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A B S T R A C T

In this study, airborne in situ measurements of ice concentrations in mixed-phase clouds over the tropical ocean
sampled during the Ice in Clouds Experiment (ICE-T) project are analyzed. High concentrations of ice larger than
250 μm in diameter (0.05–10 L−1) were observed in three shallow stratiform clouds whose top temperatures were
warmer than−8 °C. The observed ice particles were mostly needles and columns, which are preferred ice crystal
shapes between −3 °C and− 8 °C. Drizzle size drops (> 100 μm in diameter) were also observed. Biological
particles are a potential source of ice nucleating particles (INPs), however, any direct connection to the high ice
concentrations observed in the stratiform clouds at temperatures warmer than −8 °C could not be shown, be-
cause the observed INP concentrations were 3 orders of magnitude lower than the ice concentrations.
Simulations using a parcel model suggest that secondary ice mechanisms, such as the Hallett-Mossop process and
fragmentation of freezing drops, which were often assumed previously to be the explanation for observed high
ice concentration, cannot fully explain the observed high ice concentration in these shallow stratiform clouds
either. The Hallett-Mossop process and fragmentation of freezing drops are important to the strong ice pro-
duction only in clouds with relatively high concentration of large drops and rimed graupel observed, such as
convective clouds. Therefore, other potential ice generation mechanisms, such as droplet collisional freezing and
pre-activated INPs, which are still poorly understood, could play significant roles in tropical stratiform and
convective mixed-phase clouds.

1. Introduction

Mixed-phase clouds, including stratiform and convective clouds,
have a high global coverage between −30 °C and 0 °C (Mazin, 2006;
Zhao and Wang, 2010; Jing et al., 2019). Determining the phase (liquid
or ice) in mixed-phase clouds is critical to understanding their impacts
on the energy budget and climate change (Cantrell and Heymsfield,
2005; Pruppacher and Klett, 2010; Stocker et al., 2014; McFarquhar
et al., 2017). The phase partitioning in mixed-phase clouds is strongly
related to ice generation, however, ice generation in stratiform mixed-

phase clouds at temperatures warmer than −10 °C is not well under-
stood (Mossop and Ono, 1969; Cantrell and Heymsfield, 2005; Zhang
et al., 2017) and remains one of the most important sources of un-
certainties in numerical models (Fan et al., 2009; Khain et al., 2015;
Korolev et al., 2017). Previous studies have suggested that the observed
ice concentration in some cases is higher than the typical concentration
of ice nucleating particles (INP) at temperatures warmer than −10 °C.
However, the possible mechanisms lead to the observed high ice con-
centration have not been well examined (e.g. Mossop and Ono, 1969;
Hobbs and Rangno, 1985; Rangno and Hobbs, 2001).
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Measurements of ice concentrations in stratiform mixed-phase
clouds with top temperatures warmer than −10 °C are limited. Using
aircraft in situ measurements from five field campaigns, Korolev et al.
(2003) showed that most stratiform clouds at mid and high latitudes are
dominated by liquid water at temperatures warmer than−10 °C. Hobbs
and Rangno (1985) also showed many stratiform clouds with top
temperatures warmer than −10 °C were pure liquid at mid and high
latitude, but high ice concentration was observed in some cases
(0.1–10 L−1 in magnitude). Some other previous studies also reported
that the ice concentrations observed in stratiform mixed-phase clouds
were higher than the typical ice nucleating particle (INP) concentration
(Mossop and Ono, 1969; Cooper, 1986; Rangno and Hobbs, 2001). For
example, Mossop and Ono (1969) showed that cumulus and stratocu-
mulus, sampled at temperatures warmer than −10 °C over northern
New South Wales, contained approximately 103 times as many ice
particles as expected on the basis of INP concentration measurement.
Cooper (1986) showed the ice concentration observed at temperatures
warmer than −10 °C in continental mixed-phase clouds varied between
0.01 L−1 and 1 L−1, and increased with decreasing temperature. In
some Arctic stratiform clouds with top temperatures warmer than
−10 °C, the observed ice concentration was higher than 1 L−1 (Rangno
and Hobbs, 2001), but the mechanisms that lead to the high ice con-
centrations are not known. Despite the limited measurements of ice
concentrations in clouds with top temperatures warmer than −10 °C,
the combined CloudSat and CALIPSO measurements confirmed that ice
generation in middle level mixed-phase stratiform clouds with top
temperatures warmer than −8 °C occurs globally (Zhang et al., 2017).

Primary ice nucleation in mixed-phase stratiform clouds depends on
the concentration of INPs. Certain biological particles are known to
serve as efficient INPs at temperatures warmer than −12 °C (Möhler
et al., 2007; Murray et al., 2012; DeMott et al., 2016; Twohy et al.,
2016), and are often implicated as the “seeds” for secondary ice for-
mation. However, observations in cloud-free air suggest the typical INP
concentrations are lower than 0.1 L−1 at temperatures warmer than
−10 °C (Meyers et al., 1992; Murray et al., 2012; Tobo et al., 2013;
Petters and Wright, 2015; DeMott et al., 2016, 2017). Therefore, nu-
merical models using primary ice nucleation alone cannot explain or
represent the observed high ice concentration in stratiform mixed-
phase clouds (Fridlind et al., 2007; Fan et al., 2009; Khain et al., 2015;
Yang et al., 2018). Some modelling studies suggest the occurrence of
primary ice enhancement mechanisms that are not detected via stan-
dard INP measurements, such as the hypothesized production of ice
from drop evaporation residuals and drop freezing during evaporation
in Arctic stratiform clouds with top temperatures of −15 °C (e.g.
Fridlind et al., 2007; Fan et al., 2009). However, there is no evidence
that these mechanisms can enhance ice nucleation in warmer stratiform
clouds.

There are two known secondary ice production mechanisms that
may contribute to ice production at temperatures warmer than −10 °C.
The first one is the Hallett-Mossop process (Hallett and Mossop, 1974),
which represents the production of ice splinters during riming between
−3 °C and −8 °C in mixed-phase clouds. The Hallett-Mossop process is
mainly efficient in mature convective clouds, in which large graupel is
present (Cardwell et al., 2002; Heymsfield and Willis, 2014). Another
secondary ice production process that may be important at tempera-
tures warmer than −10 °C is the fragmentation of freezing drops. La-
boratory experiments showed supercooled drops may breakup and
produce ice splinters when they freeze, especially when they are nu-
cleated by contacting small ice (Pruppacher and Schlamp, 1975;
Wildeman et al., 2017). Lauber et al. (2018) showed the probability of
fragmentation for a freezing drop at 300 μm in diameter is approxi-
mately 0.36 at −10 °C, and decreases at higher and lower tempera-
tures. Previous studies suggested that fragmentation only applies for
freezing drops larger than 50 μm in diameter (Mossop, 1970; Rangno
and Hobbs, 2001; Lauber et al., 2018); thus this process is efficient
mainly in clouds with relatively high concentration of large drops, such

as convective clouds. It is not well understood whether the secondary
ice production mechanisms are important or not in the stratiform
clouds.

During the ICE in Clouds Experiment - Tropical (ICE-T) project,
aircraft measurements were made in various clouds over the Caribbean
Sea, most of which were convective clouds at different stages
(Heymsfield and Willis, 2014; Yang et al., 2016a,b), while a few were
stratiform mixed-phase clouds. The measurements from ICE-T provide a
unique dataset to quantitatively estimate the difference in ice con-
centration between stratiform and convective clouds in the same re-
gion. In this study, three shallow stratiform mixed-phase clouds cases with
top temperatures warmer than −8 °C are shown, the observed high ice
concentrations are examined and are compared with the observed total
ice concentration in convective clouds sampled during the ICE-T pro-
ject. The possible contributions of secondary ice production and pri-
mary nucleation by biological particles to the strong ice production at
temperatures warmer than −8 °C are discussed. The objectives of this
study are to provide evidence of the observed high ice concentration in
shallow stratiform mixed-phase clouds at warm temperatures over
tropical ocean, and to see if the observed high ice concentration can be
explained by secondary ice productions or biological INPs. Ice gen-
eration in tropical convective and deep stratiform clouds are compli-
cated due to strong coupling of dynamics and microphysical process.
The shallow stratiform mixed-phase clouds offer a relatively “simple”
environment to study ice generation processes.

The paper is organized as follows: Section 2 describes the dataset
and analysis method; Section 3 shows the measurements of ice con-
centrations in the stratiform mixed-phase clouds sampled during the
ICE-T project. Section 4 discusses the possible ice generation mechan-
isms which may lead to the strong ice production at temperatures
warmer than −8 °C. A summary is given in Section 5.

2. Dataset and analysis method

2.1. Measurements

The ICE-T project was conducted from 1 July to 30 July 2011 over
the Caribbean Sea, near St. Croix, U.S. Virgin Islands, with the aim of
studying the role of ice generation in tropical maritime clouds. The
National Center for Atmospheric Research (NCAR) C-130 aircraft was
deployed to penetrate convective clouds at different stages of devel-
opment. Most of the penetrations occurred well below the cloud top,
although some were near the cloud top (Heymsfield and Willis, 2014;
Yang et al., 2016b). Other than convective clouds, the C-130 also
sampled several mixed-phase stratiform clouds. There were 13 research
flights in total. During seven of these, the Wyoming Cloud Radar (WCR;
Wang et al., 2012) was operated on the C-130 to obtain two-dimen-
sional (2D) reflectivity (Ze) structures, and the Wyoming Cloud Lidar
(WCL; Wang et al., 2009) was used to identify liquid-dominated and
ice-dominated clouds. The combined radar and lidar measurements can
be used to characterize the cloud types (convective or stratiform).

The instruments used to measure the microphysics include a King
hot-wire probe, a forward-scattering spectrometer probe (FSSP), a fast
2D cloud (2D-C) probe, a fast 2D precipitation (2D-P) probe, and a
counterflow virtual impactor (CVI) probe (Twohy et al., 1997, 2003).
The liquid water content (LWC) was measured by the King probe and
the drops identified from particle images recorded by the 2D probes.
The King probe measures the LWC in droplets smaller than 30 μm in
diameter. For drops larger than 30 μm, the King probe underestimates
the LWC. 2D probes can provide particle size distribution (PSD) from
which the LWC in drops larger than 25 μm in diameter can be esti-
mated. The total LWC is the summation of the LWC measured from the
King probe and the drops identified from the 2D probes, minus the
overlap between the King and 2D probes (Yang et al., 2016b). To
identify ice particles from 2D-C/P particle images, we use the algorithm
developed by Yang et al. (2016b), in which ice particles were identified
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using the Fourier Transform Technique and the aspect ratios of particle
images. Spherical particles were regarded as liquid drops, and non-
spherical particles were regarded as ice. This algorithm identifies
spherical and non-spherical particles well for particles larger than 10
pixels in diameter (e.g. 250 μm for 2D-C images). In this paper, the
diameter of ice is defined as its maximum dimension. The uncertainty of
the drop-ice identification for particles larger than 10 pixels in diameter
is approximately 10%, which applies mainly for deformed drops and
quasi-spherical graupel identification. For needles, columns and other
irregular ice particles, the uncertainty is smaller than 10%. The 2D
probes were not equipped with anti-shattering tips, so the shattering
artifacts on the 2D probes are removed using the technique developed
by Field et al. (2006) based on particle interarrival times. This algo-
rithm is originally developed for ice and mixed-phase clouds, and have
been used in previous studies of mixed-phase clouds to remove shat-
tering artifacts (e.g. Heymsfield and Willis, 2014). However, it should
be noted that this algorithm is not entirely satisfactory, for example, it
may remove some small droplets in clouds with high droplet con-
centration. In this study, we only use the 2D probes for particles with
diameters larger than 25 μm, and the ice PSDs are derived only for
particles larger than 250 μm. The condensed water content (CWC, li-
quid plus ice) was measured by the CVI probe. During ICE-T, the CVI
reliably measured CWC from about 0.01 gm−3 to 2.5 gm−3; Mea-
surements with CWC>2.5 gm−3 were not used in this study. For the
cases used here, the CVI had a minimum cut-size of 7 μm in diameter,
meaning only cloud drops and ice crystals larger than this size have
enough inertia to overcome the counterflow and pass into the inlet.
Therefore, CWC carried by particles smaller than 7 μm cannot be col-
lected, but most of the CWC is contained in particles larger than 7 μm in
sampled ICE-T clouds. The uncertainty of the calculated LWC is 10%
compared to the CWC measured by the CVI in pure liquid regions (Yang
et al., 2016b).

The INP concentrations were measured in cloud-free air using filter
collections for immersion freezing processing in the Colorado State
University (CSU) ice spectrometer (IS). During the ICE-T project, filters
were mounted on the C-130 and operated at surface sites at 10m and
1051m MSL in Puerto Rico (DeMott et al., 2016). For temperatures
warmer than −10 °C, the INP were only measured from the coastal site
in Puerto Rico and once from the C-130 at the St. Croix airport, thus the
measurement may represent not only the marine air, but also the local
air above the ground surface (although prevailing winds were typically
onshore). On the C-130, the filter collected particles in the cloud-free
region within the planetary boundary layer (PBL) at a sample flow rate
of 10 volumetric L min−1 for 12–40min at different heights. In Puerto
Rico, the filter sampled the particles in the cloud-free region near
ground at a sample flow rate of 10 volumetric L min−1 as well, but for a
much longer time period, which ranged from 4 to 54 h. Collected par-
ticles on filters were resuspended in water for distribution into aliquots.
The liquid aliquots freeze in the immersion freezing mode as the tem-
perature decreases in a temperature-controlled block, and the freezing
process can be monitored. A detailed description of the device and
processing can be found in DeMott et al. (2016).

2.2. Parcel model simulations

In this study, cases with high ice concentrations observed in stra-
tiform mixed-phase clouds during ICE-T are examined. In these cases,
aircraft penetrations were made about (or less than) 200m below cloud
top, and at approximately −5 °C. The Hallett-Mossop process may
contribute substantially to the ice production between −3 °C
and− 8 °C (Hallett and Mossop, 1974), especially when riming is sig-
nificant. Therefore, we performed parcel model simulations with a
spectral bin microphysics (SBM) scheme to estimate the secondary ice
concentration produced by this process. These simulations help to ex-
amine in which cases secondary ice production by this process alone
might be significant, and in which cases the Hallett-Mossop process

may not explain the observed high ice concentration. The SBM has been
applied in the Weather Forecast and Research (WRF) model (Khain
et al., 2015). The hydrometeor types in the SBM include liquid drop/
rain, ice/snow, and graupel. Each hydrometeor type contains 33 mass
bins in its size distribution. The purpose of the simulation is to model
the ice production at the flight level at the moment of penetration, so
the parcel remains at the constant level. Since the flight level is very
close to the cloud top, the modelled ice concentration will not be un-
derestimated with this constraint. The cloud parcel has a depth of
200m and 50 vertical levels, and the temperature linearly decreases
from −5 °C to - 6 °C from the base to top. We also tried a deeper cloud
layer (e.g. 400m) and broader temperature range (e.g. -5 °C to - 7 °C);
the simulations provided similar information. The vertical velocity,
incoming drop and ice size distributions are from aircraft observations
and remain the same during the simulation. These incoming drops and
ice interact with each other in the model through the Bergeron process,
riming, accretion and aggregation. Primary ice nucleation mechanisms
are turned off. The secondary ice particles produced due to the Hallett-
Mossop process are constrained in the cloud until they grow larger or
are collected by other hydrometeors and fall out. Two simulations were
conducted for each case; one with the Hallett-Mossop process turned
off, and the other one with the Hallett-Mossop process turned on.
Comparison between the two simulations allow us to estimate the ice
concentration produced due to the Hallett-Mossop process.

We also use the parcel model simulations to investigate the ice
production from the fragmentation of freezing drops. According to
previous studies, a supercooled drop larger than 50 μm in diameter may
fragment when it contacts small ice (Mossop, 1970; Hobbs and Rangno,
1985; Field et al., 2017). Drops between 50 μm and 300 μm have a
relatively high probability (20%–40%) of fragmentation at approxi-
mately −15 °C when they freeze (Lauber et al., 2018), and their fre-
quency of fragmentation is lower than 20% at temperatures warmer
than −10 °C (Mossop, 1970; Takahashi and Yamashita, 1970; Pander,
2015; Lauber et al., 2018). The secondary ice produced by each frag-
mented drop is< 2 on average (Brownscombe and Thorndike, 1968;
Mossop, 1970). Larger drops, such as millimeter drops, have higher
probability of fragmentation than drizzle-size drops (e.g. 100 μm –
300 μm in diameter) at temperatures warmer than −10 °C, and may
produce>2 ice splinters on average (Lauber et al., 2018), but in this
study no drops larger than 300 μm were observed in the stratiform
clouds. Therefore, in the model simulations, we assume the probability
of fragmentation to be 20% for each freezing drop between 50 μm and
300 μm in diameter, and each fragmented drop can produce 2 ice
splinters. We also made a sensitivity test assuming each fragmented
drop can produce up to 5 ice splinters, as reported by some previous
studies (e.g. Lauber et al., 2018), but this will not change the conclu-
sion. The observed drop PSDs and ice concentrations are used as input.
The initial size of ice was assumed to be 50 μm in diameter. We also
tried smaller sizes of input ice, but the modelled secondary ice con-
centration was lower than when assuming the input ice crystals were
50 μm in diameter. Here we prefer to present the highest concentration
of modelled secondary ice. Two simulations were conducted for each
case: one with the fragmentation of freezing drops turned off, and the
other one with the fragmentation of freezing drops turned on, the dif-
ference in ice concentration between the two simulations is regarded as
the contribution from the fragmentation of freezing drops.

3. Observed high ice concentration in stratiform mixed-phase
clouds

3.1. Case studies

3.1.1. Environmental conditions
In this study, three penetrations in shallow stratiform mixed-phase

clouds with top temperatures warmer than −8 °C are shown. In these
clouds, the observed ice concentrations were 3–5 orders of magnitude
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higher than the measured INP concentration at about −8 °C, which is
10−5–10−4 L−1 in magnitude (DeMott et al., 2016). All three cases
were sampled on 23 July 2011, around 16° N, 64° W, associated with a
convective cloud system. An easterly tropical wave was passing through
this area in the afternoon. The penetrations were made within 1 h be-
fore noon, i.e., before the tropical wave arrived. At the location of in-
terest, the sea level pressure estimated by the NCEP reanalysis data is
approximately 1015 mb at 12:00 UTC (8:00 LST) (Fig. 1). The air mass
back trajectories derived using the Hybrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT) model (Rolph et al., 2017) in-
dicates southeasterly wind at 1 km, and easterly wind at 6 km, con-
sistent with the sounding measurement over Puerto Rico at 12:00 UTC.
The wind speed was approximately 10m s−1 at 1 km and 13m s−1 at
6 km. According to the sounding, low level potential instability was
observed and the convective available potential energy (CAPE) was
approximately 3476 J kg−1. The lifted convection level (LCL) height
was approximately 560m, and the LCL temperature was 24 °C.

During ICE-T, deep convection often occurred in a wide area over
the Caribbean Sea, so in the area surrounding stratiform clouds, deep
convection was often observed. In order to confirm the stratiform cases
shown in this study were neither remnants of old convective clouds nor
detrainment from mature convective clouds, images from the
Geostationary Operational Environmental Satellite (GOES) were ex-
amined. Fig. 2 shows the GOES-13 visible imagery and infrared mea-
surements (indicating cloud top temperature for optically thick clouds)
obtained from 13:31:47 to 15:45:18 UTC on 23 July 2011. The red
circle in Fig. 2a indicates the location of the mid-level stratiform mixed-
phase clouds, whose cloud top temperature was warmer than −10 °C
(Fig. 2b). A deep convective cloud was developing upward through the

stratiform cloud, and continued to grow with time, with the top tem-
perature of the convective cloud decreasing from −20 °C to −60 °C
(Fig. 2a-j). The GOES imagery confirms that the stratiform clouds
formed before the deep convection, thus they were neither remnants
nor detrainment from old convective clouds. Two penetrations (Case 2
and 3) were made in the stratiform clouds after 15:15:18; Case 1
(Fig. 2k and l) was sampled in a pileus cloud which was not part of the
stratiform clouds. From the GOES view, there were high cirrus in the
surrounding area of the three cases (Fig. 2i-l). WCR measurement shows
that the high cirrus was at ~12 km height and was not seeding the
stratiform clouds below.

3.1.2. Case 1
The first case is a pileus cloud, which is a lenticular cloud formed

above a convective cloud (Fig. 3). The wave structure of the pileus
cloud is evident from the WCL signals (Fig. 3b and c) and the in situ
measurements of vertical velocity (Fig. 3e). The updraft was observed
above the convective cloud, and the downdraft was observed down-
wind of the convective cloud. The flight level temperature was warmer
than −6 °C (Fig. 3e). Assuming the temperature decreased by 5 °C with
increasing height for every 1 km, which is a typical value of moist lapse
rate (Minder et al., 2010), the cloud top temperature was approxi-
mately −7 °C. The C-130 penetration was made< 200m below the
cloud top. Strong WCR Ze was observed in the convective cloud
~500m below the flight level (0–20 dBZ), indicating the presence of
large particles, while the WCR Ze for the pileus cloud was lower than 0
dBZ (Fig. 3a). The obvious separation of WCR Ze between the pileus
and convective cloud observed below the flight level suggests the
convection had not penetrated up to the flight level in the pileus cloud.
The WCL power varied between 0 dB and 15 dB in the pileus cloud, but
was rapidly attenuated in the convective cloud below (Fig. 3b). The
strong attenuation is also found for the WCR Ze (Fig. 3a) due to large
drops and high liquid water content. The WCL depolarization ratio near
the flight level was relatively low in the updraft, suggesting that the
updraft in the pileus cloud was dominated by liquid drops (Fig. 3c). The
flight level LWC varied between 0 and 0.05 gm−3 (Fig. 3d). CVI data
were not available for this penetration, but according to the 2D-C
measurement, there was no large ice observed in the updraft, sup-
porting the suggestion that the updraft was dominated by liquid water.
In the downdraft of the pileus cloud, the WCL depolarization ratio was
higher than in the updraft, indicating the presence of non-spherical ice
particles. This is supported by the in situ measurements of the con-
centrations of ice crystals larger than 250 μm in diameter by 2D-C,
which varied between 0.05 L−1 and 10 L−1, and are higher than the
typical INP concentration at −8 °C (10−4 L−1) observed over ocean
(e.g. DeMott et al., 2016). Similar ice concentrations were also observed
in the penetration downwind of the pileus cloud between 15:40:20 and
15:40:40 UTC.

Examples of particle images measured by the 2D-C in the pileus
cloud are shown in Fig. 3f. We separate them to three segments ac-
cording to different penetrations and different ice particle shapes. As
noted by the figure, most of the ice particles are needles and columns,
some are frozen drops and irregular ice particles (Segment 3). Needles
and columns are typical ice crystal shapes that formed through vapor
diffusional growth between −5 °C and− 8 °C (Takahashi et al., 1991;
Zhang et al., 2014). It takes approximately 10 (20) minutes for an ice
particle to grow from 8 μm to 500 (1000) μm in diameter through vapor
diffusion (Takahashi et al., 1991; Zhang et al., 2014). Drizzle-size drops
(> 100 μm in diameter) were also observed in this case. The drops
measured by the FSSP and 2D-C on the C-130 ranged from ~4 μm to
~250 μm, and the ice identified from 2D-C images ranged from
~250 μm to ~1050 μm (Fig. 4). The Hallett-Mossop secondary ice
production mechanism cannot explain the observed high ice con-
centration, because there was no significant riming occurring (Fig. 3f),
which is required for the secondary ice generation through this process
(Hallett and Mossop, 1974). This is also evident from model simulation
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(shown later). 3.1.3. Case 2
The second case is an altocumulus (Fig. 5). There was a deep con-

vective cloud nearby, but this cloud was not detrained from the
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convective cloud (Fig. 2). As indicated by the WCL power (Fig. 5b), the
C-130 flew between the mixed-phase layer and the ice virga layer be-
fore 15:19:45 UTC, and through the mixed-phase layer after 15:19:45
UTC. The WCR Ze was weaker than −5 dBZ in the mixed-phase layer
(Fig. 5a). The WCL depolarization ratio in the mixed-phase layer was
low, suggesting it was dominated by liquid drops. A larger WCL de-
polarization ratio was observed in the ice virga layer, suggesting the
initial ice crystals were primarily small, then grew through vapor

diffusion, riming or (and) coalescence, and fell out of the mixed-phase
layer (Fig. 5c). The flight level updraft velocity varied between
−0.5m s−1 and 0.8m s−1, and was rather turbulent. The flight level
temperature varied between −6.1 °C and− 5.7 °C, and the cloud top
temperature was approximately −8 °C (Fig. 5e). The deep convective
cloud had high ice concentration and high CWC, and possibly could
have affected the edge of the stratiform cloud, so we focus on the pe-
netration before 15:20:00 to avoid the influence of the convective
cloud. The flight level LWC and CWC were lower than 0.2 gm−3 in the
stratiform cloud. The concentration of ice larger than 250 μm in dia-
meter varied between 0.05 L−1 and 5 L−1 (Fig. 5d), which is similar to
that observed in the pileus cloud shown in Fig. 3, and higher than the
typical INP concentration at such warm temperature. The particle
images (Fig. 5f) measured by the 2D-C indicate the ice were mostly
needles and columns, some rimed graupel and ice aggregates were also
seen in Segment 2, in which cloud top was higher than that in Segment
1 (Fig. 5b). The observed drops ranged from ~4 μm to ~250 μm, and
the ice identified from 2D-C images ranged from ~250 μm to ~850 μm,
as seen from the PSDs in Fig. 6.

3.1.4. Case 3
The third case is also an altocumulus (Fig. 7) but with different

dynamical structures than the second case. The C-130 penetrated
through three altocumulus cloud cells, two with weak updrafts (Seg-
ment 1 and 2), in which the peak vertical velocities were lower than
1m s−1. The third cloud had a relatively strong updraft (Segment 4), in
which the peak vertical velocity was approximately 1.5m s−1 (Fig. 7d).
These altocumulus cells were not the remnants of old convective cloud
because these clouds were dominated by liquid water, and according to
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the satellite images (Fig. 2), there was no deep convective cloud at this
location before the altocumulus formed. Particle images measured by
the 2D-C suggest there were some rimed graupel (Fig. 7f). Drop and ice
PSDs shown in Fig. 8c indicate there were drops larger than 300 μm and
ice larger than 1mm in diameter observed in the relatively strong al-
tocumulus cell (Segment 4), so there might be secondary ice via rime-
splintering produced. The secondary ice production is more significant
in convective clouds than that in stratiform clouds due to the existence
of millimeter drops and more graupel, as indicated by the PSDs shown
in Fig. 8d. This suggestion is evident from the model simulations
(shown later). Here, the observed PSDs in convective clouds are from
the penetrations through convective updrafts with vertical velocity>
1m s−1 (Yang et al., 2016b). In the weakest altocumulus cell (Segment
1), the observed drops were small, which ranged from ~5 μm to
~100 μm in diameter, no ice were observed (Fig. 7f and a), and the
WCR Ze was lower than −5 dBZ. For the second altocumulus cell
(Segment 2), the WCR Ze varied between −10 dBZ and 5 dBZ, which
was higher than that observed in the weakest altocumulus cell. The
WCL signals indicate the cloud was dominated by liquid drops, as seen
from the relatively large WCL power (Fig. 7b) and low WCL depolar-
ization ratio (Fig. 7c). This is evident from the flight level LWC and
CWC, which varied between 0 gm−3 and 0.4 gm−3 (Fig. 7d). The flight
level temperature was approximately −6 °C and the cloud top tem-
perature was approximately −7 °C (Fig. 7e). The concentration of ice
larger than 250 μm in diameter varied between 0.1 L−1 and 5 L−1. The
particles images measured by the 2D-C indicate that the ice crystals
were all needles and columns (Fig. 7f), and PSD measurements indicate
the drops ranged from ~4 μm to ~300 μm in diameter, and the ice
ranged from ~250 μm to ~800 μm in diameter (Fig. 8b).
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3.2. Comparison of ice concentration between stratiform and convective
clouds

The three shallow stratiform cases shown above provide evidence
that high ice concentrations may form in clouds with top temperatures
warmer than −8 °C. The observed ice concentrations are higher than
the typical INP concentration at about −8 °C over the ocean (DeMott
et al., 2016), but lower than the ice concentration observed in con-
vective clouds. Fig. 9 shows profiles of the concentration of ice larger
than 250 μm in diameter observed in convective updrafts from the pe-
netrations< 500m below cloud top, and in the convective updrafts
from the penetrations> 500m below cloud top, as well as in the three
stratiform cases discussed above. A convective updraft is defined as an
ascending cloud parcel with vertical velocity continuously ≥1m s−1

for at least 500m (LeMone and Zipser, 1980; Yang et al., 2016a). The
data are from 7 research flights in which WCR was working properly,
because WCR measurements are needed to estimate cloud top height.
As seen from the figure, on average, the concentration of ice larger than
250 μm in diameter in the convective updrafts generally increased with
decreasing temperature, and were about 6–9 times higher than that in
the three stratiform cases at the same temperature range. The maximum
concentration of ice larger than 250 μm in diameter was higher than
100 L−1, which is in part due to the strong secondary ice production
and liquid-ice interaction in the convective clouds. In the convective
updrafts near cloud top, a potential secondary ice production me-
chanism is the fragmentation of freezing drops (Dye and Hobbs, 1968;
Field et al., 2017). The Hallett-Mossop process may be less efficient in
areas where riming is insignificant (Cooper, 1986; Cardwell et al.,
2002), but is certainly vital for convective updrafts where significant
riming occurs (Heymsfield and Willis, 2014; Lasher-Trapp et al., 2016;
Yang et al., 2016b). Ice-ice collision may also produce ice fragments

and enhance the ice generation, but it is efficient mainly at relatively
cold temperatures (about −15 °C, Takahashi et al., 1995).

4. Discussion

4.1. Biological particles as possible INPs

Among various species of INPs in the atmosphere, biological aero-
sols are the leading candidate that can lead to primary ice nucleation at
temperatures warmer than −8 °C (Möhler et al., 2007; Pratt et al.,
2009; Hoose et al., 2010; Murray et al., 2012). In cloud-free air without
large scale uplift or deep convection, biological particles are present
mostly within the PBL (Twohy et al., 2016), but during ICE-T, deep
convection was occurring widely over the study area, so biological
particles could be transported from the PBL to higher levels. Thus,
biological INPs that did not rainout with precipitation might contribute
to the ice initiation in stratiform clouds.

Fig. 10 compares the concentration of ice larger than 250 μm in
diameter measured in the three cases with the temperature-dependent
INP concentration measured in ICE-T (the whole dataset). The result
from a laboratory experiment during which sea spray aerosols were
produced in a marine aerosols reference tank (MART) and phyto-
plankton blooms took place is also shown in Fig. 10. These data and
their detailed descriptions are available in DeMott et al. (2016). As seen
from the figure, the INP concentration increases with decreasing tem-
perature, and the observed INP concentration at temperature warmer
than −10 °C was lower than ~0.001 L−1. With the occurrence of
phytoplankton blooms, the INP concentration measured in one la-
boratory experiment for comparable sea spray aerosol concentrations
aligned with the upper bound of field campaign INP concentrations at
temperatures warmer than −12 °C, and exceeded INP concentrations at
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−7 °C by more than an order of magnitude. This suggests that INPs
emanating from marine biological processes and emitted with sea spray
particles might contribute to the ice initiation in clouds at temperatures
warmer than−12 °C. However, the INP concentrations observed during
ICE-T were three orders of magnitude lower than the observed ice
concentration in the three stratiform mixed-phase clouds, indicating the
observed high ice concentration in these stratiform clouds cannot be
fully explained by primary ice nucleation through biological INPs.

4.2. Hallett-Mossop process

The modelled ice concentrations produced due to the Hallett-
Mossop process with time are shown in Fig. 11a. The input drop and ice
PSDs are from the airborne measurements in Segment 2 and 3 in Case 2,
Segment 4 in Case 3, and all the convective updrafts sampled between
−5 °C and− 6 °C during ICE-T (Figs. 6 and 8). These penetrations are
selected because the Hallett-Mossop process possibly played an im-
portant role in the ice production. In the model, the Hallett-Mossop
process is assumed to occur during riming of both ice crystals and
graupel, this helps to assure the modelled secondary ice concentration
is not underestimated. In Fig. 11, the solid curves represent the simu-
lations using the observed ice PSDs as the input primary ice, while the
dashed curves represent that the input ice PSDs are scaled to a total ice
concentration of 0.001 L−1, which is the highest order of the average
INP concentration observed at about −8 °C during ICE-T. As seen from
the figure, the secondary ice concentration first increases, then remains
constant with time, because new secondary ice keeps forming, while
older ice particles grow larger and fall out. When using the observed ice

PSDs as the inputs, for Case 2, the modelled ice concentration produced
due to the Hallett-Mossop process is< 0.006 L−1, which is much lower
than the observed ice concentration (Fig. 5). Therefore, the Hallett-
Mossop process may have contributed to the ice generation, but cannot
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fully explain the observed high ice concentration. This is consistent
with the observation, which suggests the Hallett-Mossop process is not
significant in the stratiform clouds without strong updraft. For Segment
4 in Case 3, which had a relatively strong updraft, the modelled ice
concentration due to Hallett-Mossop process is as high as 15 L−1, sug-
gesting strong secondary ice production in this case. For the convective
updrafts, the modelled ice concentration due to Hallett-Mossop process
is as high as 25 L−1. When the input ice concentrations are scaled to
0.001 L−1, the modelled secondary ice concentrations are much less
than that modelled using observed ice size distributions due to less
significant riming.

4.3. Fragmentation of freezing drops

Drizzle-size drops (> 100 μm in diameter) were observed in the
three stratiform cases shown above. Previous studies suggest super-
cooled drops larger than 50 μm in diameter may fragment and produce
ice splinters when they contact small ice (Mossop, 1970; Rangno and
Hobbs, 2001; Lauber et al., 2018). Fig. 11b shows the secondary ice
concentration produced due to fragmentation of freezing supercooled
drops larger than 50 μm in diameter from the model simulations. When
using the observed ice concentration as input, the secondary ice con-
centrations produced due to drop freezing in Case 1 and 2 are lower

than 10−3 L−1, suggesting the fragmentation of freezing drops cannot
fully explain the strong ice generation, consistent with the airborne
observation. Here, the number of ice splinters produced by each frag-
mented drop is assumed to be 2, if assuming a fragmented drop can
produce 5 ice splinters, the modelled secondary ice concentration is
approximately 2×10−3 L−1, which is still much lower than the ob-
served ice concentration. In Segment 2 of Case 3, there were more
drizzle-size drops than in Case 1 and 2, so the modelled secondary ice
concentration produced due to drop fragmentation is approximately
0.07 L−1, indicating fragmentation of freezing drops at least in part
contributed to the ice generation in this case. In Segment 4 of Case 3
and convective clouds, there were more drops larger than 50 μm
(Fig. 8c and d), so the modelled secondary ice concentration due to the
fragmentation of freezing drops is higher than 2 L−1 (not shown).
Therefore, both the Hallett-Mossop process and the fragmentation of
freezing drops contributed to the ice production in Segment 4 of Case 3
and in convective clouds. When the input ice concentrations are scaled
to 0.001 L−1, the modelled secondary ice concentrations from drop
freezing are more than two orders of magnitude lower than that mod-
elled using the observed PSDs because of less significant interactions
between drops and ice.

4.4. Other ice generation mechanisms

According to the analysis above, the primary ice nucleation through
INPs, as well as the Hallett-Mossop process and fragmentation of the
drizzle-size drops cannot fully explain the observed high ice con-
centration in the stratiform clouds shown in this study. There are two
other mechanisms, which are currently unmeasurable, that might
contribute to the ice generation in stratiform clouds at temperatures
warmer than −8 °C.

Previous studies suggested pre-activated INP could be important to
ice nucleation at temperatures as warm as −5 °C (e.g. Roberts and
Hallett, 1968; Mossop, 1970; Higuchi and Wushiki, 1970). Roberts and
Hallett (1968) found that a variety of mineral particles upon which ice
has once grown at a low temperature and subsequently evaporated, can
retain embryonic ice and grow again at relatively warmer temperature.
The ice enhancement by pre-activated kaolinite could be as high as 103

at about −10 °C. Higuchi and Wushiki (1970) confirmed pre-activated
INP exist in the Arctic and over Mountain Fuji, but not always. During
ICE-T, pre-activated INPs, which were from evaporated ice particles
falling from higher levels, might exist in the ambient air. According to
Fig. 2, the altocumulus sampled in this study had lasted for> 45min.
No precipitation was occurring above the parts which were sampled by
the C-130 aircraft, so if there were pre-activated INPs, they were
probably long-lived in the ambient air, and could be entrained into the
cloud. The INP concentrations at temperatures warmer than −10 °C
shown in Fig. 10 do not include pre-activated INPs, because the mea-
surements were made from air sampled at ambient temperatures ex-
ceeding 0 °C that would destroy pre-activation (Mossop, 1970). We may
note that no system of sampling from aircraft inlets, even into real-time
INP instruments, can presently reliably capture pre-activated INPs be-
cause of the heating and drying of particles when sampled into inlets
and subsequent transfer of air through tubing to instruments at aircraft
cabin temperatures.

Another possible ice nucleation mechanism is drop freezing induced
by collision between drops (Alkezweeny, 1969; Czys, 1989). This drop
collisional freezing mechanism was first noticed by Hobbs (1965), who
postulated that collision between supercooled drops may lead to
spontaneous freezing. Alkezweeny (1969) confirmed that collision can
enhance the probability of freezing for supercooled drops, and provided
more evidence of drop collisional freezing from aircraft measurements
in cumulus clouds. However, the potential impact of drop collisional
freezing on the ice production in cloud is not quantitatively demon-
strated. One of the typical shapes of the ice formed through drop col-
lisional freezing is a pair of frozen drops (Alkezweeny, 1969). We do

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

Ic
e 

co
nc

 p
ro

du
ce

d 
du

e 
to

 H
-M

 p
ro

ce
ss

 (
L

-1
)

Case 2, Segment 2 and 3
Case 3, Segment 4
Convective clouds

Observed ice PSD
Scaled ice PSD

0 200 400 600 800
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

0 200 400 600 800
Time (s)

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

Ic
e 

co
nc

 p
ro

du
ce

d 
du

e 
to

 d
ro

p 
fr

ee
zi

ng
 (

L
-1
)

Case 1
Case 2
Case 3, Segment 2

(a)

(b)

Fig. 11. Ice concentration produced due to (a) Hallett-Mossop process, and (b)
fragmentation of freezing drops as a function of time from model simulations.
The blue, green and red solid curves represent the simulations using the ob-
served drop and ice PSDs from different cases, and the convective updrafts. The
dashed curves are similar to the solid curves, but the ice PSDs are scaled to a
total ice concentration of 0.001 L−1, which is the maximum value possible on
the basis of INP concentration measurements in ICE-T at −8 °C. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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observe particles consistent with the shape of paired drops from colli-
sional freezing, but there were only a few, and there is no direct evi-
dence to demonstrate they were formed due to collisional freezing.
Some laboratory studies suggested collision between supercooled drop
and sea salt may also lead to drop freezing (e.g. Niehaus and Cantrell,
2015), but this mechanism is difficult to observe in field measurements,
and more laboratory experiments and modelling studies are needed to
better understand the role it plays in ice generation in mixed-phase
clouds.

In short, the complicated dynamics and microphysics made it difficult to
appreciate the physical mechanisms behind the strong ice production in these
clouds, primary ice nucleation, the Hallett-Mossop process and frag-
mentation of freezing drops cannot fully explain the observed high ice
concentration, other mechanisms such as the droplet collisional
freezing and pre-activated INPs could play important roles in the ice
generation in the stratiform clouds over tropical ocean, these processes
are still poorly understood and requires more studies in the future.

5. Summary

In this study, the ice concentrations in mixed-phase clouds over
tropical ocean observed during the ICE-T project are analyzed. The
cloud microphysics were measured using multiple in situ probes
mounted on the NCAR C-130 aircraft. The cloud types and vertical
structures are characterized using combined WCR and WCL measure-
ments. In three mid-level shallow stratiform mixed-phase clouds whose
top temperatures were warmer than −8 °C, the observed concentration
of ice larger than 250 μm in diameter varied between 0.05 L−1 and
10 L−1. These numbers are substantially higher than the INP con-
centration observed at temperatures warmer than −8 °C. The particle
images measured in these clouds suggest that most of the ice particles
were needles and columns, which are preferred ice crystal shapes be-
tween −3 °C and− 8 °C, and drizzle-size drops (> 100 μm in diameter)
were observed.

Biological particles are the leading candidate for primary ice nu-
cleation at temperatures warmer than −8 °C. However, the INP mea-
surements during ICE-T and in a laboratory experiment were 3 orders of
magnitude lower than the observed ice concentrations, even under
certain phytoplankton bloom conditions, indicating biological INPs
cannot fully explain the observed high ice concentration in the strati-
form clouds.

The observed ice particle concentrations, shapes and simulations
using a parcel model suggest that the Hallett-Mossop secondary ice
production process cannot explain the observed high ice concentration
in the shallow stratiform clouds without significant riming occurring, and
the fragmentation of freezing drops larger than 50 μm in diameter
cannot fully explain the observed high ice concentration in these clouds
either. In cases with relatively high concentration of large drops and
rimmed graupel observed, such as the convective clouds, the Hallett-
Mossop process, as well as the fragmentation of freezing drops can be
important to the ice production. Comparison between the three strati-
form cases against the convective clouds sampled during ICE-T show
the concentration of ice larger than 250 μm was enhanced by 6–9 times
at −7 °C in convective clouds.

This study provides evidence of observed high ice concentration in
shallow stratiform mixed-phase clouds with top temperatures warmer
than −8 °C over tropical oceans, and shows that primary ice nucleation
through biological INP cannot fully explain the observed high ice con-
centrations. In addition, according to the aircraft observation and
model simulations, secondary ice productions through the Hallett-
Mossop and fragmentation of freezing drop processes, which were often
assumed previously to be the explanation for the high ice concentra-
tion, cannot fully explain the high ice concentration observed during
ICE-T in the shallow stratiform clouds either. Better understanding of
other potential mechanisms leading to high ice concentrations will re-
quire more observational and modelling studies, including development

of (difficult) observations and parameterizations for ice generation
through pre-activated INPs and droplet collisional freezing, these pro-
cesses may be important to the ice generation not only in stratiform
clouds, but also convective clouds.
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