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ABSTRACT

Cloud phase defines many cloud properties and determines the ways in which clouds interact with other
aspects of the climate system. The occurrence fraction and characteristics of clouds distinguished by their phase
are examined at three Arctic atmospheric observatories. Each observatory has the basic suite of instruments
that are necessary to identify cloud phase, namely, cloud radar, depolarization lidar, microwave radiometer,
and twice-daily radiosondes. At these observatories, ice clouds are more prevalent than mixed-phase clouds,
which are more prevalent than liquid-only clouds. Cloud ice occurs 60%—70% of the time over a typical year,
at heights up to 11 km. Liquid water occurs at temperatures above —40°C and is increasingly more likely as
temperatures increase. Within the temperature range from —40° to —30°C, liquid water occurs in 3%-5% of
the observed cloudiness. Liquid water is found higher in the atmosphere when accompanied by ice; there are
few liquid-only clouds above 3 km, although liquid in mixed-phase clouds occurs at heights up to about 7-8 km.
Regardless of temperature or height, liquid water occurs 56% of the time at Barrow, Alaska, and at a western
Arctic Ocean site, but only 32% of the time at Eureka, Nunavut, Canada. This significant difference in liquid
occurrence is due to a relatively dry lower troposphere during summer at Eureka in addition to warmer cloud
temperatures with more persistent liquid water layers at the far western locations. The most persistent liquid
clouds at these locations occur continuously for more than 70 h in the autumn and more than 30 h in the winter.
Ice clouds persist for much longer than do liquid clouds at Eureka and occur more frequently in the winter
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season, leading to a total cloud occurrence annual cycle that is distinct from the other observatories.

1. Introduction

Cloud thermodynamic phase is a first-order cloud char-
acteristic that shapes the roles that clouds play in the cli-
mate system. Due to the molecular properties of water in
the liquid and solid phases, and the global distributions
and types of aerosol particles, the microphysical proper-
ties of liquid and ice clouds differ significantly. Cloud
condensation nuclei, upon which cloud liquid droplets
form, typically occur in much higher concentrations than
ice-forming nuclei, which act as the seeds for cloud ice
particles (e.g., Pruppacher and Klett 1997; Rogers and
Yau 1989). As a result, cloud liquid droplets occur in
higher number concentrations than ice crystals, and con-
sequently are also typically smaller in size.

This fundamental difference between populations
of ice and liquid cloud hydrometeors has significant
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implications on the processes through which clouds in-
teract with the climate system. When considering the
radiative effects of clouds, microphysical distinctions be-
tween liquid and ice impact the cloud optical depth and
other optical properties (Sun and Shine 1994; Gayet et al.
2002). For a fixed amount of condensed mass, the cloud
optical depth is highest when the mass is distributed over
a larger concentration of smaller particles (Twomey
1977). Thus, liquid clouds have typically been found to
more strongly interact with atmospheric radiation than
ice clouds (e.g., Sun and Shine 1994; Hogan et al. 2003a;
Shupe and Intrieri 2004; McFarquhar and Cober 2004).
Cloud phase also defines the microphysical processes that
act upon hydrometeor populations. For example, at a
given supersaturation, water vapor will more readily
condense on ice particles than liquid particles due to the
lower saturation vapor pressure of ice relative to liquid
(e.g., Rogers and Yau 1989). Additionally, microphysical
processes such as collision, coalescence, aggregation,
riming, and others are dependent on phase (Pruppacher
and Klett 1997). As a result, precipitation efficiency and
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type are sensitive to cloud phase (Rogers and Yau 1989;
Harrington and Olsson 2001; Zhang and Lohmann 2003).
Finally, clouds can respond to changes in aerosol con-
centrations through a number of phase-dependent aero-
sol indirect effects (e.g., Lohmann and Feichter 2005).

Despite these numerous ways in which cloud phase is
important, and perhaps because of them, models struggle
to produce clouds with the correct phase composition.
This issue is particularly the case for supercooled con-
ditions (temperature 7' < 0°C), where a broad array of
models has difficulty producing and maintaining liquid
water at these cold temperatures (e.g., Harrington et al.
1999; Jiang et al. 2000; Morrison et al. 2003; Hogan et al.
2003b; Vaillancourt et al. 2003; Marsham et al. 2006;
Tjernstrom et al. 2008). In addition to impacting modeled
atmospheric radiation, these phase-related issues can af-
fect the modeled precipitation (Gregory and Morris 1996;
Jiang et al. 2000). However, evaluating cloud phase in
models has been difficult due to insufficient observational
datasets used to develop and test model parameteriza-
tions and difficulties with unraveling the effects of com-
pensating model errors. For example, Gregory and
Morris (1996) indicated better model radiative closure
when liquid water was restricted to only temperatures
above —9°C, while observations clearly show that cloud
liquid occurs at much colder temperatures (Rauber and
Grant 1986; Heymsfield et al. 1991; Intrieri et al. 2002).
Since clouds play so many significant roles in the climate
system, the cloud phase must be correctly specified in
order to correctly simulate the climate (e.g., Sun and
Shine 1995; Rotstayn et al. 2000).

Relatively little is known about the annual and verti-
cal distributions of cloud phase in the Arctic because the
long polar winter and harsh environment inhibit suffi-
cient measurements in that region. Historically, surface
observer records have been used to characterize cloud
phase occurrence (Vowinkel and Orvig 1970; Warren
et al. 1988). However, surface observations can be dif-
ficult, particularly for multilayered cloud scenes or when
poor visibility due to darkness and/or blowing snow is
a factor (Hahn et al. 1995). Since the late 1990s, remote
sensors have been used to examine Arctic cloudiness,
providing the possibility to avoid some of the subjective
pitfalls experienced by surface observers. Using ground-
based remote sensor observations over the Arctic sea
ice, Turner et al. (2003) and Shupe et al. (2005) presented
some information on the annual frequency of occur-
rence for different cloud phase types and suggested the
frequent occurrence of liquid water layers even in the
cold winter. However, longer-term and more widely
representative observations are needed at a variety of
Arctic locations in order to better understand Arctic
cloud phase.
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Arctic cloud occurrence fraction and macrophysical
properties from six atmospheric observatories have been
described in depth in a companion paper (Shupe et al.
2011, hereinafter Part I). This paper builds upon and
deepens that analysis by distinguishing many of the
cloud occurrence characteristics by phase. This study
utilizes observations from three of the Arctic cloud ob-
servatories described in the companion paper, namely the
Department of Energy’s (DOE) North Slope of Alaska
site in Barrow, Alaska (Stamnes et al. 1999); the joint
National Oceanic and Atmospheric Administration
(NOAA)—Canadian Network for the Detection of At-
mospheric Change (CANDAC) observatory in Eureka,
Nunavut, Canada; and the Surface Heat Budget of the
Arctic (SHEBA,; Uttal et al. 2002) ice station that was
deployed in the Beaufort Sea for 1 yr. Each of these
observatories employs at least a cloud radar, depolari-
zation lidar, microwave radiometer, and radiosondes.
This instrument suite is not only able to identify the
presence of clouds, but also provides sufficient infor-
mation to identify the cloud thermodynamic phase and
its vertical distribution.

As in Part I, the definition of “‘cloud” used here is
simply based upon the ability of the suite of stationary,
ground-based, zenith-pointing remote sensors to dis-
tinguish a cloud signal from clear air. This definition is
expanded here to include the thermodynamic phase;
namely, a cloud is assigned a given phase depending on
the ability of the remote sensors to identify that phase. It
must be emphasized that all results here are derived
from a zenith-pointing perspective wherein clouds drift
overhead. Cloud occurrence fraction, or simply cloud
fraction, is the amount of time that clouds are present
and detectable above the ground-based sensors.

2. Cloud observations
a. Observatories

Arctic atmospheric observatories utilized in this study
are restricted to those that have a sufficient suite of in-
struments to perform more advanced cloud characteriza-
tions, including vertical profiling and phase identification.
Thus, only three of the six observatories introduced in Part
I have sufficient instrumentation (listed in Table 1). These
sites are only found in the western Arctic and it is unknown
if they are in any way representative of the Arctic cloud-
iness found in the eastern Arctic.

The observatory in Barrow is located on the northern
coast of Alaska with limited local topographic variabil-
ity, leading to cloudiness that can be either marine or
continental in nature depending upon the large-scale
flow. The Eureka observatory is located on the edge of
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TABLE 1. Arctic atmospheric observatories. For the fourth column, the date range is for the time period over which the specified suite of
cloud-observing instruments was employed to identify cloud phase in this study, which may not be identical to the operation of the site as

a whole.
Site Name Site location Coordinates Dates of operation Instruments
Barrow North Slope of Alaska 71°19'N, 156°37'W  March 2004-February 2006 MMCR, MPL, radiosondes, MWR
SHEBA Beaufort and Chukchi Seas in ~ 75°-80°N, October 1997-October MMCR, DABUL,
the Western Arctic Ocean 143°-167°W 1998 radiosondes, MWR
Eureka Ellesmere Island, Nunavut, 80°00'N, 85°57'W August 2005-October 2009 MMCR, HSRL, radiosondes,

Canada

MWR

a fjord in the Canadian archipelago, embedded within
a complex system of islands and waterways with highly
variant topography and surface types. Finally, the SHEBA
project made measurements from a ship-based observa-
tory that drifted with the permanent ice pack in the far
western Arctic Ocean for a single year. Together these
sites represent a sea-ice-covered Arctic Ocean environ-
ment, a coastal site, and a complex terrain site, three
categories that characterize much of the western Arctic
region. However, since the length of time for each of
these datasets is limited, ranging from 1 (SHEBA) to 5 yr
(Eureka), and the time periods covered do not always
overlap, the data presented here likely does not capture
the full natural variability of clouds at these locations.

b. Instruments

The instrument suite at each observatory includes, at
minimum, a cloud radar, a depolarization lidar, a mi-
crowave radiometer, and twice-daily radiosondes. The
use of these instruments to distinguish cloud occurrence
from a clear-sky background has been described in Part
1. Here, the specific instruments and method used to
identify the cloud phase are briefly described. The
instruments and their pertinent measurements are sum-
marized in Table 2. All references to height are “above
ground level,” which for all stations is within a few tens
of meters of mean sea level.

Each observatory in this study operates a unique type
of depolarization lidar. In Barrow there is a micropulse
lidar (MPL; Campbell et al. 2002), in Eureka there is

a high-spectral-resolution lidar (HSRL; Eloranta 2005),
and at SHEBA there was a depolarization and back-
scatter unattended lidar (DABUL; Intrieri et al. 2002).
Both the lidar backscatter and depolarization ratio con-
tain significant information on the hydrometeor phase.
As described in the introduction, populations of cloud
liquid droplets typically have a larger backscatter cross
section than populations of ice crystals due to size and
concentration considerations. Additionally, nonspherical
ice crystals have relatively high depolarization ratios,
while spherical targets such as liquid water droplets have
a minimal depolarization ratio (Sassen 1984; Intrieri et al.
2002). One limitation, however, is that lidar wavelengths
are readily attenuated by clouds, with full occultation at
an optical depth of 3-5(e.g., Sassen and Cho 1992), pre-
venting higher-altitude observations in optically thicker
cloud systems.

Observations of reflectivity, mean Doppler velocity,
and Doppler spectrum width from the millimeter cloud
radar (MMCR; Moran et al. 1998) contain useful sig-
natures for identifying cloud phase. For example, radar
reflectivities higher than about —17 dBZ are character-
istic of targets that are larger than cloud liquid droplets
(e.g., Frisch et al. 1995), suggesting the presence of pre-
cipitation in some form when higher reflectivities are
observed. Similarly, large downward velocities, particu-
larly when averaged over time, are again consistent with
precipitation-size particles. Finally, while complicated by
the broadening effects of turbulence, a broader spec-
trum width is often associated with multiple phases within

TABLE 2. Instruments, measurements, and pertinent specifications for the datasets used in this study. Here, Az and At are the vertical
and temporal resolutions of the input measurements, although all data streams have been interpolated to 1-min time resolution for cloud

phase identification.

Instrument Measurements Pertinent specifications Derived parameters

MMCR Reflectivity, mean Doppler velocity, Az =45-90 m, At = 4-10s Presence, boundaries, phase
Doppler spectrum width

HSRL Backscatter, depolarization ratio Az =30m, At =30s Presence, boundaries, phase

DABUL Backscatter, depolarization ratio Az =30m,At=75s Presence, boundaries, phase

MPL Backscatter, depolarization ratio Az =>5m,At =>2s Presence, boundaries, phase

MWR Tg At=30s Phase

Radiosonde Tatm At~ 12h Phase, temperature
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a cloud volume (e.g., Shupe et al. 2004), while narrow
widths are more characteristic of single-phase clouds.

Cloud phase characterization is enhanced by two- or
five-channel microwave radiometers (MWR; Liljegren
1994) measuring sky brightness temperature between
23 and 31 GHz. These observations are used to esti-
mate the precipitable water vapor (PWV) and total con-
densed liquid water path (LWP). The phase classification
is constrained by these retrievals by requiring liquid wa-
ter to be identified somewhere in the vertical column
when the LWP is greater than the retrieval uncertainty
of 25 g m~? (Westwater et al. 2001). Radiosonde mea-
surements of atmospheric temperature and moisture pro-
files are also used in cloud-type classification and for
cloud temperature statistics. Basic thresholds at —40°C,
the approximate homogeneous freezing temperature, and
0°C, the melting point of water, support the classification
method. For phase classification purposes, radiosonde
profiles are linearly interpreted in time to provide full
temporal coverage. However, for all results relating these
sounding measurements to cloud properties, clouds are
only considered within 1 h of a temperature sounding
under the assumption that temperature changes are
insignificant over this time period. Radiosonde relative
humidities in the troposphere are likely biased high by
up to 3.5% in the winter and low by up to 5% in the
summer (e.g., Miloshevich et al. 2009).

¢. Cloud phase classification

The multisensor, fixed-threshold cloud phase classifi-
cation of Shupe (2007) is applied to 1-min-interpolated
observations from the MMCR, lidar, MWR, and ra-
diosondes. Phase-specific signatures from this collection
of instruments are used to distinguish each cloud pixel
as ice, snow, liquid, drizzle, liquid cloud plus drizzle,
rain, or mixed phase. The definition of each of these
categories is based on the ability of the remote sensors
to distinguish each phase type within a given volume or
cloud layer. A liquid classification, for example, is defined
as a cloud layer that is composed entirely of condensed
liquid water droplets observable by at least one of the
sensors and no sensor is able to detect ice water or some
form of precipitation. For complete details on the specific
thresholds used for each measurement, please refer to
Shupe (2007). The distinctions between cloud and precip-
itation are based on radar reflectivity and mean Doppler
velocity thresholds. Since the distinction between ““ice”
and ““snow’ is arbitrary, these two classes have been
combined and are jointly referred to as ice in this anal-
ysis. Likewise, “‘rain” and ‘‘drizzle’” have been combined
as liquid-phase precipitation and are referred to as rain.

Mixed-phase cloud “volumes,” according to the Shupe
(2007) classification method, are time-height pixels within
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which the remote sensors identify both condensed liquid
and ice water. A modified definition of mixed-phase cloud
is used here, which includes those circumstances when
cloud ice is identified directly and continuously below
cloud liquid or mixed-phase regions such that the cloud
ice forms from and/or interacts with the liquid-water-
containing layer. This mixed-phase definition is similar
to the Shupe et al. (2006) definition, which states that
mixed-phase cloud systems are those that contain liquid
and ice water that are associated through microphysical
processes within the same contiguous layer but must not
necessarily contain both condensed phases in all cloud
volumes. The reason for this mixed-phase definition is
to distinguish cloud ice that is formed in a uniformly
frozen environment from that which is formed in a
mixed-phase environment. Finally, a “mixed column”
indicates the presence of both solid and liquid phases
within the vertical column but not necessarily associ-
ated with the same contiguous cloud layer or system.
The uncertainty of the classification algorithm is dif-
ficult to ascertain since a definitive validation dataset is
lacking. Sources of potential error include the temporal
interpolation of 12-h soundings, the 25 g m > uncertainty
associated with the LWP retrieval, and the thresholds
employed in the classification algorithm. The first of these
only affects those clouds that are close to important
temperature thresholds at —40° and 0°C, although it is
common for other instruments to constrain the retrieval
at these times. LWP uncertainty is perhaps the most sig-
nificant in that clouds with very little liquid water might be
falsely classified as ice, or those with no liquid water might
be falsely classified as being liquid or of mixed phase.
Fortunately, other measurements, such as the lidar de-
polarization ratio, can identify cloud liquid water quite
robustly. Finally, the classification thresholds were largely
based on relationships from the literature (see Shupe
2007). Consequentially, classifications for SHEBA and
Barrow made using this method result in statistics that are
very similar to those from a manual, multisensor cloud-
phase classification used in the Shupe et al. (2006) study.
An example of the phase classification, and the mod-
ified mixed-phase definition, is given in Fig. 1. Figures
la, 1b, 1c, and le show key input parameters to the
classification method, while the classification mask itself
is given in Fig. 1d. Radar and lidar measurements clearly
indicate a stratiform cloud layer just above 2 km, which
begins to precipitate more strongly over the course of
the 12-h case. Low lidar depolarization ratios at the top
of this layer suggest a continuous liquid water layer; a
characterization that is corroborated by the microwave-
radiometer-derived LWP. Larger values of radar re-
flectivity, increased lidar depolarization, and increased
radar mean Doppler velocities all consistently support
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FIG. 1. Example of the cloud phase classification from 21 Sep 2008 at Eureka. (a) Radar
reflectivity, (b) radar mean Doppler velocity, (c) lidar depolarization ratio, and (e) microwave
radiometer-derived LWP are used as input into the classification algorithm. (d) The classifi-
cation mask shows areas of ice, liquid, and mixed-phase conditions. Orange and green regions
have been modified to account for the definition of mixed-phase cloud used here. All heights
are AGL. Mean Doppler velocities are positive downward.

the presence of ice crystals falling from this stratiform
liquid layer. An upper cloud layer is also present for the
first 8 h of this case, although signal attenuation pre-
vents the lidar from observing this cloud for all but the
first 0.5 h (Fig. 1c). During this brief window, the lidar
depolarization ratio in this upper cloud indicates ice
crystals. The structure of the radar reflectivity supports
this classification. Within the classification mask (Fig.
1d), areas that are colored orange and green are those
that have been reclassified as mixed-phase cloud from
single-phase liquid and ice classifications, respectively.
Thus, it is only during brief periods within the first 4 h of
the case, when there is no indication of ice crystals
forming in and falling from the layer at 2 km, that the
layer is classified as containing liquid water only. During
all other times, liquid and ice are both detected either
within the same volume or vertically adjacent to each
other; thus, the layer is classified as mixed phase. A

mixed column is present for the whole case except for
the brief window in the first 0.5 h when only ice is
present in the vertical column.

3. Results
a. Cloud occurrence by phase

Annual cycles of monthly averaged cloud occurrence
fraction for different cloud types are summarized in
Fig. 2. At each site, the total cloud fraction (black curve)
characterizes the subset of observations used in this
cloud phase analysis (see Table 1); while these results
are similar to the total cloud fractions given in Fig. 2 of
Part I, they differ by up to 5%-10% per month due to
the specific subset of time periods included in this da-
taset. To broadly summarize, clouds of any type occur
most frequently in the late summer and fall at Barrow
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FIG. 2. Annual cycles of monthly mean occurrence fraction for different cloud phase types at
(a) Barrow, (b) SHEBA, and (c) Eureka. Curves include the total cloud fraction (solid black),
ice-only cloud fraction including snow (solid blue), liquid-only cloud fraction (solid red), liquid
precipitation including drizzle and rain (solid orange), mixed-phase cloud fraction (solid light
green), and mixed-phase column fraction (solid dark green). See text for definitions of mixed-
phase cloud and column. Also included are the occurrence fractions of ice in any type of cloud
(dashed blue), liquid in any type of cloud (dashed red), and multiple, distinct layers of liquid
water in any type of cloud (dashed orange). Annual average occurrence fractions for each
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phase type are given at the right.

and during SHEBA, with winter or early spring minima
at these sites. Clouds over Eureka are least frequent in
the late spring and summer, and occur most often in the
winter (see Part I for a more detailed discussion).
Cloud layers composed solely of ice-phase hydrome-
teors (solid blue curves) occur at annual averages of
41% and 47% of the time at Barrow and SHEBA, re-
spectively. At these two sites, the monthly averages of
ice cloud occurrence are typically within =15% of the
annual means, with no clear annual cycle trends but
distinct annual maxima in April at both sites. At Eureka,
the ice cloud fraction strongly influences the annual
variability of total cloudiness and leads to its signifi-
cant differences from the other two sites. Specifically,
Eureka ice clouds occur least frequently in the summer
months and most frequently (>65%) in the winter
months. The annual average ice cloud fraction of 52%
at Eureka is higher than at the other two stations.
The liquid-water-only cloud fraction (solid red curves)
tends to follow the annual evolution of the atmospheric
temperature and moisture, reaching a summer maxi-
mum. However, each site has some distinctive features.

Liquid-only clouds occur less than 10% of the time in
Eureka and are largely confined to the summer and fall
months. During SHEBA, liquid-water-only clouds oc-
curred more often, but were infrequent in winter. All-
liquid clouds are present at Barrow nearly one-quarter
of the time, with winter occurrence fractions of 10%—
20%. Liquid precipitation (solid orange curves) occurs
from May through October at Barrow, from May through
September during SHEBA, and from June through
September at Eureka. Rain and/or drizzle occur about
7% of the time annually at Barrow, but less than 5% of
the time at the other sites.

Mixed-phase clouds (light green curves) follow a sim-
ilar annual cycle at all three sites. They are at a mini-
mum in the winter and early spring months and increase
in frequency through the spring and summer months
to a maximum occurrence fraction during September
or October. Mixed-phase clouds are least frequent in
Eureka (25% annual average) and were most frequent
during SHEBA (47%). Barrow shows mixed-phase cloud-
iness maxima in the spring and fall transition seasons,
while this feature is less pronounced at the other sites.
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FIG. 3. Vertical distribution of cloudiness distinguished by phase for the three observatories. Contour plots show the mean occurrence
fraction of (a)—(c) all cloud, (e)—(g) ice cloud, (i)-(k) mixed-phase cloud, or (m)—(0) liquid cloud as a function of month and height. The
first column is for Barrow, the second is for SHEBA, and the third is for Eureka. (d),(h),(1),(p) The annual average profiles of the given
cloud phase categories for Barrow (solid), SHEBA (dotted), and Eureka (dashed).

Mixed columns (dark green curves) occur 3%-10% more
often than mixed-phase clouds, a difference that is com-
posed primarily of cases containing low-level liquid water
clouds and upper-level ice clouds.

When considering the atmospheric column as a whole,
it is interesting to examine the occurrence frequency of
liquid and ice within any cloud layer, single or mixed
phase. At Eureka, the occurrence of cloud ice in the
atmospheric column (dashed blue curves) closely fol-
lows the annual cycle of ice-only clouds with moderate
increases due to the occurrence of mixed-phase clouds.
Unlike the other sites, cloud ice at Eureka most often

occurs in all-ice clouds, while it occurs as often in mixed-
phase clouds only in September. At the other extreme,
during SHEBA cloud ice occurs as often or more often
in mixed-phase clouds than in single-phase clouds from
June through October. At Barrow, this trend occurs only
during the fall months. For all sites, cloud ice occurs in
the vertical column 60%-70% of the time annually.
Cloud liquid water (dashed red curves), in any cloud
layer, occurs most often in the late summer and fall when
temperatures are relatively high and moisture is readily
available. Liquid water occurs relatively infrequently at
Eureka, with an annual occurrence fraction of 30%, a



652

September maximum, and minimum monthly fractions
ranging from 10% to 20%. Liquid water occurs 56% of
the time annually at the two far western Arctic locations,
and at least ~20% of the time in all months. While liquid
water cloud layers occur in similar fractions at both
Barrow and during SHEBA, a relatively larger portion
of these clouds precipitated ice crystals during SHEBA
relative to Barrow.

Finally, multiple, distinct liquid cloud layers (dashed
orange curves) occur within the vertical column up to
20% of the time in some summer months, with annual oc-
currence fractions of about 12% at Barrow and Eureka.
While similar during most months, the summer and early
fall observations during SHEBA indicated a dramatic
increase in multilayered liquid clouds relative to the other
sites (as high as 40%), pushing the SHEBA annual
occurrence fraction to 22%. These multilayered cloud
scenes have been noted as a distinctive Arctic cloudi-
ness phenomenon (e.g., Curry et al. 1996).

b. Vertical distribution

As was discussed in Part I, cloud fraction decreases
with increasing altitude at these observatories. How-
ever, clouds of different types have unique vertical dis-
tributions that vary over the course of the year (Fig. 3).
At all sites, the height of the highest ice clouds increases
from the winter toward the summer, following the sea-
sonal rise of the tropopause height, and there are few ice
clouds below about 2 km in the summer months. At this
time, the highest ice cloud fractions are typically at al-
titudes of 4-10 km. During winter months, particularly
at Barrow and Eureka, there is a distinct near-surface
maximum in ice cloud occurrence related to thin layers
of ice near the surface. These events, often referred to as
diamond dust, appear to occur more frequently at the
land-based stations relative to the Arctic Ocean site,
where diamond dust was observed about 13% of the time
from November to May (Intrieri and Shupe 2004). Di-
amond dust appears to be most prevalent in Eureka.

Mixed-phase clouds mimic the annual evolution of
ice clouds, albeit at somewhat lower altitudes. At each
site, mixed-phase clouds are most frequent in the lowest
1 km during September and October. Liquid-only clouds
typically occur at altitudes less than 2 km and are most
common in the summer. By comparing the mixed-phase
and liquid-only cloud results, it is clear that liquid water
occurs at much higher altitudes when in the presence of
cloud ice, and typically does not occur above about 3 km
without ice also being present. Liquid water in mixed-
phase clouds can exist up to 7-8-km altitude during the
summer.

The vertical distribution of cloud phases is summa-
rized in Fig. 4. In the left panels, the relative frequencies
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FIG. 4. Annual mean occurrence fraction profiles for (a) Barrow,
(b) SHEBA, and (c) Eureka of (left) ice-only, liquid-only, and
mixed-phase clouds and (right) liquid and ice in any type cloud.
Profiles in the left column have been normalized by the total cloud
fraction such that the three curves add up to 100%.

of liquid, mixed-phase, and ice clouds are given for each
height. On the right in Fig. 4 are the vertical profiles of
the total occurrence fractions for liquid and ice phases,
regardless of cloud type. These plots reveal the unique
quality of the clouds at Eureka relative to the other
stations. At Eureka, cloud liquid water is less common
and is confined to lower altitudes. Additionally, the near-
surface increase in ice cloud occurrence again highlights
the frequent diamond dust and low-level ice clouds in
Eureka. Thus, even though the vertical distributions of all
clouds above Eureka and during SHEBA are quite sim-
ilar (Fig. 3d and Part 1), there are marked differences
in the cloud types that compose the vertical distribution.
SHEBA and Barrow show many similarities in their
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general structure. Important differences between these
two sites are primarily centered on the midlevels from
1 to 4 km. In this range, relatively more clouds at Bar-
row are single-phase liquid or ice, while during SHEBA
there were more often mixed-phase clouds.

c¢. Diurnal and solar cycles

Weak diurnal cycles in total cloudiness were identified
in Part I, with the strongest diurnal variability being
observed during seasons when the sun was above the
horizon for at least part of the day. By and large, there is
little diurnal variability associated with specific cloud
types at these Arctic stations (not shown). A few ex-
ceptions should be noted. Diurnal variability in low-
level cloudiness during the transition seasons, when the
sun is both above and below the horizon within a given
day, is driven predominantly by mixed-phase clouds
during SHEBA and by both mixed-phase and ice clouds
at Eureka. The strongest of these cycles, the mixed-phase
clouds during SHEBA, has a diurnal range in occurrence
fraction of only 8 %. Otherwise, diurnal variability for any
cloud type at Barrow or for liquid clouds at any of the
sites is typically less than 4%.

An alternate perspective that is related to both the
diurnal and seasonal cycles is to examine the relation-
ship between cloud occurrence fraction and solar zenith
angle (SZA; Fig. 5). This perspective highlights some of
the distinctions among the different observatories that
have been suggested in Fig. 2. For total cloudiness, the
occurrence fraction does not change much as a func-
tion of sun angle at Barrow. During SHEBA, the cloud
fraction increased when the sun was above the horizon,
while the opposite was true at Eureka (Fig. 5a). In the
case of Eureka, the decrease in overall cloudiness with
the sun above the horizon is driven by a strong decrease
in ice cloud occurrence, in spite of small increases in
both liquid and mixed-phase cloud occurrence. The op-
posite trend of increasing cloudiness during SHEBA
when the sun is above the horizon is observed in all
cloud types to varying degrees. In Barrow, the apparent
insensitivity of cloudiness to sun angle is due to a relative
decrease in mixed-phase cloudiness for lower SZA with
a commensurate increase in liquid clouds. Therefore,

«—

FIG. 5. Mean cloud occurrence fraction anomaly (mean for a
given zenith angle minus mean for all zenith angles) as a function
of solar zenith angle at Barrow (solid), SHEBA (dashed), and
Eureka (dotted) for (a) all clouds, (b) ice clouds, (c) mixed-phase
clouds, and (d) liquid clouds. Ten-degree-wide bins are used and
each site’s latitude determines the relative distribution of data
among the different bins.
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FIG. 6. Cloud-layer persistence statistics by season and cloud phase for (a) Barrow, (b) SHEBA, and (c)
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panel provides seasonal and full-year statistics (box-and-whiskers diagrams) for all cloud types (asterisk),
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include the median (middle bar), 25th and 75th percentiles (ends of box), Sth and 95th percentiles (end of
whiskers), and the mean as a symbol. The number of individual cases contributing to each set of statistics

is provided on the right side of each panel.

while liquid clouds at all stations are more frequent when
the sun is highest in the sky (i.e., summer), ice and mixed-
phase clouds have distinct relationships with the sun an-
gle at the three sites.

d. Cloud persistence

Cloud-layer persistence is directly related to the
overall fraction of time that clouds are observed at a
given location. Statistics describing the persistence of
cloud liquid and ice as a function of season at the three
Arctic observatories are presented in Fig. 6. To be in-
cluded in this analysis, cloudiness must be persistent
at some level in the vertical column for at least 30 min,
while gaps in cloudiness of less than 30 min are toler-
ated within longer-lasting clouds. These criteria elimi-
nate intermittent clouds and allow for brief breaks,
which may be highly localized, in otherwise continuous
cloudiness. Cloud persistence information must be con-
sidered within the context of the zenith-viewing per-
spective of the ground-based remote sensors. First, the
statistics simply describe the persistence of cloudiness at
any location in the vertical atmospheric column, which
often, but not always, describes a single cloud layer.
Second, persistence above a given observatory does not
necessarily correlate with spatial cloud coverage. Thus,

regional differences in topography and synoptic patterns
may impact these results.

Cloud-layer persistence statistics are broadly consis-
tent with, and help to explain, many of the results pro-
vided in the previous figures. At all stations, cloud liquid
water is more persistent during the summer and fall
months than at other times of the year, contributing
to the overall higher occurrence fractions of liquid-
containing clouds in those seasons. Over the full an-
nual cycle at Barrow (Fig. 6a), cloud ice and water tend
to persist for similar lengths of time. However, liquid
water often persists longer in the summer, while ice per-
sists longer in the winter. During SHEBA (Fig. 6b), ice
persisted slightly longer, on average, than liquid water,
with similar persistence statistics in summer—fall but ice
lasting longer in winter—spring. As has been noted pre-
viously, liquid-containing clouds are relatively infrequent
in Eureka. At this site, ice perseveres for much longer
than cloud liquid in all seasons except summer when the
liquid persistence statistics are almost equivalent (Fig. 6¢).

Statistics characterizing the most persistent clouds,
those above the 95th percentile, tend to support these
same general trends and highlight the overall persever-
ance of Arctic cloudiness. The most persistent 5% of the
continuous cloud ice scenes last for longer than about
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top of each panel.

65 h at Eureka and during SHEBA, but only longer than
42 h at Barrow. For liquid water, 5% of cloud scenes last
longer than about 45 h at Barrow and during SHEBA,
but only longer than 22 h at Eureka. Looking in more
depth at cloud liquid, 5% of cloud liquid scenes persist
continuously for at least 70 h in the fall at Barrow and
in the fall and summer during SHEBA. Even in the cold
winter months, the most persistent liquid water clouds
lasts for more than 30 h at Barrow and during SHEBA.

e. Cloud boundaries

Monthly and yearly average statistics on the lowest
base height, highest top height, and total thickness of
both cloud ice and liquid water are displayed in Fig. 7.
Note that the total thickness is often less than the dif-
ference between the highest top and lowest base due to
multiple cloud layers. At all sites there is a tendency
toward thicker liquid water layers in the summer months
when both the average lowest liquid base and highest

top increase in altitude. Interestingly, there is also a
subtle increase in both the average base and top of liquid
layers at all sites in February or March. Liquid water
vertical boundaries at the three sites are fairly similar
when considering annual statistics: average low bases
range from 0.75 to 1.0 km, high tops range from 1.5 to
2.3 km, and thicknesses range from 0.6 to 0.8 km. On
average, the lowest and thinnest liquid layers are ob-
served at Barrow, while the thickest layers were ob-
served during SHEBA.

Cloud ice layers are, on average, the thickest in spring
at Barrow, in summer/fall at Eureka, and in both spring
and fall during SHEBA. The highest ice-containing clouds
are observed in the summer, and at each site there is an
abrupt decrease in highest ice cloud top height in either
August or September. Barrow exhibits the most annual
variability in monthly mean cloud ice boundaries, rang-
ing from the thinnest and lowest layers in winter to the
highest layers in summer. Ice clouds at the three sites are
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FIG. 8. (top) Two-dimensional histograms of atmospheric temperature and RH for (a) Barrow, (b)
SHEBA, and (c) Eureka. These distributions include all of the observations from cloudy and clear-sky
conditions that are within 1 h of a radiosonde launch. The RH is determined with respect to ice for tem-
peratures below 0°C and with respect to water for higher temperatures. The lower panels show the relative
fractions of in-cloud observations at a given 7-RH pair that were classified as being ice, mixed phase, or
liquid. Here, ““ice” includes both cloud ice and snow, while ““liquid” includes both liquid cloud and liquid
precipitation. In each panel, curves designating saturation with respect to ice and liquid have been provided.

relatively similar on an annual basis, with average low
bases ranging from 1.2 to 1.5 km, high tops of 4.0-4.5 km,
and thicknesses of 2.0-2.5 km. Again, at Barrow the ice-
containing clouds are the thinnest while those during
SHEBA were the thickest.

f. Cloud phase as a function of temperature
and moisture

The relative occurrence of condensed cloud liquid
and ice phases as a function of atmospheric temperature
and moisture is a particularly relevant topic for Arctic and
global model simulations (e.g., Rotstayn et al. 2000).
Moreover, the characteristics and annual evolution
of these basic meteorological parameters can explain
many of the specific details of cloud phase occurrence

observed at these three observatories. Occurrence frac-
tions of the different cloud phase types are given as a
function of both temperature and RH, RH alone, and
temperature alone in Figs. 8-10, respectively, using ra-
diosonde temperature and RH measurements.

From the perspective of temperature and RH to-
gether, there is remarkable consistency in the conditions
under which the different cloud types exist (bottom
three rows in Fig. 8). Supercooled, all-liquid clouds oc-
cur near water saturation over a range of temperatures,
while mixed-phase cloud parcels are most common near
water saturation but also occur at subsaturation with re-
spect to water, particularly in the ice precipitating below
the liquid portion of a mixed-phase cloud. While ice
clouds are sometimes observed near the water saturation
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FIG. 9. Distributions of in-cloud RH with respect to ice at (a)
Barrow, (b) SHEBA, and (c) Eureka, including all clouds (gray
dashed), ice clouds (solid black), mixed-phase clouds (dashed
black), liquid clouds (dotted black), ice in any cloud (solid gray),
and liquid in any cloud (dotted gray). Here, ice includes both cloud
ice and snow, while liquid includes both liquid cloud and liquid
precipitation. Three-percent-wide bins are used to construct the
distributions, and all curves have been normalized to the peak of
the all-cloud distribution for a given site.

curve, they generally occur in conditions that are sub-
saturated with respect to water. As a result, the annual
distributions of cloud type as a function of only RH look
very similar among the sites (Fig. 9). There are moderate
differences in terms of the total occurrence fractions but
only slight differences in terms of the humidity ranges for
a given cloud phase type.

Because of the similar patterns of behavior among
these sites of cloud phase occurrence as a function of
temperature and RH, the differences in total occurrence
fractions noted in Figs. 2-6 are therefore due to differ-
ences in the overall occurrence fraction of temperature—
RH pairs (Figs. 8a—c). Conditions near water saturation
that are most favorable for all-liquid and mixed-phase
clouds occur less frequently at Eureka compared to the
other sites. Particularly during the midsummer, the near-
surface RH at Eureka is substantially lower than at the
other sites (Part I), leading to the overall low fraction of
liquid-containing clouds (Fig. 2) and the minimal low-level
cloud fraction (Fig. 3) in those months. Also, relatively
colder winter temperatures at Eureka with similar average
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RHs (Part I and Fig. 8) contribute to the relatively higher
winter ice cloud fraction at Eureka in comparison with
the other observatories. Finally, the relatively abundant
mixed-phase clouds observed at mid- and low levels during
SHEBA were a result of the frequent occurrence of at-
mospheric parcels near or above ice saturation at temper-
atures between —30° and —10°C relative to the other sites.

Since many models parameterize cloud phase as a func-
tion of temperature only, it is also instructive to examine
the straight temperature dependence of the phase in these
clouds (Fig. 10). It is readily apparent that clouds in Barrow
are more frequently observed at warmer temperatures,
while those at Eureka are more frequently observed at
colder temperatures, relative to the other stations. The
most common temperature for cloud occurrence (dashed
gray line) is —12°C at Barrow, —20°C during SHEBA,
and —28°C at Eureka. These general trends are strongly
tied to ice clouds, which are relatively more frequent at
warmer temperatures at Barrow and colder temperatures
at Eureka.

Cloud liquid water is observed at temperatures as cold as
—40°C at each site; however, liquid-water-only clouds are
limited to temperatures above about —24°C. Roughly 3%—
5% of clouds in the range from —40° to —30°C contain
liquid water, while at warmer temperatures there is an in-
creasing probability that clouds will contain liquid. Be-
tween —14° and —2°C, mixed-phase clouds are more
common than any other cloud type. Only 3%-8% of clouds
occur at temperatures above 0°C, and these are nearly all
liquid phase. The few cases of mixed-phase clouds at
above-freezing temperatures are due either to solid con-
densate falling into a warm layer, or due to incorrect cloud
type classifications, which are probably linked to the tem-
perature interpolation process. When differentiated by
cloud height, there is a moderate tendency for liquid water
at a given temperature to occur more frequently in clouds
below 2 km relative to those above (not shown). This in-
creased likelihood of liquid water is typically on the order
of 10%-20% for most temperature ranges at most sites.

Few Arctic-specific aircraft studies exist to compare
directly with these results because such datasets are
typically periodic in nature and not well suited to cre-
ating annually representative statistical characterizations
of cloud phase occurrence as a function of temperature.
Multiple Arctic and Canadian aircraft cloud observa-
tions have been compiled by Korolev et al. (2003) to
examine this issue. Relative to that summary, the results
presented here show significantly more frequent all-ice
clouds at all temperatures, ranging from as much as 40%
more at —30°C to ~10% more at —10°C. Similarly, far
fewer all-liquid clouds are observed in this dataset at any
temperature below 0°C. Finally, mixed-phase clouds at
the Arctic observatories are about twice as abundant at
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FIG. 10. Distributions of in-cloud temperature at (a),(d) Barrow, (b),(e¢) SHEBA, and (c),(f)
Eureka, including all clouds (gray dashed), ice clouds (solid black), mixed-phase clouds
(dashed black), liquid clouds (dotted black), ice in any cloud (solid gray), and liquid in any
cloud (dotted gray). As in previous figures, ice includes both cloud ice and snow, while liquid
includes both liquid cloud and liquid precipitation. Four-degree-wide bins are used to construct
the distributions. (left) Curves have been normalized to the peak of the all-cloud distribution

for a given site. (right) All distributions are relative to the total such that they sum to 1.0.

temperatures warmer than —15°C, but less than half as
abundant at temperatures below —15°C relative to these
aircraft campaigns. For specific aircraft observations, most
near the Beaufort Sea area, all-liquid clouds observed by
Lawson et al. (2001) were at temperatures very close to
0°C, whereas Hobbs and Rangno (1998) did not ob-
serve all-liquid clouds at temperatures lower than
—3.5°C in 99 distinct profiles. Arctic mixed-phase clouds
have been observed by in situ aircraft over a number of
different temperature ranges: from —20° to —8°C (Curry
et al. 1990, 1997), from —30° to ~0°C (Hobbs and Rangno
1998), from —26° to —6°C (Pinto 1998; Pinto et al. 2001),
from —26° to —3°C (Lawson et al. 2001), from —38° to
—4°C (Boudala et al. 2004), from —17° to —3°C (McFar-
quhar et al. 2007), and as cold as —30°C (Verlinde et al.
2007). Thus, while a direct comparison is not possible, the
general results presented here are qualitatively consistent
with all of these Arctic-specific observations of cloud phase
as a function of temperature.

4. Summary

Arctic cloud thermodynamic phase has been investi-
gated for clouds occurring at three atmospheric obser-
vatories in northern Alaska, northern Canada, and the

western Arctic Ocean. Each site facility is equipped with
a suite of instruments that is sufficient to identify cloud
presence, provide vertical profile information, and de-
termine cloud phase. This study builds upon a companion
study that examined and compared the total cloud oc-
currences at these same stations, as well as three others
across the Arctic (Part I).

When considering annual-average statistics for the
three observatories included in this analysis, ice clouds
are more prevalent than mixed-phase clouds, which are
themselves more prevalent than liquid clouds. Cloud ice
occurs at least 40% of the time during any given month
at any observatory, and over the course of a full year it
occurs 60%-70% of the time at some height within the
vertical atmospheric column. It is observed as high as
11 km, with the highest ice clouds approaching the tro-
popause height. Ice is observed at temperatures ranging
from about —60° to 0°C, and is the only condensed phase
observed at temperatures colder than —40°C.

Cloud liquid water is most prevalent and most per-
sistent during the warm summer months, but still occurs
at least 10%—-20% of the time during winter. It is ob-
served as high as 7-8 km, and is always associated with
cloud ice (i.e., mixed-phase cloud) at heights above about
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3 km. Liquid water exists at temperatures as cold as
—40°C, being present in 3%-5% of clouds with tem-
peratures between —40° and —30°C. Clouds composed
entirely of liquid water are observed to occur at tem-
peratures as low as —24°C. At a given temperature,
liquid water is more likely to occur in clouds at lower
levels than at higher levels. Liquid phase precipitation
(rain and drizzle) occurs approximately 5% of the time at
these Arctic stations.

In addition to these overarching results, there are sig-
nificant details that distinguish each of these sites. Broadly,
Eureka has the highest fraction of ice clouds, SHEBA
has the highest fraction of mixed-phase clouds, and Bar-
row has the highest fraction of liquid clouds. Cloud liquid
water, in any type of cloud, is present 56% of the time at
Barrow and during SHEBA, but only 30% of the time at
Eureka. These results occur because relatively colder
temperatures are observed at Eureka and warmer tem-
peratures are observed at Barrow relative to the other
sites, and because the summertime lower troposphere is
particularly dry at Eureka. While the total occurrences of
liquid water are similar between Barrow and SHEBA,
relatively more of these clouds occur as thin, liquid-only
clouds at Barrow, while the relatively thicker liquid layers
observed during SHEBA more frequently precipitated
ice crystals. Consistent with these results, cloud liquid
water is more persistent at Barrow and SHEBA, while
cloud ice is more persistent at Eureka and SHEBA, when
compared to the other sites. The most persistent 5% of
liquid water-containing clouds at Barrow and during
SHEBA lasted longer than 70 h in the fall and longer
than 30 h in the winter. Cloud scenes with multiple liquid
layers occurred more often during SHEBA than they do
at the other sites, suggesting a possible marine influence
on the layering process.

Eureka has a unique annual cycle of total cloudiness
relative to the other stations wherein there are relatively
fewer clouds in the summer and more clouds in the winter,
a cycle that is broadly opposite to those at the other sites.
One cause of this cycle is the relatively lower occurrence
fraction of liquid-containing clouds in the summer due to
the relatively dry lower atmosphere. Eureka’s cycle is also
driven by the annual variability in ice clouds, which are
very frequent in the winter but relatively infrequent in the
summer. This winter maximum in ice cloud occurrence is
due both to low-level diamond dust and higher-level ice
clouds. During all months at Eureka, ice is more likely to
occur in ice-only clouds than in mixed-phase clouds. At
the other extreme, at SHEBA and Barrow during the
summer/fall, ice is more likely to occur in the form of
mixed-phase clouds than ice clouds.

These comparative results on cloud phase expand and
enhance the cloud occurrence analysis presented in Part I
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and, thereby, provide insights into observed differences
in the cloud occurrence fractions at the different Arctic
observatories. It is clear that the annual distributions and
variations of cloud phase composition are unique at these
three sites, likely driven by regional differences in surface
conditions, aerosol properties, topography, and atmo-
spheric circulation. While the broad principles are con-
sistent from site to site, such as the temperature range
over which liquid water can occur, these data suggest
that models will need to sufficiently incorporate the
important regionally varying processes in order to ac-
curately simulate cloud phases at all locations. More-
over, additional studies are required to understand the
microphysical and dynamical processes that influence
cloud phase on a variety of scales.

While this collection of results provides an important
first look at cloud phase derived from ground-based
sensors at multiple locations across the Arctic, the ob-
servational dataset is relatively sparse. The observations
at each existing observatory are limited to a few years at
most, which may or may not represent the variability
inherent to those sites. Observations over the perennial
ice pack of the Arctic Ocean are limited to a single an-
nual cycle, which clearly cannot be representative of a
sea ice environment that continues to undergo signifi-
cant changes (e.g., Comiso et al. 2008; Kay et al. 2008;
Perovich et al. 2008). Entirely lacking are cloud obser-
vations over the open water of the Arctic Ocean and the
landmasses in the eastern Arctic. To understand the spa-
tial and temporal scope of the important cloud properties,
a concerted effort is required to expand our Arctic ob-
servational capabilities to include more locations and
longer observational periods.
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