aerosol types and cloud thermodynamic phase (either “water,”
“randomly-oriented ice” (ROI), or “horizontally-oriented ice” (HOI)) can be distinguished. Note that CALIOP
was launched in April 2006, but only post-November 2007 data were analyzed for the reason that CALIOP’s
oﬀ-nadir-viewing angle was increased from 0.3◦ to 3◦ in November 2007, to reduce specular returns from
clouds containing HOI crystals, which contribute to retrieval uncertainties [Winker et al., 2009; Hu et al.,
2009]. Cloud thermodynamic phase is identiﬁed using temperature, height, and depolarization ratio [Hu
et al., 2009], while aerosol type is determined using a decision tree that takes into account information on
volume depolarization ratio, attenuated backscatter signal, land surface type, and height with the goal of
correctly estimating the lidar ratio to within 30% of its true value [Omar et al., 2009]. Note that it is not possible to detect clouds and aerosols at the same place and time. Two more caveats should be borne in mind.
First, since we are analyzing spaceborne lidar measurements of aerosols, there is no guarantee that every
detected aerosol sample classiﬁed into a speciﬁc aerosol category excludes the presence of other aerosol
types. As an example, a detected layer of dust may actually be a mixture of dust and smoke from biomass
burning. In situ measurements have indeed shown that this may be the case for Saharan dust [Hand et al.,
2010]. Second, the aerosol subtyping scheme utilizes measured volume depolarization ratios and integrated attenuated backscatter signals to the extent possible; however, these two variables alone are not
enough to fully constrain model selection. Surface type is therefore used and altitude as well since dust and
TAN ET AL.
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smoke are generally able to get lofted to higher altitudes [see Omar et al., 2009, Figure 2]. The fact that the
transport of aerosols is not explicitly taken into account in conjunction with the use of surface type in the
subtyping scheme generally does not present a problem for dust since measured volume depolarization
ratios allow for fairly accurate detection of dust particles, which have relatively large and distinct depolarization ratios; however, independent validation studies have shown that misclassiﬁcations of aerosol types
do occur for polluted dust and more so for smoke. Mielonen et al. [2009], using a series of Sun photometers, and Burton et al. [2013], using an airborne high spectral resolution lidar (NASA Langley’s High Spectral
Resolution Lidar (HSRL)-1), have speciﬁcally validated CALIOP’s subtyping scheme. The former study found
that the Sun photometer and CALIOP’s observations were in agreement for 91%, 53%, and 37% of the 277
days analyzed for dust, polluted dust, and smoke, respectively. The latter study found that 80% of CALIOP’s
dust layers were classiﬁed as either dust or a dusty mix but that only 35% of polluted dust layers and 13%
of smoke layers agreed with their airborne lidar classiﬁcations. In contrast, a very recent validation study by
Kacenelenbogen et al. [2014] also using HSRL-1, but targeted at assessing the ability of CALIOP to detect
aerosols above clouds, found that CALIOP’s most accurately classiﬁed aerosol type in agreement with classiﬁcations made with HSRL-1 was polluted dust. Their polluted dust category, however, was deﬁned slightly
diﬀerently from that of CALIOP. They found that CALIOP mostly misclassiﬁed the smoke, polluted continental, dust, and clean marine aerosol types. Omar et al. [2009] had also shown that use of surface type in the
subtyping algorithm did not result in abrupt and artiﬁcial changes in aerosol type.
With its unique ability to identify and vertically resolve six diﬀerent aerosol types and cloud thermodynamic phase around the globe, CALIOP is highly useful for better understanding the role of the interaction
between aerosols and clouds. Our goal is to use data from CALIOP retrievals to examine the long-term relationship between SCFs and the frequency of occurrences of each of dust, polluted dust, and smoke aerosols
from regions all around the globe as viewed from space. To achieve this, we employed versions 3.01 and
3.02 of the level 2 VFM to calculate SCFs and the newly released beta versions 1.00 and 1.30 of the level
3 Aerosol Proﬁle Product (APP) under “all-sky” conditions to calculate aerosol frequencies. No signiﬁcant
diﬀerences between the “beta” and upcoming “provisional” version of the level 3 product are expected
(D. Winker, personal communication, 2013). Note that the level 3 product is derived from the level 2 product.
Several additional screening and ﬁltering procedures have been applied to the level 2 product to obtain the
level 3 product for quality assurance. The main screening and ﬁltering processes involved making use of two
quality ﬂags as well as treatment of cloud edges. Retrievals with CAD scores classiﬁed as “no conﬁdence”
and extinction quality control ﬂags indicating problematic retrievals were eliminated from the level 2 data
set. Misclassiﬁcation of clouds as aerosols by the CAD algorithm due to weak scattering of cloud edges in
the upper troposphere above 4 km was treated by eliminating aerosol layers that were not adjacent to other
aerosol layers [Winker et al., 2013]. To avoid artifacts due to noise from scattering of sunlight, we analyzed
nighttime CALIOP retrievals only, for both SCF and aerosol data, since they have a lower backscatter sensitivity threshold (see Winker et al. [2009] for a comprehensive overview and details on CALIPSO). Only data
with medium and high conﬁdence CAD scores were used for SCF calculations to minimize misclassiﬁcations
of clouds as aerosols and vice versa. Regions between clouds and clear sky, where cloud contamination of
aerosol retrievals is likely to occur, have been veriﬁed to decrease with the inclusion of increasing CAD conﬁdence level scores [Yang et al., 2011]. Although several screening and ﬁltering processes were implemented
in the data sets used in the current study, limitations such as misclassiﬁcation of dust or smoke aerosols as
clouds in dense layers of these aerosols near source regions may still occur due to their similar attenuated
backscatter signals and color ratios and should be borne in mind as a caveat. Given this concern, the validity of CALIOP’s CAD algorithm near strong source regions of dust and smoke has been extensively assessed
using a variety of diﬀerent techniques and instruments. A validation study using 1 month’s worth of data has
shown that these misclassiﬁcations are rare, occurring in < 1% of the cases studied for dust layers and even
less frequently for smoke layers in the prescreened data set [Liu et al., 2009]. Manual analysis of just under
300,000 features detected by CALIOP in 1 day has also suggested that the success rate of the CAD algorithm
was in the neighborhood of 90% or better [Liu et al., 2009]. Other independent studies speciﬁcally targeted
to validate CALIOP’s CAD algorithm near strong dust source regions include those by Tesche et al. [2013],
who used ground-based lidar observations, Pappalardo et al. [2010], who used a series of Sun photometers,
and Omar et al. [2010], who used in situ observations for their comparison. These studies had concluded
that although CALIOP’s CAD algorithm generally performed well, misclassiﬁcations of dense dust plumes
as cloud did occur and that automatic classiﬁcation of dense layers with intense backscatter detected in
TAN ET AL.
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Figure 2. Global distribution of (a) supercooled cloud fractions (SCFs), (b) relative dust frequency, (c) relative polluted
dust frequency, and (d) relative smoke frequency at the −10◦ C isotherm.

single-shot proﬁles automatically classiﬁed as cloud was largely responsible for the misclassiﬁcations. Kim
et al. [2008], using a ground-based lidar, had also concluded that their observations were in good agreement with those of CALIOP for three diﬀerent types of clear and cloudy conditions and had concluded that
CALIOP’s CAD algorithm provides reliable data.
SCFs were calculated following the methodology of Choi et al. [2010]. The number of liquid phase footprints divided by the total number of ice phase footprints (which includes HOI and ROI) were used to
calculate SCF, i.e., SCF = liquid/(HOI + ROI), in 2◦ latitude by ∼ 2.5◦ longitude grid boxes. Here a “footprint”
refers to the circular area, each separated by the horizontal resolution of CALIOP, over which VFM ﬂags are
identiﬁed. Each footprint is separated by the horizontal resolution of CALIOP. SCFs were calculated at the
mixed-phase cloud temperature range, −10◦ C to −30◦ C, in 5◦ C increments (for a total of ﬁve isotherms).
CALIOP provides information on cloud top heights only for thick clouds and does not provide cloud top
temperatures. We obtained cloud top temperatures by using National Centers for Environmental Prediction
(NCEP)-Department of Energy (DOE) Reanalysis 2 air temperature and pressure data [Kanamitsu et al., 2002]
(at a resolution of 2.5◦ C longitude by ∼ 2.5◦ C latitude resolution) in conjunction with CALIOP data. To ensure
suﬃcient sample sizes, SCFs were calculated only in 10◦ latitude by 10◦ longitude grid boxes where the total
number of liquid and ice footprints were ≥30.
Frequencies of dust, polluted dust, and smoke aerosols at each of the ﬁve isotherms were quantiﬁed as
“relative aerosol frequencies” (RAFs). Aerosol frequencies were calculated diﬀerently from Choi et al. [2010].
Whereas daily values of cloud thermodynamic phase are provided by the level 2 VFM product, the level 3
APP data are provided as monthly totals of aerosol counts for each of the six aerosol types that CALIOP is
able to detect. Due to the diﬀerent format of the level 3 data, which does not resolve aerosol frequencies
into daily averages, the temperatures of the aerosol layers were determined using a diﬀerent method from
that used for the SCF temperature calculations. Instead of using NCEP-DOE Reanalysis 2 data, the monthly
mean temperatures, T, in 2◦ latitude by 5◦ longitude grid boxes and their standard deviations provided
by Goddard Global Modeling and Assimilation Oﬃce (GMAO) Reanalysis data in the CALIOP data set were
considered. For grid boxes with a standard deviation of monthly mean temperature, 𝜎T ≤ 2.5◦ C, the total
monthly aerosol counts at these grid boxes are classiﬁed as having been detected at one (or more) of the
ﬁve isotherms −10◦ C, −15◦ C, −20◦ C, −25◦ C, and −30◦ C if any of these isotherms fall in the range T ± 𝜎T . To
allow for comparison among the three aerosol types we are interested in, RAFs were calculated by normalizing aerosol frequencies. Aerosol frequencies were divided by the maximum total monthly count (out of
all aerosols) at each ﬁxed isotherm. Thus, the maximum RAF is 1 and the minimum possible RAF is 0,
indicating the region(s) with the most and least amount of aerosols at the isotherm in question, respectively.
TAN ET AL.

©2014. American Geophysical Union. All Rights Reserved.

6658

Journal of Geophysical Research: Atmospheres

10.1002/2013JD021333

Figure 3. Global distribution of (a) supercooled cloud fractions (SCFs), (b) relative dust frequency, (c) relative polluted
dust frequency, and (d) relative smoke frequency at the −20◦ C isotherm.

3. Global Distributions of Aerosols and Supercooled Cloud Fractions
The global distributions of SCFs and RAFs at three of the analyzed mixed-phase cloud isotherms, −10◦ C
(Figure 2), −20◦ C (Figure 3), and −30◦ C (Figure 4) at 2◦ latitude by 5◦ longitude resolution show that SCF,
dust, polluted dust, and smoke aerosols vary widely from region to region. By and large, regions with high
RAFs correspond to regions with low SCF, although this is not the case for all regions. The large spatial variation in SCF is evidence that determining cloud phase based on temperature alone, a common practice
in global models until recently, is crude and inaccurate. The distributions of RAFs are generally expected,
bearing in mind that comparison between diﬀerent isotherms is not meaningful since the RAFs are normalized relative to each ﬁxed isotherm. The “dust belt” extending from the west coast of northern Africa,
across the Middle East, central and South Asia to China is prominent at the −10◦ C, −20◦ C, and −30◦ C
isotherms. Equally prominent is the transport of high frequencies of desert dust from the dust belt, across
the Paciﬁc Ocean to North America, where dust is less frequently found. Transport of Saharan dust by trade
winds across the Atlantic to the USA and the Caribbean is most pronounced at the −10◦ C isotherm. At
the −20◦ C isotherm, polluted dust aerosols are particularly conspicuous over the Amazon Forest, Central
Africa, and Southeast Asia, where smoke from biomass burning due to agricultural activity and/or forest
ﬁres are common. Polluted dust from the Saharan Desert appears to derive from “clean” Saharan dust that

Figure 4. Global distribution of (a) supercooled cloud fractions (SCFs), (b) relative dust frequency, (c) relative polluted
dust frequency, and (d) relative smoke frequency at the −30◦ C isotherm.
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Figure 5. Time series plots of supercooled cloud fractions (SCFs) (blue) and (a) relative dust frequency in the Taklamakan
Desert at the −20◦ C isotherm (red), (b) relative polluted dust frequency in Far East Russia at the −20◦ C isotherm (red),
and (c) relative smoke frequency oﬀ the coast of the Amazon Forest at the −30◦ C isotherm (red).

has been inﬂuenced by downwind-blown smoke from Southeast Asia, at all of the isotherms. Smoke can
be seen over regions of active biomass burning, such as South and Central Africa, as well as Southeast Asia,
at all three isotherms, and in Central America at the −20◦ C isotherm. High frequencies of all three aerosols
occur over both land and ocean; however, those over land are higher in frequency since they are source
regions. Aerosols over the ocean surface are lower in frequency since they are located downwind of the
source regions on land. It is worth pointing out that the Southern Ocean is consistently virtually free of dust,
polluted dust and smoke aerosols.

4. Temporal and Spatial Correlations Between Aerosols
and Supercooled Cloud Fractions
To better understand and quantify the relationship between each of the aerosols and cloud thermodynamic
phase over the ∼5 year period, temporal correlations between monthly averages of SCF and monthly averages of each of the RAFs were performed. Due to the 16-day orbit of CALIOP, the horizontal resolution of
the data set was reduced to 10◦ latitude by 10◦ longitude grid boxes to avoid the issue of a sparse data
set when performing the temporal correlations. Time series plots of SCF and RAF data in selected regions
are displayed in Figure 5. At the −20◦ C isotherm, high frequencies of dust in the Taklamakan Desert peak
in months coinciding with months when SCFs are at minima (Figure 5a). Similarly, at the same isotherm,
high frequencies of polluted dust aerosols in Far East Russia peak in months when SCF is low (Figure 5b).
The polluted dust aerosols are presumably dust particles originating from the Taklamakan Desert and Gobi
Desert regions that are then picked up by the westerlies and aged with coatings of pollutants as they traveled downwind. The time series data of monthly averaged relative smoke frequencies were selected over a
region oﬀ the coast of the Amazon Forest, where biomass burning frequently occurs, at the −30◦ C isotherm,
a temperature at which BC found in smoke is more eﬃcient at ice nucleation [Murray et al., 2012] (Figure
5c). As in the case of dust and polluted dust, months with high relative smoke frequencies tend to occur
at months when SCFs are relatively low. Therefore, these regions show that negative temporal correlations
exist between SCF and each of the three aerosols.
Next, we show that spatial correlations also exist between SCF and the RAFs. Regions with temporal correlations between SCFs and RAFs signiﬁcant at the 95% conﬁdence level were grouped into individually speciﬁed RAF ranges (which will henceforth be referred to as “relative aerosol frequency (RAF) bins”), in order
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to perform spatial correlations between
SCFs and RAFs. To minimize erroneous
−10°C smoke
60
spatial correlations, only regions with
−10°C polluted dust
temporal correlations signiﬁcant at the
−15°C dust
50
95% conﬁdence level were considered
−15°C smoke
when determining the spatial corre−15°C polluted dust
40
lations between each of the RAFs and
°
−20 C dust
SCF. Figure 6 shows a least squares
°
−20 C smoke
30
linear regression ﬁtted through the
°
−20 C polluted dust
°
median SCFs associated with the SCF
−25 C dust
20
°
distributions for all mixed-phase cloud
−25 C smoke
°
isotherms relevant to our analysis. The
−25 C polluted dust
10
spatial correlation coeﬃcients for the
−30°C dust
least squares linear regressions for each
−30°C smoke
0
−30°C polluted dust
of the distributions at each isotherm
0− 0.002− 0.004− 0.006− 0.008−
1
are summarized in Table 1. Spatial corRELATIVE AEROSOL FREQUENCY
relation coeﬃcients computed using
Figure 6. Spatial correlations between median supercooled cloud fractions (SCFs) and relative aerosol frequencies (RAFs) at ﬁve mixed-phase prescreened RAF data (versions 3.01 and
3.02 of the level 2 VFM data) following
cloud isotherms, using only data from 10◦ latitude by 10◦ longitude
regions temporally correlated at the 95% conﬁdence level. Note the
the method of Choi et al. [2010] are dislarger range of the bin containing RAFs extending from 0.008 to 1.
played in parentheses in Table 1. The
Normalizing the aerosol frequencies by the maximum value at each
standard error bars associated with the
isotherm resulted in many smaller RAFs and fewer but still, several
polluted dust and smoke data are similar
larger RAFs. The larger RAFs were grouped with the next smallest bin,
resulting in the bin extending from 0.008 to 1.
in magnitude to those for the dust data
and have been omitted from Figure 6 for
the sake of clarity. The use of RAF bins in our analysis is twofold; ﬁrst, it reﬂects the aforementioned uncertainties associated with the CALIOP retrievals used to calculate RAFs; second, focusing on the median SCF
of each bin eﬀectively eliminates the large ﬂuctuations in SCF seen in Figure 5. The RAF bin sizes are diﬀerent for each aerosol and isotherm that was analyzed but are displayed as ﬁve bins, for the sake of clarity. The
bins were chosen such that the distribution of SCFs within each bin has an optimal number of data points;
bins that are too large will lower conﬁdence level of the linear regression; however, bins that are too small
will not suﬃciently eliminate the ﬂuctuations in SCFs.
SUPERCOOLED CLOUD FRACTION (%)

70

−10°C dust

Only the signs of the slopes of the linear regressions, and not their magnitudes, are of interest in the
present study. From Figure 6, it is clear that between the eﬀects of temperature and aerosols, temperature
has the dominant inﬂuence on SCFs but that at a ﬁxed temperature, each of the three aerosols exerts an
inﬂuence on SCF, shown by the negative slopes. It is evident that in all of the regions with high frequencies of dust, polluted dust, and smoke, the corresponding SCFs as calculated using CALIOP retrievals are
relatively low, demonstrating that SCF and RAFs are not only temporally correlated, as Figure 5 shows,
but also spatially correlated. Conversely, regions with little to no dust or smoke aerosols have relatively
high SCF values. Given the ﬁnding from
numerous previous laboratory studies
Table 1. Spatial Correlation Coeﬃcients for the Linear
Regressions in Figure 6a
and ﬁeld campaigns that have suggested
◦
that these aerosol types act as IN in the
Isotherm ( C)
Dust
Polluted Dust
Smoke
free troposphere, our results suggest
−10
0.48 (0.98)
0.25 (0.84)
0.24 (0.71)
(but do not prove) that the presence of
−15
0.75 (0.85)
0.86 (0.56)
0.31 (0.79)
−20
0.76 (0.96)
0.53 (0.86)
0.47 (0.57)
these aerosols acting as IN is actively
−25
0.85 (0.94)
0.58 (0.97)
0.35 (0.83)
lowering the SCFs by increasing the ratio
−30
0.012 (0.98)
0.082 (0.84)
0.31 (0.71)
of ice crystals to liquid droplets in these
a Spatial correlation coeﬃcients based on prescreened
regions. Our results also suggest that
data (versions 3.01 and 3.02 of the level 2 VFM product),
the absence of dust and smoke aerosols
where RAFs were calculated diﬀerently, using NCEP-DOE
Reanalysis 2 data, instead of Goddard GMAO Reanalysis
is contributing to the relatively higher
data, to obtain the isotherms, following the method of Choi
SCFs, which is particularly pronounced
et al. [2010], are in parentheses.
over the Southern Ocean.
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Both the temporal and spatial correlations between SCFs and dust, polluted dust, and smoke frequencies
at mixed-phase cloud temperatures shown in Figures 5 and 6, respectively, along with Table 1, substantiate observations from the maps displayed in Figures 2–4. From regions that are temporally correlated at
the 95% conﬁdence level over a period of ∼5 years, CALIOP retrievals show that the median SCFs are negatively correlated with increasing aerosol frequencies, in 10◦ latitude by 10◦ longitude grid boxes. The size of
each grid box is rather large and cannot be helped due to the 16-day orbit of CALIOP; however, we emphasize that we are making the statistical argument that over a long time scale and over particular regions, the
fact that RAFs and SCFs are negatively temporally correlated at the 95% conﬁdence level over a 61 month
interval implies that it is very unlikely that the correlations happened by chance. Dust and smoke aerosols
are likely inﬂuencing the decreased SCFs in the regions these aerosols are found, as detected by CALIOP.
The spatial correlation coeﬃcients at the −15◦ C, −20◦ C, and −25◦ C isotherms (Table 1) for dust and polluted dust are statistically signiﬁcant; however, those for smoke aerosols are not statistically signiﬁcant.
These results suggest that while dust and polluted dust aerosols are likely playing a role in ice nucleation
in the Earth’s atmosphere, no such suggestion can be made for smoke aerosols with conﬁdence. Although
smoke aerosols are generally not considered to be eﬃcient IN, their shear abundance in the Earth’s atmosphere, mostly as a result of increasing anthropogenic activities, may be able to enhance their probability of
nucleating ice crystals [Murray et al., 2012].
At the other two mixed-phase cloud isotherms of −10◦ C and −30◦ C, the spatial correlation coeﬃcients
are much lower, which is expected, and the slope is relatively horizontal, and slightly positive at the −30◦ C
isotherm. Dust aerosols are known to be some of the most eﬃcient IN present in the Earth’s atmosphere
but are only active at relatively cold temperatures [Hoose and Möhler, 2012; Murray et al., 2012]. Bacteria are
considered to be more important for ice nucleation at higher mixed-phase cloud temperatures (∼ −10◦ C)
[Murray et al., 2012; Sesartic et al., 2012]. The relatively horizontal and slightly positive slopes and low correlation coeﬃcients at −30◦ C for all the aerosols we examined can be explained by the low temperature.
This temperature is approaching the threshold of approximately −38◦ C, where spontaneous freezing of
supercooled liquid occurs. The proximity of −30◦ C to the homogeneous freezing threshold also explains
the decreasing standard deviation of SCF with decreasing temperature. The striking diﬀerence in the correlation coeﬃcients between the screened and prescreened data at the −30◦ C isotherm can be explained by
the fact that the screening process predominantly aﬀected optically thin cirrus clouds above 6 km that were
misclassiﬁed as aerosol layers [Winker et al., 2013].
Although we cannot rule out the possibility of small-scale processes that are unrelated to ice nucleation
by dust, polluted dust, and smoke aerosols to explain the negative temporal and spatial correlations, we
obtained between SCFs and dust, polluted dust, and smoke aerosols the spatial correlation coeﬃcients
between mean SCF and relative dust, and polluted dust frequencies at the −15◦ C, −20◦ C, and −25◦ C
isotherms are statistically signiﬁcant. The implication of our results is that dust aerosols (in their clean and
polluted forms) are acting as IN over certain regions and therefore may be responsible for the low SCFs
found in those regions, although temperature has a stronger inﬂuence on SCFs in comparison. The eﬀect of
aerosols on SCF is large enough to be seen on a global scale from space. The reader should be aware that
although CALIOP’s CAD algorithm and aerosol subtyping scheme have been independently validated on
numerous occasions using a variety of diﬀerent techniques and instruments, misclassiﬁcations, especially
those that occur near strong source regions of dust and smoke, could potentially lead to weakened temporal
and spatial correlations between the SCFs and RAFs.

5. Summary and Conclusions
Analysis of vertical proﬁles of cloud thermodynamic phase and aerosols obtained from NASA’s spaceborne
CALIOP instrument has shown that the inﬂuence of dust and possibly smoke aerosols on cloud thermodynamic phase may impact climate on a global spatial scale and multiannual time scale. Versions 3.01 and 3.02
of level 2 CALIOP data and NCEP-DOE Reanalysis 2 data were used to calculate supercooled cloud fractions
(SCFs). Version 1.00 of level 3 CALIOP data was used to calculate relative aerosol frequencies (RAFs). The distributions of dust, polluted dust, and smoke aerosols were quantiﬁed at ﬁve equally spaced mixed-phase
cloud isotherms by counting their frequency of occurrences within 2◦ latitude by 5◦ longitude grid boxes
at each isotherm. These frequencies were normalized by the maximum monthly average value at each
isotherm to get the RAF to allow for comparison among the three aerosols at a ﬁxed isotherm. Similarly, the
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SCFs at each isotherm were calculated by dividing the frequency of liquid detected by the summation of liquid droplets and ice (both horizontally and randomly oriented) in 2◦ latitude by 5◦ longitude grid boxes. We
quantiﬁed the relationship between each of the aerosols and cloud thermodynamic phase by performing
temporal correlations of each of the RAFs with SCF in 10◦ latitude by 10◦ longitude grid boxes. The regions
with temporal correlations signiﬁcant at the 95% conﬁdence level were then classiﬁed into one of a varying numbers of aerosol frequency bins, each range containing a distribution of SCFs. Least squares linear
regressions were then ﬁtted to the median SCFs of each of the aerosol distributions.
We found negative spatial correlations between each of the RAFs and median SCFs for the least squares
linear regressions at −10◦ C, −15◦ C, −20◦ C, and −25◦ C, although the negative correlations are weaker for
polluted dust and smoke. At −30◦ C, the slopes were relatively horizontal and slightly positive; the proximity of this temperature to that at which spontaneous freezing occurs may explain the low and little varying
SCFs. The negative slopes for dust and polluted dust aerosols are statistically signiﬁcant at the −10◦ C, −15◦ C,
−20◦ C, and −25◦ C isotherms; however, the negative slopes for smoke aerosols are not statistically signiﬁcant. This suggests that the presence of dust aerosols (in their clean and polluted forms) in regions around
the globe at mixed-phase cloud temperatures decreases SCFs in those regions, presumably because these
aerosols are nucleating ice crystals. Although we cannot rule out the possibility of atmospheric processes
unrelated to ice nucleation by dust and polluted dust to explain the decrease in SCFs found in those regions,
our results do show that correlations between median SCF and dust and polluted dust frequencies over a
∼5 year time scale are unlikely to have occurred by chance. The negative correlations between median SCF
and relative smoke frequencies are not statistically signiﬁcant across the mixed-phase cloud temperature
regime, and we are therefore not able to make the same suggestion for smoke aerosols. Our results show
that although the three aerosol types studied exhibit weaker inﬂuences on SCF in comparison to temperature, the inﬂuences of dust and perhaps smoke aerosols on SCFs are nevertheless important, supporting
previous microphysical laboratory studies on the ice-nucleating ability of dust and smoke particles. Finally,
as a word of caution, although numerous independent validation studies show that CALIOP’s CAD algorithm
and aerosol subtyping scheme generally perform well, misclassiﬁcations do occur, especially in and around
strong sources regions of dust and smoke. These misclassiﬁcations could potentially result in a weakening
of the negative temporal and spatial correlations between the SCFs and RAFs.
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