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ABSTRACT

Arctic mixed-phase cloud macro- and microphysical properties are derived from a year of radar, lidar,
microwave radiometer, and radiosonde observations made as part of the Surface Heat Budget of the Arctic
Ocean (SHEBA) Program in the Beaufort Sea in 1997–98. Mixed-phase clouds occurred 41% of the time
and were most frequent in the spring and fall transition seasons. These clouds often consisted of a shallow,
cloud-top liquid layer from which ice particles formed and fell, although deep, multilayered mixed-phase
cloud scenes were also observed. On average, individual cloud layers persisted for 12 h, while some
mixed-phase cloud systems lasted for many days. Ninety percent of the observed mixed-phase clouds were
0.5–3 km thick, had a cloud base of 0–2 km, and resided at a temperature of �25° to �5°C. Under the
assumption that the relatively large ice crystals dominate the radar signal, ice properties were retrieved from
these clouds using radar reflectivity measurements. The annual average ice particle mean diameter, ice
water content, and ice water path were 93 �m, 0.027 g m�3, and 42 g m�2, respectively. These values are
all larger than those found in single-phase ice clouds at SHEBA. Vertically resolved cloud liquid properties
were not retrieved; however, the annual average, microwave radiometer–derived liquid water path (LWP)
in mixed-phase clouds was 61 g m�2. This value is larger than the average LWP observed in single-phase
liquid clouds because the liquid water layers in the mixed-phase clouds tended to be thicker than those in
all-liquid clouds. Although mixed-phase clouds were observed down to temperatures of about �40°C, the
liquid fraction (ratio of LWP to total condensed water path) increased on average from zero at �24°C to
one at �14°C. The observations show a range of �25°C at any given liquid fraction and a phase transition
relationship that may change moderately with season.

1. Introduction

Mixed-phase clouds are an understudied component
of global cloudiness and are thus poorly represented in
models at all scales (e.g., Sun and Shine 1994; Gregory
and Morris 1996; Morrison et al. 2003). Model schemes
typically partition cloud phase as a function of tempera-
ture; however, the appropriate temperature range over
which multiple phases can coexist is in question. A re-
view of model parameterizations shows the lower tem-
perature limit for modeled supercooled liquid to range
from �40° (Ose 1993; Del Genio et al. 1996) to �23°
(Tiedtke 1993) to �15° (Smith 1990; Boucher et al.

1995) to �9°C (Gregory and Morris 1996), while ob-
servations have shown liquid water at temperatures as
cold as �30° to �40°C (e.g., Rauber and Grant 1986;
Heymsfield et al. 1991; Intrieri et al. 2002; Korolev et al.
2003). The proper partitioning of cloud phase is par-
ticularly important considering the unique radiative
properties of liquid droplets and ice particles due to
differences in refractive indices, sizes, and shapes (Sun
and Shine 1994; Gayet et al. 2002). Additionally, the
phase composition strongly impacts the cloud precipi-
tation efficiency and lifetime (e.g., Jiang et al. 2000).
Mixed-phase parameterization uncertainties have been
shown to strongly impact our ability to simulate the
present-day climate (Gregory and Morris 1996) and to
play a crucial role in climate prediction modeling, such
as CO2-doubling experiments (Sun and Shine 1995).
Furthermore, model studies have shown that the im-
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pacts of different mixed-phase cloud parameterizations
on model results are more pronounced at higher lati-
tudes (Sun and Shine 1995).

To further motivate the study of Arctic mixed-phase
clouds in particular, these clouds occur frequently and
have a strong and important radiative interaction with
the ice-covered surface. Aircraft observations in the fall
over the western Arctic Basin showed that 90% of the
sampled boundary layer clouds were mixed phase
(Pinto 1998), while many other in situ aircraft cam-
paigns have noted Arctic mixed-phase clouds (Hobbs
and Rangno 1990, 1998; Curry et al. 1997; Gultepe et al.
2000; Pinto et al. 2001; Lawson et al. 2001; Korolev et
al. 2003). Intrieri et al. (2002) observed the prevalence
of liquid-containing clouds in all seasons and an unex-
pectedly high fraction of these clouds in the Arctic win-
ter. Even small amounts of liquid water in mixed-phase
clouds (i.e., �30 g m�2) can have a dramatic impact on
cloud radiative effects (Sun and Shine 1994; Shupe and
Intrieri 2004), particularly in the Arctic where clouds
participate in the delicate cloud–radiation and sea ice–
albedo feedbacks (e.g., Curry et al. 1996). Finally, the
thermal effects of clouds are heightened in the Arctic
relative to lower latitudes due to a relatively cold and
dry atmosphere.

Motivated by the dearth of knowledge on mixed-
phase clouds and their particular importance in the
Arctic, it is informative to briefly summarize the cur-
rent understanding of mixed-phase cloud properties
and processes. Here, mixed-phase clouds of a stratiform
nature are described since these are the most promi-
nent and documented type in the Arctic.

Stratiform mixed-phase clouds are frequently topped
by a thin layer of cloud liquid that produces small ice
particles that quickly grow and precipitate from the
base of the liquid layer (Hobbs and Rangno 1985;
Heymsfield et al. 1991; Rauber and Tokay 1991; Pinto
1998; Gayet et al. 2002). The presence of liquid and ice
in the same volume is colloidally unstable as the liquid
will quickly be taken up by ice (Harrington et al. 1999).
Rauber and Tokay (1991) observed that the mainte-
nance of cloud liquid at the top of stratiform mixed-
phase clouds requires the cloud condensate supply rate
to balance or surpass the mass diffusional growth rate
of ice crystals. Through a series of model studies, they
provide a set of conditions under which cloud-top liquid
can form and persist. Ice crystals must be at a low con-
centration [i.e., low concentration of ice forming nuclei
(IFN)] and small in size, such that they are less efficient
at growth through water vapor deposition. Liquid for-
mation is more likely at warmer cloud-top tempera-
tures, but can be present even at low temperatures with

a moderate updraft. In general, a sufficient updraft may
be developed through cloud-top entrainment of dry air,
wind shear, radiative cooling, and/or surface turbulent
heat fluxes (Rauber and Tokay 1991; Pinto 1998; Ols-
son and Harrington 2000). In addition to an updraft, the
persistence and stability of cloud-top liquid is sup-
ported by the sedimentation or removal of ice crystals
(Jiang et al. 2000).

Primary ice particle initiation occurs via contact
nucleation of IFN with large supercooled liquid drop-
lets and through condensation–freezing (Hobbs and
Rangno 1985; Mossop 1985; Rauber and Tokay 1991).
Thus, the rate of initial ice formation is controlled by
the shape of the liquid droplet size distribution (DSD),
IFN concentrations, the level of supersaturation, and
time (e.g., Sun and Shine 1995; Pinto 1998). After ice
particles are initiated, they grow at the expense of water
droplets due to the preferential deposition of vapor
onto ice, which has a lower saturation vapor pressure
than liquid water (referred to as the Bergeron–
Findeisen mechanism). Aggregation and riming can
also play a role in ice particle growth in mixed-phase
clouds (Hobbs and Rangno 1985, 1998; Rauber 1987).
Although their importance is still unknown, two main
mechanisms have been proposed for secondary ice par-
ticle production (i.e., multiplication) in some mixed-
phase clouds. At temperatures between �2.5° and
�8°C the Hallett and Mossop (1974) rime-splintering
process can occur as ice crystals fracture in response to
riming by liquid droplets. At temperatures below about
�10°C, mechanical fracture due to ice particle colli-
sions can occur (Hobbs and Atkinson 1976; Mossop
1985).

The limited set of observations and studies concern-
ing mixed-phase clouds, particularly in the Arctic,
leaves substantial ambiguity in our understanding of
these clouds, their properties, and their important
mechanisms. Some of these deficiencies may be ad-
dressed by examining mixed-phase cloud observations
from recent Arctic field programs such as the Surface
Heat Budget of the Arctic Ocean (SHEBA) Program
(Uttal et al. 2002). The field portion of this project was
based on an ice-breaking ship that was frozen into the
permanent ice pack of the Beaufort Sea for the full year
from October 1997 through October 1998. In coopera-
tion with SHEBA, the First International Satellite
Cloud Climatology Program (ISCCP) Regional Experi-
ment-Arctic Clouds Experiment (FIRE-ACE) sup-
ported aircraft measurements around the SHEBA re-
search site during the months of April through July
1998 (Curry et al. 2000). Measurements from the
SHEBA and FIRE-ACE field campaigns provide a
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comprehensive view of Arctic cloudiness in all seasons
(Intrieri et al. 2002) and a particularly wealthy set of
mixed-phase cloud observations. Shupe et al. (2005)
outlined an operational cloud property retrieval suite
that combines cloud radar, lidar, dual-channel micro-
wave radiometer, and radiosonde data to classify cloud
types and retrieve cloud microphysical properties for
the clouds observed at SHEBA. That study specifically
focused on single-phase cloud retrievals and provided
statistical results on the annual evolution of Arctic
single-phase cloud properties. Although methods do
not currently exist to operationally retrieve all micro-
physical properties of mixed-phase clouds, some signifi-
cant and useful information on these important clouds
can be derived from SHEBA measurements, and are
the focus of this paper.

2. Identifying and characterizing mixed-phase
clouds

a. Instrumentation

Ground-based instruments used in this study are as
follows: the millimeter cloud radar (MMCR; Moran et
al. 1998), which provided profiles of radar reflectivity,
Doppler velocity, and Doppler spectrum width; the mi-
crowave radiometer (MWR), which provided estimates
of the column integrated liquid water path (LWP) and
water vapor amounts; a depolarization lidar, which pro-
vided information on cloud phase (Intrieri et al. 2002);
and radiosondes, which provided profiles of tempera-
ture and humidity. The MWR brightness temperatures
at 24 and 31 GHz respond to liquid water only, and the
data were reprocessed according to Westwater et al.
(2001) to account for improvements in the retrieval of
LWP from these brightness temperatures. MWR obser-
vations prior to 5 December 1997 suffered from irre-
coverable calibration problems and are therefore not
used here. All ground-based instruments and their
measurements are described in the provided references
and summarized in more detail by Shupe et al. (2005).

b. Cloud-type classification using ground-based
sensors

Clouds above the SHEBA ice camp were classified as
being all ice, all liquid, mixed phase, or precipitating
based on the measurements from the above instru-
ments and surface observer logs. An in-depth discus-
sion of the classification method is given in Shupe et al.
(2005), while only classification aspects pertinent to
mixed-phase clouds are discussed here. Mixed-phase
clouds are defined as cloud layers that contain both
liquid and ice. Generally, the clouds classified as mixed

phase during the SHEBA year were similar to the low-
level stratiform clouds described in the introduction.
Many mixed-phase clouds also contained embedded re-
gions of liquid (e.g., Hobbs et al. 2001), as identified by
the depolarization lidar. The definition used here does
not imply that all portions of clouds classified as mixed
phase contain both ice and liquid in the same volume.

Although all measurements were subjectively re-
viewed and combined to determine a cloud classifica-
tion, the following criteria were typically used to iden-
tify mixed-phase clouds: 1) a positive LWP derived
from the MWR measurements; 2) cloud temperatures
�0°C from the radiosonde measurements; 3) radar re-
flectivity typically ��15 dBZ; and 4) radar Doppler
velocity typically �0.5 m s�1 at some height in the
cloud. In addition, surface-observer logs were used to
distinguish periods of snowfall. To a certain degree,
cloud structure—for example, the flat-topped, super-
cooled stratiform cloud layer in Fig. 1—was also helpful
for identifying mixed-phase clouds.

Additionally, some unique properties of mixed-phase
clouds facilitated their identification. The sphericity of
liquid droplets compared to the variety of nonspherical
ice particle habits provides a clear distinction between
phases by lidar depolarization ratios. Ratios less than
0.11 indicate cloud liquid, while higher ratios indicate
ice particles (Sassen 1984; Intrieri et al. 2002). This li-
dar-based phase-discrimination information also aided
in the interpretation of some radar observations of
mixed-phase clouds. For example, on 6 May 1998 at
SHEBA, lidar depolarization ratios indicated a strati-
form liquid cloud layer at about 750 m (all heights are
AGL) that precipitated ice crystals (Fig. 1a). In the
middle of the day, ice crystals falling from above the
boundary layer cloud scavenged the cloud liquid, caus-
ing the liquid layer to disappear for about 8 h. The
MWR-derived LWP (Fig. 1c), in combination with ra-
diosonde temperature profiles (i.e., Fig. 1d), confirms
the presence and absence of supercooled liquid water
suggested by the lidar depolarization measurements.
Radar Doppler spectrum widths (Fig. 1b), which pro-
vide information on the spread of the distribution of
particle radial motions with respect to the radar, also
show a signature from the liquid at the top of the
boundary layer cloud. Wide spectrum widths near
cloud top in this case indicate a broadened, and at times
bimodal, distribution of Doppler velocities that arises
from the presence of both cloud liquid droplets and ice
particles in the same volume [see Shupe et al. (2004) for
more details on mixed-phase cloud Doppler spectra].
Spectral broadening can also be attributed to turbu-
lence; therefore, the spectral width observations were
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most often used in conjunction with other supporting
information.

c. Cloud property retrievals

Under the assumption of solid particle density, the
radar reflectivity, Ze, is proportional to hydrometeor
size to the sixth power. However, for larger ice par-
ticles, the effective density is approximately propor-
tional to the reciprocal of size (e.g., Brown and Francis
1995), and hence the radar signal more nearly responds
to particle characteristic size to the fourth power (Ma-
trosov et al. 2002). For either case, in most mixed-phase

clouds, since ice particles are typically much larger than
liquid droplets, the ice component dominates the radar
signal (e.g., Gosset and Sauvageot 1992). This assump-
tion has been confirmed by observations of the full ra-
dar Doppler spectrum, which showed that even in the
presence of substantial liquid water, the ice component
of mixed-phase clouds dominates the radar reflectivity
(Shupe et al. 2004). In terms of the radar mean Doppler
velocity in mixed-phase clouds, Shupe et al. (2004)
showed that the ice particles may not dominate the
total measured Doppler velocity, which can be biased
by the liquid signal and by vertical air motions. The first

FIG. 1. (a) Lidar depolarization ratio, (b) radar Doppler spectrum width, (c) MWR-derived
liquid water path, and (d) dry-bulb and dewpoint temperature soundings at 0515 UTC during
a mixed-phase cloud case on 6 May 1998. The heights of the liquid cloud layer at the time of
the sounding are indicated in (d).
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bias is substantially reduced under low liquid water
conditions, and the second may be reduced by averag-
ing in time. The ice dominance of the radar reflectivity
is expected to be particularly true for Arctic mixed-
phase clouds since the amount of liquid in Arctic clouds
is often small (�100 g m�2; e.g., Lin et al. 2003; Shupe
et al. 2005). These small amounts of liquid can emit
significant IR radiation however, which inhibits IR ra-
diation-based ice microphysics retrievals (e.g., Ma-
trosov et al. 1992; Mace et al. 1998; Matrosov 1999)
from accurately characterizing the ice component of
mixed-phase clouds. Similarly, methods that combine
lidar and radar observations (Hogan et al. 2003a; Wang
et al. 2004) may suffer from lidar attenuation in the
liquid portion of mixed-phase clouds (i.e., 0300 to 0900
UTC in Fig. 1). Techniques that are based on radar
measurement alone have the potential to yield useful
information about the ice component of mixed-phase
clouds under most conditions.

Empirical relationships for estimating ice water con-
tent (IWC) from Ze have been explored extensively
(Sassen 1987; Liao and Sassen 1994; Atlas et al. 1995;
Matrosov 1997), all following the form IWC � aZb

e ,
where the coefficients a and b are fixed or fit to the
given situation. By assuming a particle density–size re-
lationship (e.g., Brown and Francis 1995), a character-
istic ice particle size can then be derived using the same
a and b. The retrieved ice particle mean diameter
(Dmean) reported here is defined as the first moment of
the assumed exponential distribution of physical par-
ticle sizes, similar to the measurements made by optical
in situ probes. Radar-only ice retrievals of this type
were applied to all mixed-phase clouds observed at
SHEBA using a fixed b coefficient of 0.63 (Matrosov
1999) and an a that varies with season according to
statistical results derived from other retrieval methods
in single-phase Arctic ice clouds (see Shupe et al. 2005).
Thus, the empirical relationships employed here are
tuned, in a statistical manner, to the ice particles ob-
served at the SHEBA location. Ice cloud microphysical
retrievals have 45-m vertical and 1-min temporal reso-
lution.

Zuidema et al. (2005) provided a detailed description
of a mixed-phase cloud from 4 May during SHEBA/
FIRE-ACE that included a comparison of aircraft and
radar retrievals of cloud properties. Their aircraft data
have been used here to expand that comparison to the
seasonally varying empirical ice property retrieval [see
Zuidema et al. (2005) for more details on the aircraft
locations and data processing]. Figure 2 compares air-
craft measurements of IWC obtained from multiple
horizontal flight legs at different heights over the
SHEBA site with radar retrievals for the same times

and heights. As in Zuidema et al. (2005), both the mean
and standard deviation of retrieval results for the 20-
min time period surrounding an aircraft overpass are
provided. The comparison demonstrates good agree-
ment, with a relative standard difference (i.e., Matrosov
et al. 2002) between the retrieval mean and aircraft data
of 51% and a statistical bias of 3%. Comparisons of
particle size are not made here due to uncertainties in
computing similarly defined sizes. When the same em-
pirical retrieval method was applied to single-phase ice
clouds at SHEBA, Shupe et al. (2005) showed uncer-
tainties of as much as 73% for IWC and as much as
40% for Dmean. Since the ice component of mixed-
phase clouds strongly dominates the radar reflectivity
upon which the retrieval is based, the uncertainty in
applying this retrieval to mixed-phase clouds is not ex-
pected to be drastically different. Additional in situ
comparison cases are needed to further characterize the
retrieval uncertainties.

There were insufficient measurements made by the
ground-based sensors at SHEBA to retrieve vertical
profiles of the liquid component of all mixed-phase
clouds. Various methods for deriving mixed-phase liq-
uid in some clouds have been proposed. One utilizes
measurements of the full radar Doppler spectrum
(Shupe et al. 2004), which were not regularly recorded
at SHEBA. A second method utilizes dual-wavelength
radar measurements and differential attenuation (Gos-

FIG. 2. Comparison of IWC derived from aircraft measurements
(asterisks) and radar retrievals (diamonds). Aircraft data are di-
rectly from Zuidema et al. (2005). Radar retrievals are given as
the mean (diamonds) and standard deviation (horizontal lines) of
results for a 20-min time period surrounding the aircraft measure-
ments at a given height.
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set and Sauvageot 1992), although only a single radar
was deployed at SHEBA. A third method calculates an
adiabatic liquid water profile using the lidar cloud-base
measurements and temperature profiles (Zuidema et
al. 2005). This retrieval is well suited for single-layer,
low-level stratiform mixed-phase clouds, but is difficult
to apply to the subset of multilayer mixed-phase clouds
observed at SHEBA. Similarly, methods based on IR
radiation and/or lidar observations (Turner 2005; Wang
et al. 2004) provide useful retrieval information in some
cases but may not be applicable to multilayered cloud
scenes and may face attenuation effects for optically
opaque liquid cloud layers. Thus, since there was no
manner to consistently apply any of these methods
through the entire SHEBA year, none was used. In-
stead, the MWR, whose channels at 24 and 31 GHz
respond only to liquid water, was used to derive the
cloud LWP, which is considered a proxy for the mixed-
phase cloud liquid microphysical properties. The uncer-
tainty of LWP retrievals at SHEBA is about 25 g m�2

(Westwater et al. 2001).

3. Results

Statistics presented here are for all clouds classified
as mixed phase during SHEBA, except where specifi-
cally noted. When appropriate, derived mixed-phase
cloud properties are compared with similar quantities
from the single-phase clouds at SHEBA (presented by
Shupe et al. 2005). Retrieved mixed-phase cloud prop-
erties are summarized in Table 1. In many figures, box-
and-whisker plots are utilized that contain the median
(line through the box), 25th and 75th percentiles (edges
of box), 5th and 95th percentiles (whiskers), and mean
(symbol) of the data.

a. Cloud presence and macrophysical properties

Mixed-phase clouds occurred 41% of the time during
the SHEBA annual cycle and 59% of the time that
clouds were present. Of the mixed-phase clouds,
slightly more than half were the low-level, single-layer,
stratiform type described in section 1, while the rest
contained multiple layers, were deep, and/or showed
evidence of embedded shallow convection. Figure 3a
shows the monthly mixed-phase cloud fraction (Ac)
over the annual cycle to range from a minimum of
�10% of the time in December to a maximum of 70%
in September. There is an indication of more mixed-
phase clouds in the spring and fall transition seasons.
The transition seasons also exhibit the lowest monthly
averaged mixed-phase cloud bases (hbase � 0.5 km on
average, but more than half of the observed bases were

at the lowest radar range gate; Fig. 3b) because in these
seasons low-level stratiform mixed-phase clouds with
ice crystals extending down to, or near, the surface were
the predominant mixed-phase cloud structure. In sum-
mer, the average mixed-phase cloud-base height in-
creased to 1–3 km, while in the winter the average base
height was about 1 km. Mixed-phase clouds were mod-
erately thinner in May and thicker in midsummer than
in other times of the year (Fig. 3c). When considering
mixed-phase clouds with temporal breaks in cloudiness
of no longer than 1 h, the average persistence of these
clouds at SHEBA was greater than 12 h (Fig. 4). The
most persistent mixed-phase cloud lasted for 6.4 days;
however, one larger-scale mixed-phase cloud system
persisted for �10 days with only moderate (a couple of
hours) breaks in the mixed-phase cloudiness.

The temperature of mixed-phase clouds (Tcld, which
is derived at each radar range gate, or height level,
within the cloud layers; Fig. 3d) varied with season from
a monthly average of �25°C in December to a maxi-
mum above �10°C in June. The annual and seasonal
probability distribution functions (PDF) of mixed-
phase cloud temperatures are shown in Fig. 5. For the
transition seasons when these clouds occurred most fre-
quently, the majority of cloud temperatures were be-
tween �25° and �10°C for spring and �20° and �5°C
for fall. The few occurrences of mixed-phase cloud tem-
peratures above 0°C (0.3% of the data) were due to
particles falling from mixed-phase layers that encoun-
tered warmer temperatures at lower altitudes.

b. Microphysical properties

The characteristic sizes of ice particles in the mixed-
phase clouds observed at SHEBA were, on average,
smallest in the winter and largest in the summer (Fig.
6a), with an annual average Dmean of 93 �m. Retrieved
sizes show a gamma-type distribution (Fig. 7a). Low
values of mixed-phase IWC and IWP occurred fre-

TABLE 1. Annual mean and range of observations for mixed-
phase cloud properties. The range covers the 5th to 95th percen-
tiles of the data for all parameters except Ac, where the range is
for monthly averages.

Parameter Mean Range

Ac 41% 10%–70%
hbase 0.9 km 0–3.5 km
�hcld 1.9 km 0.4–4.4 km
Tcld �14°C �27° to �2.3°C
Dmean 93 �m 27–200 �m
IWC 0.027 g m�3 10�4–0.11 g m�3

IWP 42 g m�2 0.1–200 g m�2

LWP 61 g m�2 2.2–180 g m�2
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quently in all months (i.e., nearly exponentially distrib-
uted; Fig. 7b), and, in general, more large values were
observed in the summer and fall (Figs. 6b and 6c). The
annual mean IWC and IWP were 0.027 g m�3 and 42
g m�2, respectively. Monthly mean mixed-phase cloud

LWPs, derived from MWR observations in the subset
of single-layer clouds, were at an annual minimum of less
than 50 g m�2 in winter/spring and a maximum around
100 g m�2 in late fall (Fig. 8). The annual mean mixed-
phase cloud LWP was 61 g m�2. Since detailed infor-
mation about the liquid droplet sizes and the vertical
distribution of liquid water content were not directly
inferred from radar measurements for all mixed-phase
clouds, statistics on these quantities are not provided here.

FIG. 3. Monthly and annual mixed-phase cloud statistics of (a) occurrence fraction, (b)
cloud-base height, (c) cloud thickness, and (d) cloud temperature. The box-and-whisker plots
provide the 5th, 25th, 50th, 75th, and 95th percentiles of the data, and the mean is given as a
symbol.

FIG. 4. Probability distribution function of mixed-phase cloud
lifetime. Bin sizes are 1 h, and cloud layers with gaps of less than
1 h in duration were considered to be continuous. A total of 284
cloud layers were identified, and the most persistent cloud layer
lasted for 153 h or 6.4 days. The box-and-whisker plots provide
the 5th, 25th, 50th, 75th, and 95th percentiles of the data, and the
mean is given as a symbol.

FIG. 5. Probability distribution functions of mixed-phase cloud
temperature in 1°C bins.
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In general, the mixed-phase clouds observed at
SHEBA contained more ice and liquid than single-
phase ice or liquid clouds (Figs. 6 and 8; single-phase
results are from Shupe et al. 2005). Retrieved mixed-
phase ice particle sizes, IWCs, and IWPs are larger than
their single-phase counterparts (derived using the same
retrieval method) by, on average, 28%, 93%, and 40%,
respectively. The relatively small difference in IWP
compared to the larger difference in IWC indicates that
the mixed-phase clouds were, on average, geometrically
thinner than the all-ice clouds. There is a slight sugges-
tion that the differences between mixed-phase and all-
ice cloud properties are smallest in the winter when
liquid amounts are lowest. Distributions of retrieved
properties are similar in shape, but the mixed-phase
distributions are weighted more heavily by larger par-
ticles and higher IWCs than the single-phase distribu-
tions (Fig. 7).

The liquid water paths observed in mixed-phase
clouds tended to be slightly larger, in a monthly and

annual mean sense, than the LWPs in single-phase
clouds (Fig. 8a). The annual mean mixed-phase LWP is
30% larger than the annual mean all-liquid LWP (for
the subset of single-layer clouds), with the majority of
this difference occurring in the fall and winter months.

Profile statistics were calculated for manually se-
lected cloud layers that were well developed (i.e., not
tenuous) and contained only one distinct layer. Thus,
multilayered, mixed-phase cloud systems may deviate
from the standard profiles discussed here. Cloud pro-
files were normalized in both cloud depth and param-
eter value in order to investigate the relative vertical
distribution of cloud properties. Statistical analysis was
performed on each normalized profile height level. For
this reason the monthly and yearly averaged profiles
presented here never reach either 0 on the low side or
1 on the high side (which only would be the case if all
profiles showed minimum and maximum values at the
same normalized height levels).

There are no apparent annual trends in the vertical

FIG. 6. Monthly and annual statistics of cloud (a) Dmean, (b) ice water content, (c) ice water
path, and (d) hours of occurrence for mixed-phase (star) and all-ice clouds (diamond). The
all-ice cloud results are from Shupe et al. (2005). The box-and-whisker plots provide the 5th,
25th, 50th, 75th, and 95th percentiles of the data, and the mean is given as a symbol.
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distribution of ice within mixed-phase clouds. Figure 9
shows the annual mean normalized profile of mixed-
phase cloud IWC, and the profile of the standard de-
viation. A broad maximum in IWC occurs in the upper-

middle portion of the average mixed-phase cloud. An-
nual averaged profiles of mixed-phase ice Dmean are
similar to those of IWC. The bulk of the ice mass den-
sity was, on average, higher in mixed-phase cloud layers
than in all-ice cloud layers (Fig. 9). Furthermore, in
mixed-phase clouds, the region of largest ice particle
sizes and IWCs was much broader than in all-ice clouds.

c. Phase partitioning with temperature

The amount of liquid relative to ice in mixed-phase
cloud layers generally increases with cloud-top tem-
perature. Figure 10a shows a scatterplot of cloud-top
temperature versus the cloud layer liquid fraction, or
the ratio of LWP to total water path (LWP � IWP). All
cloud scenes included in Fig. 10 had tops below 5 km
and positive values of both LWP and IWP. In general,
liquid-dominant mixed-phase clouds at SHEBA had
cloud-top temperatures ranging from �25° to 0°C,
while ice-dominant clouds had temperatures of �35° to
�10°C. At any given liquid fraction, the temperature
varied over approximately 20°–25°C. The annual aver-
age relationship between the liquid fraction and tem-
perature (Fig. 10) shows a relatively steep decrease in
liquid fraction from �14° to �24°C, while there is some
indication that the average relationship changed mod-
erately with season. These same data are also visualized
in Fig. 11, where the relative probabilities of occurrence
for the four quartiles of liquid fraction are given for
different cloud-top temperature ranges. At tempera-
tures between �40° and �30°C, 87% of the mixed-
phase clouds had liquid fractions of 0 to 0.25, with rela-
tively few occurrences of higher liquid fractions. At suc-

FIG. 8. Monthly and annual statistics of cloud (a) liquid water path and (b) hours of
occurrence for single-layer mixed-phase (star) and all-liquid (diamond) clouds. These data are
a subset of the full dataset that contained only one liquid-containing cloud type in the vertical
column such that the microwave radiometer–derived LWP could be differentiated between
mixed-phase and all-liquid clouds. The box-and-whisker plots provide the 5th, 25th, 50th, 75th,
and 95th percentiles, and the mean is given as a symbol. MWR data prior to December are not
available due to an instrument calibration error.

FIG. 7. Annual distributions of retrieved (a) Dmean and (b) ice
water content for mixed-phase clouds (solid line, star) and all-ice
clouds (dashed line, diamond). The all-ice cloud results are from
Shupe et al. (2005). The box-and-whisker plots provide the 5th,
25th, 50th, 75th, and 95th percentiles of the data, and the mean is
given as a symbol.
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cessively warmer temperatures, the probabilities of
higher liquid fractions increase. Since the cloud top for
all clouds discussed in this section was limited to 5 km,
the relationships and probabilities presented are most
applicable to lower-level mixed-phase clouds that are
often of a stratiform nature. Thicker, multilayered
mixed-phase clouds may have somewhat different rela-
tionships between the liquid fraction and temperature

because of the additional impact of ice crystals falling
from above liquid cloud layers (i.e., the seeder–feeder
mechanism).

4. Discussion

a. Comparison with previous measurements

Arctic mixed-phase clouds have been observed by
episodic aircraft missions over the past decade or so;
the range of these observations demonstrates the vari-
ability of mixed-phase cloud properties. Hobbs and
Rangno (1998), Pinto (1998), and Pinto et al. (2001) all
observed mixed-phase cloud-base heights and thick-
nesses to range from a few hundred meters to a few
kilometers. Arctic mixed-phase cloud observational
datasets have shown temperature ranges of �26° to
�6°C (Pinto 1998; Pinto et al. 2001), �21° to �2°C
(Hobbs and Rangno 1998), and �40° to 0°C (Korolev
et al. 2003). The range of mixed-phase cloud macro-
physical properties reported here is consistent with
these observations.

In terms of microphysical properties, the variations
among observations can be large. Hobbs and Rangno
(1998) summarize measurements made over the Beau-
fort Sea in April 1992 and June 1995 with mixed-phase
cloud LWPs as much as �130 g m�2 and most obser-
vations less than 60 g m�2. Their IWP values were no
more than �10 g m�2. During the Beaufort and Arctic
Storms Experiment (BASE) in the fall of 1994, Pinto
(1998) and Pinto et al. (2001) measured boundary layer
mixed-phase cloud LWPs of 16–70 g m�2 and midlevel
LWPs of �11 g m�2. For ice properties, IWCs of as

FIG. 9. Annual mean, normalized profiles of retrieved ice water
content (bold) and profiles of the standard deviation (thin) for
mixed-phase (solid) and all-ice (dashed) clouds. Profiles of par-
ticle Dmean are similar. The all-ice cloud results are from Shupe et
al. (2005).

FIG. 10. (a) Scatterplot of the liquid fraction [LWP/(LWP � IWP)] vs cloud-top temperature for
mixed-phase clouds. Also plotted are the annual and seasonal average relationships. (b) Box-and-
whisker plots summarizing the same data used in (a). The 5th, 25th, 50th, 75th, and 95th percentiles and
mean value are provided.
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much as 0.09 g m�3 but typically less than 0.01 g m�3

were observed, as well as ice particle effective radii of
100–220 �m (Dmean of 66–145 �m). Also at BASE, but
from a different aircraft, Gultepe et al. (2000) reported
average mixed-phase IWCs of 0.02–0.09 g m�3 and par-
ticle effective radii of 44–54 �m (Dmean of 29–36 �m).
During May and June at FIRE-ACE, Hobbs et al.
(2001) reported mixed-phase cloud LWPs of up to 31
and 68 g m�2 for two different case studies and show
IWCs typically �0.04 g m�3 with spikes of as much as
0.06 g m�3. In general, these in situ observations tend to
support the range of retrieved microphysical proper-
ties, with a few exceptions. The retrievals of IWP re-
ported here are, on average, larger than those reported
by Hobbs and Rangno (1998). Also, the BASE in situ
observations reported by two different groups show
some discrepancies among themselves: the retrievals
presented here agree quite well with observations made
by Pinto and colleagues, but show some differences
from the Gultepe et al. (2000) observations in winter
storms. Nonetheless, these in situ observations suggest
that the average mixed-phase microphysical properties
reported here are within a reasonable range of past in
situ observations.

b. Differences between mixed- and single-phase
clouds

The fact that both the magnitude of ice microphysical
properties and their vertical distribution differ between

mixed-phase and all-ice clouds indicates that there are
marked differences in the particle formation and
growth mechanisms, and the total moisture available
for particle growth, between these two cloud types. Cir-
rus clouds (ice only), to a large extent, grow by diffu-
sional growth from water vapor and the growth rates
are dependent upon the supply of vapor and the tem-
perature (Pruppacher and Klett 1980), among other
properties, which are both relatively low at the higher
altitudes where these clouds are found. All of the mi-
crophysical mechanisms that are active in cirrus clouds
can also play a role in mixed-phase clouds; however,
there are additional conditions and mechanisms that
promote more rapid ice growth in mixed-phase clouds.
Ice particles can grow relatively faster due to the addi-
tional moisture at lower and warmer altitudes: Com-
pared to the mixed-phase cloud temperatures shown in
Fig. 3d, the all-ice clouds observed at SHEBA were, on
average, much colder, with a mean temperature of
�31°C and a temperature range (5th to 95th percen-
tiles) of �49° to �14°C. In addition, the Bergeron–
Findeisen mechanism, under which ice particles grow at
the expense of liquid droplets, plays a major role in
mixed-phase clouds. The presence of liquid water drops
in these clouds can also invoke the ice initiation and
growth mechanisms of contact freezing, condensation
freezing, immersion freezing, and riming of ice and
snow (e.g., Cooper and Vali 1981; Hobbs and Rangno
1985; Rauber and Tokay 1991; Pinto 1998) that can
cause ice particles to grow more rapidly than through
vapor deposition alone. Various studies (Harrington et
al. 1999; Korolev and Isaac 2003; Khvorostyanov et al.
2003) have suggested that the Bergeron–Findeisen
mechanism is the dominant pathway for glaciation in
mixed-phase clouds.

The vertical profiles of ice microphysical properties
(Fig. 9) also suggest that the growth of ice in mixed-
phase clouds is largely tied to the presence of liquid
water. For all-ice clouds, the ice particles and IWC
grow throughout the top 75% of the cloud layer, while
sublimation occurs only in a thin layer near the cloud
base. In contrast, mixed-phase cloud ice growth occurs
in the top 1/3 of the average cloud layer with a broad
maximum in the upper-middle portion of the cloud
layer. This profile shape is consistent with in situ ob-
servations made by Hobbs and Rangno (1985) and can
be attributed to the presence of liquid water near the
tops of these clouds.

In spite of these process considerations, these data
reveal no significant direct correlation between the to-
tal ice and liquid water paths in the mixed-phase clouds
observed at SHEBA. Korolev et al. (2003), who also
observed no correlation between these parameters,

FIG. 11. The relative probabilities of four distinct ranges of the
liquid fraction [LWP/(LWP � IWP)] given a cloud-top tempera-
ture. For each column, the sum of probabilities for the four pos-
sible categories equals 100%.
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suggested that since these clouds are typically super-
saturated with respect to ice but not necessarily with
respect to liquid, the ice particles grow whether or not
the liquid droplets also grow.

These data reveal that the average LWP of mixed-
phase clouds observed at SHEBA was larger than the
average LWP observed in all-liquid clouds. However,
the data also indicate that this disparity may be due to
differences in liquid cloud layer thickness (and thus ver-
tical motion) instead of differing droplet formation/
growth mechanisms. For the subsets of mixed-phase
and all-liquid clouds that were single layer and below 5
km, the annual mean LWPs were 43 and 23 g m�2,
respectively. Using lidar measurements to derive the
base of the liquid layers in these clouds (which are typi-
cally somewhat above the base of the cloud ice) and the
radar to derive cloud-top heights (e.g., Intrieri et al.
2002), the mean liquid cloud layer thicknesses for strati-
form mixed-phase and all-liquid clouds were 620 and
350 m, respectively. Although the liquid water content
was not directly retrieved from these clouds, these sta-
tistics together suggest that the mean liquid water con-
tents for this subset of mixed-phase and all-liquid
clouds were approximately the same: 0.069 and 0.066 g
m�3, respectively. Therefore, although the mixed-phase
clouds contained, on average, more liquid water than
the all-liquid clouds, both of these cloud types con-
tained approximately the same amount of liquid water
per vertical extent. Lin et al. (2003) suggest, based on
spring and summer observations at SHEBA, that the
apparent observed increase of cloud LWP with tem-
perature was actually due to increases in cloud thick-
ness. Their analysis, however, was primarily focused on
all-liquid clouds (this dataset confirms their findings of
an increased cloud thickness, and thus LWP, with in-
creasing temperature for all-liquid clouds). However,
although the data presented here show the same rela-
tionship between LWP and cloud thickness in mixed-
phase clouds, the temperature trends do not agree with
those suggested by Lin et al. (2003) for all-liquid clouds.
For the single-layer cloud comparison dataset, the av-
erage cloud temperatures were about �17.5° and
�11.5°C for mixed-phase and all-liquid clouds, respec-
tively. Thus, the thicker layers of cloud liquid (with
higher LWPs) in mixed-phase clouds, compared to all-
liquid clouds, were not due to warmer temperatures.
Although the mechanism for these differences is cur-
rently unknown and will require further investigation,
Hobbs and Rangno (1985) made a similar observation
that ice-producing altocumulus clouds were often
thicker and longer-lived than non-ice-producing altocu-
mulus.

c. Temperature and radiation considerations

Temperature plays a key role in determining mixed-
phase cloud occurrence and composition. The fact that
mixed-phase clouds tend to occur more frequently in
the spring and fall transition seasons (Fig. 3a) suggests
that the temperature range during these seasons is most
conducive to the coexistence of multiple cloud phases.
Radiation may also play a role, since the shortwave
(SW) radiative warming of the cloud top decreases at
low sun angles, allowing for a relatively larger longwave
(LW) radiative cooling to drive the updrafts that are
necessary to form and sustain the liquid water in these
clouds (i.e., Rauber and Tokay 1991; Pinto 1998; Har-
rington et al. 1999).

The relationship between temperature and liquid
fraction in mixed-phase clouds is particularly important
for climate models. The data presented in Figs. 10 and
11 suggest a general trend toward higher liquid frac-
tions at warmer temperatures with a substantial amount
of variation in temperature at any given liquid fraction.
The increase of the liquid fraction with temperature is
predominantly due to increases in LWP with tempera-
ture (i.e., Clausius–Clapeyron) and less due to de-
creases in IWP with temperature. On average, the re-
trieved mixed-phase cloud ice properties changed very
little with cloud temperature over the range of �40° to
�10°C (not shown). In support of these findings, other
studies have documented the increase in LWP with
temperature in the Arctic (e.g., Gultepe and Isaac 1997;
Lin et al. 2003). Additionally, Korolev et al. (2003) also
observed that mixed-phase cloud IWC did not signifi-
cantly vary with temperature.

The data in Figs. 10 and 11 are supported by previous
observations of phase partitioning with temperature,
yet the spread of available observations is large. Dif-
ferences in the temperature–phase relationship may be
expected as the conditions that impact this relationship
differ regionally, and likely seasonally, based on
sources of moisture, ice-forming nucleus type and con-
centration, vertical motion, and the net cooling rate
(e.g., Pinto 1998). These data, in agreement with other
observations (e.g., Heymsfield et al. 1991; Gultepe and
Isaac 1997; Hogan et al. 2003b; Korolev et al. 2003),
indicate that liquid water occurs at temperatures much
colder than some model parameterizations allow (i.e.,
Moss and Johnson 1994; Smith 1990), and support pa-
rameterizations that are able to form cloud liquid at
temperatures as low as �40°C. Finally, these observa-
tions show a range of about 25°C at any given liquid
fraction and a phase transition relationship that may
change with season, both of which complicate the abil-
ity to accurately parameterize the partitioning of cloud

708 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 63



phases based on temperature alone. None of the pa-
rameters presented here (cloud height and thickness,
total LWP or IWP) could explain the observed spread
in this relationship. Thus, cloud phase parameteriza-
tions based on additional parameters (e.g., Tremblay et
al. 1996), such as IFN concentrations or vertical mo-
tions, will likely be necessary to capture the natural
variability of Arctic cloud phase distributions.

5. Conclusions

Mixed-phase clouds occur with relatively high fre-
quency in all seasons in the Arctic, and the partitioning
of phases in these clouds has a significant influence on
the surface radiation balance. These clouds are poorly
modeled due to insufficient knowledge about their
structure and formation and persistence mechanisms.
Here, an annual cycle of measurements from radar, li-
dar, microwave radiometer, and radiosondes is utilized
to both identify Arctic mixed-phase clouds and to esti-
mate many of their macro- and microphysical proper-
ties. All measurements were made as part of the Sur-
face Heat Budget of the Arctic Ocean Program in
1997–98, which provided a particularly useful platform
for monitoring mixed-phase cloudiness. The retrieval
framework from which these cloud properties were de-
rived, including a detailed assessment of single-phase
cloud retrievals and results from SHEBA, is presented
in Shupe et al. (2005).

Although a full characterization of Arctic mixed-
phase clouds is not possible using the measurements
made at SHEBA, there is substantial information on
many mixed-phase cloud macro- and microphysical
properties. Cloud height, thickness, persistence, and
temperature are derived directly from radar measure-
ments and interpolated temperature soundings. Ice mi-
crophysical properties are derived from radar reflectiv-
ity measurements under the assumption that the large
ice crystals dominate the radar signal from these clouds.
The coefficients for these ice property retrievals are
derived from SHEBA observations and vary by month.
There were insufficient measurements to derive verti-
cally resolved cloud liquid properties; however, micro-
wave radiometer retrievals of LWP were useful for
characterizing the total liquid water present in mixed-
phase clouds.

Major conclusions concerning the macro- and micro-
physical properties of Arctic mixed-phase clouds in-
clude the following:

• Mixed-phase clouds occurred 41% of the time during
the SHEBA annual cycle, and 59% of the time that
clouds were observed. The annual minimum monthly

fraction was 10% in December and the maximum
was 70% in September. The majority of mixed-phase
clouds occurred in the spring and fall transition sea-
sons. About half of the mixed-phase clouds observed
at SHEBA consisted of a single shallow, cloud-top
liquid layer from which ice particles formed and fell.

• On average, mixed-phase cloud layers persisted for
12 h. However, many mixed-phase cloud systems per-
sisted for multiple days with only minor intermediate
breaks in mixed-phase cloudiness.

• Mixed-phase clouds occurred at temperatures rang-
ing from �40° to 0°C, with most observations from
�25° to �5°C. These clouds were typically �1–3 km
thick with a cloud base near the surface.

• Annual mean mixed-phase microphysical properties
are Dmean � 93 �m, IWC � 0.027 g m�3, IWP � 42
g m�2, and LWP � 61 g m�2. These are all larger than
the equivalent single-phase cloud properties from
SHEBA presented by Shupe et al. (2005).

• Ice particle sizes and IWC reach a broad maximum in
the upper-middle portion of the average single-layer
mixed-phase cloud, somewhat higher within the
cloud than for single-phase ice clouds. This profile
shape, and its difference from single-phase ice clouds,
is likely associated with the liquid water source near
the cloud top.

• The liquid fraction, or the ratio of liquid water to
total condensed water, generally increases with tem-
perature. The annual average relationship transitions
from full glaciation at �24°C to complete liquid wa-
ter at �14°C, although at any given liquid fraction
there is a 25°C range of observed temperatures. The
temperature range over which this phase transition
occurs may change moderately with season.

The results presented here are useful in that they
provide information on the relative trends and magni-
tudes of mixed-phase cloud properties over a full year
in the Arctic. They also reveal how hydrometeor prop-
erties are impacted by the presence of two phases as
opposed to one, suggesting the important role that ad-
ditional particle growth mechanisms based on the pres-
ence of liquid water can play in shaping the cloud mi-
crophysical properties.

Considerable work and new measurements are
needed to produce a more complete characterization of
Arctic mixed-phase cloud properties. Retrieval meth-
ods can be developed, improved, and better validated.
For example, radar reflectivity–Doppler velocity meth-
ods (Matrosov et al. 2002; Mace et al. 2002) may prove
to be more accurate for retrieving mixed-phase ice
properties since they are constrained by more measure-
ments; however, these methods must be implemented
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with various corrections that may require full radar
Doppler spectra. Furthermore, a vertically resolved
characterization of the liquid component of these
clouds may also require Doppler spectra measurements
(Shupe et al. 2004), a profiling multichannel microwave
radiometer, or a combination of different retrieval
methods based on multiple measurements (i.e., Turner
2005; Wang et al. 2004). Additional study is also nec-
essary to determine how representative the SHEBA
annual cycle is of Arctic mixed-phase cloudiness in gen-
eral, and to specifically investigate why more cloud ice
and liquid occur in mixed-phase clouds than in single-
phase clouds. Finally, a broader analysis involving more
parameters will be necessary to further constrain the
cloud phase–temperature relationship in order to im-
prove model phase partitioning parameterizations.
These issues may be addressed by new measurements
at the Atmospheric Radiation Measurement Program’s
North Slope of Alaska site, and specifically with data
from the Mixed-Phase Arctic Clouds Experiment (fall
2004). Focused in situ aircraft and ground-based re-
mote sensor studies of this nature are needed to further
characterize mixed-phase cloud properties and to
clarify the mechanisms for mixed-phase cloud forma-
tion and persistence.
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