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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-

Corresponding author address: Matthew Shupe, CIRES/
NOAA/ETL, R/ET6, 325 Broadway, Boulder, CO 80305.
E-mail: matthew.shupe@noaa.gov

FEBRUARY 2006 S H U P E E T A L . 697

© 2006 American Meteorological Society

JAS3659



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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