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ABSTRACT

The microphysical characteristics, radiative impact, and life cycle of a long-lived, surface-based mixed-
layer, mixed-phase cloud with an average temperature of approximately �20°C are presented and dis-
cussed. The cloud was observed during the Surface Heat Budget of the Arctic experiment (SHEBA) from
1 to 10 May 1998. Vertically resolved properties of the liquid and ice phases are retrieved using surface-
based remote sensors, utilize the adiabatic assumption for the liquid component, and are aided by and
validated with aircraft measurements from 4 and 7 May. The cloud radar ice microphysical retrievals,
originally developed for all-ice clouds, compare well with aircraft measurements despite the presence of
much greater liquid water contents than ice water contents. The retrieved time-mean liquid cloud optical
depth of 10.1 � 7.8 far surpasses the mean ice cloud optical depth of 0.2, so that the liquid phase is primarily
responsible for the cloud’s radiative (flux) impact. The ice phase, in turn, regulates the overall cloud optical
depth through two mechanisms: sedimentation from a thin upper ice cloud, and a local ice production
mechanism with a time scale of a few hours, thought to reflect a preferred freezing of the larger liquid drops.
The liquid water paths replenish within half a day or less after their uptake by ice, attesting to strong water
vapor fluxes. Deeper boundary layer depths and higher cloud optical depths coincide with large-scale rising
motion at 850 hPa, but the synoptic activity is also associated with upper-level ice clouds. Interestingly, the
local ice formation mechanism appears to be more active when the large-scale subsidence rate implies
increased cloud-top entrainment. Strong cloud-top radiative cooling rates promote cloud longevity when the
cloud is optically thick. The radiative impact of the cloud upon the surface is significant: a time-mean
positive net cloud forcing of 41 W m�2 with a diurnal amplitude of �20 W m�2. This is primarily because
a high surface reflectance (0.86) reduces the solar cooling influence. The net cloud forcing is primarily
sensitive to cloud optical depth for the low-optical-depth cloudy columns and to the surface reflectance for
the high-optical-depth cloudy columns. Any projected increase in the springtime cloud optical depth at this
location (76°N, 165°W) is not expected to significantly alter the surface radiation budget, because clouds
were almost always present, and almost 60% of the cloudy columns had optical depths �6.

1. Introduction

Recent decades have witnessed a resurgence of in-
terest in the Arctic climate, initially driven by general
circulation model simulations that indicate a strong
Arctic response to increasing greenhouse gases (e.g.,
Houghton et al. 1995). Observations show some sup-

port for annual-mean model predictions; these include
a rapid warming of the Arctic surface (Chen et al. 2002;
Serreze et al. 2000; Stone 1997), decreasing sea ice ex-
tent and thickness (Chapman and Walsh 1993; Parkin-
son et al. 1999), changes in water vapor advection
(Groves and Francis 2002), and vegetation changes
(Sturm et al. 2001).

An increase in spring and summer cloudiness and
decrease in winter cloudiness from 1982 to 1999 has
also been noted in satellite data (Wang and Key 2003).
Surface observations at Barrow, Alaska, similarly re-
port an increasing spring cloudiness over time (Stone et
al. 2002), and increases in springtime cloud optical
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depth (Dutton et al. 2004). These cloud observations
have particular relevance to Arctic climate change as
clouds have a strong radiative influence on the Arctic
surface energy budget (Curry and Ebert 1992; Intrieri
et al. 2002a; Schweiger and Key 1994; Walsh and Chap-
man 1998), including an influence on the onset date of
snowmelt (e.g., Zhang et al. 1996).

Many Arctic clouds are mixed phase,1 and mixed-
phase cloud processes have strong implications for the
cloud optical depth. The supercooled liquid contributes
prominently to the overall cloud optical depth (Hogan
et al. 2003; Sun and Shine 1994) and increases the mea-
sured surface infrared flux, especially during the Arctic
winter months (Intrieri et al. 2002a). The ice cloud op-
tical depth may be insignificant, but the ice phase indi-
rectly regulates the overall cloud optical depth. The
transition to all-ice conditions can be associated with a
large drop in cloud optical depth (Curry and Ebert
1992; Sun and Shine 1994).

Most general circulation models do not reproduce
even the most basic features of the annual cycle of
cloudiness (e.g., Tao et al. 1996). Most likely, this re-
flects, at least in part, a neglect of mixed-phase micro-
physical processes (Beesley and Moritz 1999; Vavrus
2004). The liquid phase is common even in subfreezing
conditions (Intrieri et al. 2002b; Uttal et al. 2002), de-
spite the ability of ice, when present, to uptake water
vapor and liquid quickly; for the �20°C cloud consid-
ered here, air saturated with respect to water is 20%
supersaturated with respect to ice. More detailed cloud
models demonstrate a sensitivity of mixed-phase cloud
longevity to modest ice particle and ice freezing nuclei
concentrations (Harrington et al. 1999; Jiang et al. 2000;
Morrison et al. 2005, hereafter MCSZ; Pinto 1998).

Current deficiencies in model representations of Arc-
tic clouds and their many complex radiation–surface
feedbacks support the value of articulating Arctic
mixed-phase cloud characteristics, life cycles, and their
radiative interactions as completely as possible with ob-
servational datasets. The present study examines one
multiday Arctic cloud sequence in this light. The focus
is on a long-lasting, surface-based, mixed-layer, mixed-
phase cloud occurring from 1 to 10 May 1998 at the
Surface Heat Budget of the Arctic (SHEBA) site, ap-
proximately 3 weeks prior to the snowmelt onset date.
This time period overlaps with the first two research
aircraft flights of the Arctic Clouds Experiment (ACE;
Curry et al. 2000).

A challenge posed to the cloud characterization
within this study is the presence of both the liquid and
ice phases. The ability to separately characterize the
liquid and ice cloud component has remained elusive.

Most remote sensors and retrieval methods are de-
signed for only the liquid or ice phase. Methods for
simultaneous retrieval using radar–lidar combinations
(Hogan et al. 2003; Wang et al. 2004), near-infrared
spectra (Daniel et al. 2002), and infrared spectra
(Turner et al. 2003) have been proposed, but these are
best suited for clouds of low optical depth and do not
necessarily provide vertically resolved profiles.

The study presented here uses a conventional ap-
proach that lacks these limitations. Retrievals from
multiple surface remote sensor measurements [35-GHz
cloud radar, depolarization lidar, microwave radiom-
eter (MWR)] are combined with rawinsonde tempera-
ture measurements to individually characterize the ice
and liquid components. Vertically resolved ice micro-
physics are retrieved from the cloud radar measure-
ments using a technique developed for all-ice clouds
and extended here to mixed-phase conditions. The de-
polarization lidar establishes the base of the liquid
cloud, a temperature inversion identifies the liquid
cloud top, and an adiabatic ascent calculation applied
to a parcel saturated at cloud base establishes the liquid
water content (LWC) profile. Liquid water paths
(LWPs) derived from a surface-based microwave radi-
ometer constrain the adiabatically derived LWPs. Com-
parisons to aircraft data aid and validate the character-
ization, as does a comparison of modeled to observed
radiative fluxes at the surface.

A multisensor adiabatic characterization has been
used previously (e.g., Albrecht et al. 1990; Stankov et
al. 1995). The approach may be particularly useful for
Arctic mixed-phase clouds, as previous observations
demonstrate the liquid in nonprecipitating all-liquid or
mixed-phase Arctic clouds is often adiabatically distrib-
uted (Curry 1986; Curry et al. 1988, 1996; Herman and
Curry 1984; Hobbs and Rangno 1998; Jayaweera and
Ohtake 1973; Lawson et al. 2001; Pinto et al. 2001;
Shupe et al. 2001), a consequence of the often-stable
Arctic atmosphere. For the case examined here, the
presence of only one liquid layer further eases the de-
termination of the liquid and ice vertical structure.
These then provide confidence for a subsequent inves-
tigation of the cloud–radiation–surface feedbacks. The
influence of the large-scale synoptics on the cloud op-
tical depth is also addressed. The ultimate goal is to aid
assessments of future climate change scenarios.

2. Case description and data

a. Surface instrumentation and data description

Table 1 lists the primary surface-based remote sen-
sors used within this study; all are vertically pointing
but the sun photometer, which tracks with the sun. The
35-GHz cloud radar retrieval of the ice component is
described more fully in section 4a. The cloud radar has
a beamwidth of 0.5° and a sensitivity of approximately
�46 dBZ at 5 km without attenuation (Moran et al.

1 A mixed-phase cloud is defined loosely here as liquid and ice
coexisting near each other (��50 m), usually within the same
vertical column.
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1998). The water cloud bases are established with the
depolarization and backscatter unattended lidar (In-
trieri et al. 2002b) and rely on both the lidar depolar-
ization ratio and the lidar backscattered intensity. Low
lidar depolarization ratios (usually �0.11) indicate
sphericity, either from liquid drops or hydrated aero-
sols. A large gradient in the lidar backscattered inten-
sity further distinguishes the base of a water cloud from
aerosol.

LWPs are physically retrieved from the MWR bright-
ness temperatures [Y. Han, unpublished data, see Han
and Westwater (1995) for further details]. The physical
retrieval uses the dry opacity and cloud liquid absorp-
tion models of Rosenkranz (1998) and Liebe et al.
(1991), consistent with the recommendations of West-
water et al. (2001). These are all improvements upon
the initial SHEBA retrievals. A further strength of the
physical retrieval is its use of a liquid cloud temperature
estimated from the soundings, the lidar-determined liq-
uid cloud base, and an assumed cloud thickness of
400 m. This reduces the retrieval error to 10 g m�2 and
represents a valuable improvement on the statistical
retrieval error of 25 g m�2 (Westwater et al. 2001) for
the low LWPs common to the Arctic.2 The cloud liquid
absorption values for temperatures below 0°C are ex-
trapolated from warmer temperature values and there-
fore less certain. LWPs are retrieved at a 2-min time
resolution.

b. Aircraft data description

Table 2 lists the aircraft instrumentation used within
this study. We used data from the first and second

First International Satellite Cloud Climatology Project
(ISCCP) Regional Experiment–ACE (FIRE–ACE) re-
search flights of the National Center for Atmospheric
Research (NCAR) C-130 aircraft, occurring on 4 May
and 7 May, respectively. LWCs were determined by the
mean of the two King hot-wire probes.3 The King liquid
water contents were increased by a factor of 1.2, based
upon analysis results by K. Laursen at NCAR of the
King probe sensor surface area. The (Forward Scatter-
ing Spectrometer Probe) FSSP-100 data establish the
drop-size effective radius, and the logarithm of the
droplet distribution geometric standard deviation
(hereafter referred to as lognormal width).

The FSSP consistently overestimated LWC during
the FIRE–ACE project (Lawson et al. 2001), and is
more prone to ovestimates in drop sizing than to count-
ing errors. We applied a correction to the FSSP data to
achieve consistency with the King probe LWCs (which
are thought to be accurate). The FSSP bin sizes were
reduced by raising them to a fractional power a, where
a is the ratio between the mean King probe LWC and
the FSSP LWC. This effectively reduces the drop sizes,
particularly of the largest drops, while preserving the
bin concentrations and not allowing the lowest bin to go
below 0 �m. Separate values of a were calculated for
individual time periods.

Statistically meaningful values can be derived from
the aircraft liquid water data at a high time resolution.
Ice microphysical data are collected at a slower rate by
the Cloud Particle Imager (CPI), and approximately
1-min time segments were necessary for constructing a
representative size distribution. These correspond to a
horizontal distance from the SHEBA site of 4–5 km or
less. Complete size distribution spanning from 2 to 2000
�m were estimated from combining the FSSP, CPI, and
260X data. The CPI size distribution is self-scaled on
the assumption that the concentration of the larger par-
ticles (�250 �m) can be accurately calculated (Lawson
2003). The 260X probe undercounts particles (Lawson
2003), and in regions where the CPI and 260X size
distributions overlapped, the CPI values were chosen.
At this point in time, it is difficult to assess the accuracy
of the CPI-derived ice concentrations.

After a complete size distribution was estimated, the

2 The statistical retrieval uses a mean climatological sounding
from Barrow, Alaska, rather than the SHEBA soundings, and no
information on the liquid cloud altitude or temperature.

3 One King probe was present on the left side of the airplane,
and another on the right side. Their values were typically within
10% of each other.

TABLE 1. Surface-based instrumentation.

Instrument Vertical resolution Primary application Instrument reference

35-GHz cloud radar 45 m Retrieval of ice component Moran et al. (1998)
23.8- and 31.8-GHz microwave radiometer Integrated Liquid water path Westwater et al. (2001)
0.5235-�m polarized micropulse lidar 30 m Cloud phase Alvarez et al. (1998)
Rawinsondes (4 day�1) Pressure, temperature
Sun photometer (500 and 675 nm) Integrated Aerosol optical depth Stone et al. (1993)

TABLE 2. Aircraft instrumentation.

Instrument Parameter Range

FSSP-100 Cloud drop and crystal
size distribution

2–47-�m
particle size

1D OAP-260X* Drop and crystal size
distribution

40–640 �m

Cloud particle
imager

Cloud particle phase,
shape, and size

5–2000 �m

King hot-wire probe Liquid water content 0.05–3.0 g m�3

* Optical Array Probe.
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size distributions were divided into their ice and liquid
components. The King probe served as the primary in-
dicator of liquid. The FSSP data were assumed to cor-
respond completely to liquid particles when liquid was
present, and the CPI data were partitioned by phase
using a roundness criterion. Although the FSSP-100
was probably prone to sizing problems within all-ice
conditions, no correction was applied because of a lack
of additional information. In liquid-containing regions,
the adiabatic shape of the FSSP LWC profile supports
the assumption that the FSSP probe senses little ice.

c. Case description

By early May, the SHEBA ice camp had drifted to
approximately 76°N, 165°W. Throughout 1–10 May, a
low, supercooled liquid cloud persisted within a sur-
face-based mixed layer, and upper ice clouds are ap-
parent within the cloud radar measurements on 4 and 6
May. After 7 May, the low cloud slowly thinned, then
dissipated completely at solar noon on 9 May, but de-
veloped again later and lasted until mid-May. Two
leads, several meters wide, opened near the SHEBA
ship around 7 May (Curry et al. 2000). Aspects of the
1–10 May time period are discussed in Curry et al.
(2000), Lawson et al. (2001), and Dong et al. (2001),
and form the subject of at least two model simulations
(Carrió et al. 2005; MCSZ).

The cloud radar reflectivities, lidar-determined water
cloud bases, microwave radiometer–derived liquid wa-
ter paths, and all the temperature soundings from 1 to
10 May are shown in Fig. 1. The lidar, microwave radi-
ometer, and radiosonde measurements indicate the
lower cloud contained supercooled liquid (temperature
���20°C) while high radar reflectivity values, Dopp-
ler velocities, and high radar spectral width4 values in-
dicate the lower cloud also contained ice [see also Fig.
1 of Intrieri et al. (2002b)]. The upper clouds are likely
all ice, based on high values for the radar Doppler ve-
locities, and low values for the radar spectral width.

The radar-reflectivity-determined cloud top usually
agreed well with the location of a 2–3-K temperature
inversion present during the entire 1–10 May time pe-
riod (Fig. 2). This temperature inversion persisted dur-
ing times with low LWPs (6–8 May) and coincided with
the liquid cloud top even when the cloud radar data did
not clearly distinguish separate low and upper clouds
(e.g., Fig. 3). The near-surface temperature averaged
approximately �16°C during this time period, with a
small warming trend (see also Wylie 2001).

The 4 May aircraft flight path near the SHEBA site,
shown vertically projected upon the cloud radar reflec-
tivities in Fig. 3, coincided with the end of sedimenta-
tion from an upper cloud into the lower cloud. We
compared liquid water data from one aircraft descent
(at 2154 UTC) and ascent (at 2320 UTC) to adiabatic
ascent calculations. The aircraft ice microphysical data
come from six horizontal overpasses occurring after
2320 UTC and a combination of the overpasses occur-

4 The spectral width is defined as the square root of the variance
of sampled Doppler velocities about their mean value. High val-
ues can indicate turbulence, but in the Arctic, where turbulence is
low, they often indicate a wide distribution of Doppler velocities
associated with the presence of two phases. On 4 May, regions
determined by the aircraft to contain both phases also corre-
sponded to high values for the radar spectral width.

FIG. 2. Radar-determined cloud top (dashed line) and inversion
height (solid line) for 1–10 May.

FIG. 1. (a) Radar reflectivities for 1–10 May in dBZ, with black
dots indicating the lidar-determined water cloud bases, (b) MWR-
derived LWP, and (c) all the temperature soundings. Each tem-
perature sounding is displaced by 5°C from the previous sounding,
with each day represented by a different color. The lines across
the temperature profiles indicate the lidar-determined cloud base.
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