
Arctic Cloud Microphysics Retrievals from Surface-Based Remote Sensors at SHEBA

MATTHEW D. SHUPE

Cooperative Institute for Research in Environmental Sciences, University of Colorado, and NOAA Environmental Technology
Laboratory, Boulder, Colorado

TANEIL UTTAL

NOAA Environmental Technology Laboratory, Boulder, Colorado

SERGEY Y. MATROSOV

Cooperative Institute for Research in Environmental Sciences, University of Colorado, and NOAA Environmental Technology
Laboratory, Boulder, Colorado

(Manuscript received 3 August 2004, in final form 5 May 2005)

ABSTRACT

An operational suite of ground-based, remote sensing retrievals for producing cloud microphysical prop-
erties is described, assessed, and applied to 1 yr of observations in the Arctic. All measurements were made
in support of the Surface Heat Budget of the Arctic (SHEBA) program and First International Satellite
Cloud Climatology Project Regional Experiment (FIRE) Arctic Clouds Experiment (ACE) in 1997–98.
Retrieval techniques and cloud-type classifications are based on measurements from a vertically pointing
35-GHz Doppler radar, microwave and infrared radiometers, and radiosondes. The retrieval methods are
assessed using aircraft in situ measurements from a limited set of case studies and by intercomparison of
multiple retrievals for the same parameters. In all-liquid clouds, retrieved droplet effective radii Re have an
uncertainty of up to 32% and liquid water contents (LWC) have an uncertainty of 49%–72%. In all-ice
clouds, ice particle mean sizes Dmean can be retrieved with an uncertainty of 26%–46% while retrieved ice
water contents (IWC) have an uncertainty of 62%–100%. In general, radar-only, regionally tuned empirical
power-law retrievals were best suited among the tested retrieval algorithms for operational cloud moni-
toring at SHEBA because of their wide applicability, ease of use, and reasonable statistical accuracy. More
complex multisensor techniques provided a moderate improvement in accuracy for specific case studies and
were useful for deriving location-specific coefficients for the empirical retrievals but were not as frequently
applicable as the single sensor methods because of various limitations. During the yearlong SHEBA
program, all-liquid clouds were identified 19% of the time and were characterized by an annual average
droplet Re of 6.5 �m, LWC of 0.10 g m�3, and liquid water path of 45 g m�2. All-ice clouds were identified
38% of the time with an annual average particle Dmean of 73 �m, IWC of 0.014 g m�3, and ice water path
of 30 g m�2.

1. Introduction

Ground-based remote sensing of cloud properties
has become an increasingly important field, particularly
because retrieval algorithms used from the ground are
now being modified and prepared for widespread use
from space (Stephens et al. 2002). Cloud radars and/or
lidars have been used to derive quantities such as ice

cloud microphysical properties (e.g., Sassen 1987; Ma-
trosov et al. 1992; Atlas et al. 1995; Mace et al. 1998;
Donovon and van Lammeren 2001; Wang and Sassen
2002), liquid cloud microphysical properties (e.g., Liao
and Sassen 1994; Frisch et al. 1995; Fox and Illingworth
1997; Dong et al. 1997; Lohnert et al. 2001; McFarlane
et al. 2002), and cloud optical properties (Matrosov et
al. 2002, 2003; Hogan et al. 2003). Some methods have
been utilized to create continuous records of cloud
properties at specific sites (Dong et al. 2000; Shupe et
al. 2001; Hogan et al. 2003) and to validate satellite
cloud retrievals (Dong et al. 2002; Stephens et al. 2002).
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Although various studies have described the uncertain-
ties associated with specific retrieval techniques (e.g.,
Liu and Illingworth 2000; Frisch et al. 2002; Mace et al.
2002; Matrosov et al. 2002; Sassen et al. 2002), few in-
tercomparisons have been performed that would en-
sure consistency between results. For these reasons, it is
important to assess the level of certainty and consis-
tency with which ground-based retrievals can be ap-
plied.

Long-term, continuous records of vertically resolved
cloud properties are necessary for monitoring the evo-
lution of clouds in response to climate change and are
needed to better characterize cloud properties/proc-
esses so that they can be more accurately modeled. At
present, the use of ground-based remote sensors to pro-
duce these records requires less manpower, needs
fewer financial resources, and provides wider temporal
coverage than do aircraft in situ cloud measurements.
Also, although in situ measurements are often consid-
ered ground truth, the uncertainties associated with
these measurements, particularly in ice clouds, are high
(e.g., Larsen et al. 1998; Gayet et al. 2002). Thus, re-
mote sensor records provide important information
that is in many ways complementary to aircraft obser-
vations. Satellite passive retrievals offer extensive spa-
tial coverage but do not typically provide vertically re-
solved cloud properties and have difficulties related to
scene/cloud classification (e.g., Rossow et al. 1993),
subpixel cloud variability (e.g., Wielicki and Parker
1992), and vertical cloud placement (e.g., Frey et al.
1999). Long records of accurate surface-derived cloud
properties are needed to assess, validate, and improve
satellite retrievals. Additionally, most applications of
ground-based retrievals have typically focused on case
studies or limited regimes of cloudiness. It is therefore
important to establish operational ground-based re-
trievals that are capable of producing long records of
cloud properties at specific locations.

The objectives of this study are to describe an opera-
tional framework to produce continuous retrievals of
cloud properties from a suite of surface-based instru-
ments, and to assess the uncertainties of the specific
retrieval methods. This study is limited to a subset of
cloud microphysical retrieval techniques developed at
the National Oceanic and Atmospheric Administration
(NOAA) Environmental Technology Laboratory
(ETL) that were applied to an annual cycle of remote
observations by a radar and various radiometers in the
Arctic. The observational dataset is from the Surface
Heat Budget of the Arctic (SHEBA) program (Uttal et
al. 2002), which took place in the Beaufort and Chukchi
Seas from October 1997 to October 1998. Aircraft data
from the collaborating First International Satellite

Cloud Climatology Project (ISCCP) Regional Experi-
ment (FIRE) Arctic Clouds Experiment (ACE; Curry
at al. 2000), which took place during the spring/summer
of 1998 near SHEBA, are used to assess the ground-
based retrievals for a limited set of case studies. A
broader comparison of retrieval techniques based on 1
yr of retrieval results is also performed. Some results
from an earlier version of this retrieval framework for
April through July at SHEBA have been presented in
Shupe et al. (2001). Here, the retrieval package is ex-
tended and modified, and the uncertainties are exam-
ined. This package is then utilized to provide a look at
single-phase cloud microphysical properties over an an-
nual cycle in the Arctic.

2. Instruments and techniques

a. Instruments

All cloud microphysical retrievals discussed here use
measurements from a vertically pointing 35-GHz, mil-
limeter-wavelength cloud radar (MMCR; Moran et al.
1998). The MMCR produces profiles, above its lowest
range gate at 105 m, of radar reflectivity Ze, mean
Doppler velocity Vz, and Doppler spectrum width, with
45-m vertical and 10-s temporal resolution. The radar
has a detection threshold of �47 dBZ at 5 km above
ground level, and a reflectivity uncertainty of �1 dB
(K. P. Moran 2004, personal communication).

Radiometric input for two of the cloud retrievals is
provided by the microwave radiometer (MWR) and the
Atmospheric Emitted Radiance Interferometer
(AERI; Knuteson et al. 2004), both of which are oper-
ated by the U.S. Department of Energy Atmospheric
Radiation Measurement Program at SHEBA. The
MWR measures brightness temperatures of down-
welling radiation at 23.8 and 31.4 GHz that are used to
derive column-integrated amounts of precipitable wa-
ter vapor and liquid water path (LWP). The data used
here were reprocessed to include updated information
on the dielectric constants of supercooled liquid water
and the absorption of dry air, yielding an LWP uncer-
tainty of about 25 g m�2 (Westwater et al. 2001). Prior
to 5 December 1997, the MWR dataset suffered from
irrecoverable calibration problems and is therefore not
used in this study. Sky infrared brightness temperature
TIR is calculated from the integrated downwelling IR
radiance from the AERI over a 25-cm�1 band centered
on 900 cm�1 (11.1 �m). This band is affected very little
by the water vapor continuum in the Arctic atmo-
sphere. The AERI observations ended on 4 July 1998.

Profiles of temperature, humidity, wind speed, and
wind direction were measured at SHEBA with a GPS/
loran atmospheric-sounding radiosonde system. Sound-
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ings were centered on 1200 and 0000 UTC throughout
the SHEBA experiment, with additional soundings at
0600 and 1800 UTC during portions of April–July 1998.
Temperature profiles used in this study were linearly
interpolated to the MMCR’s time–height grid.

The 523-nm depolarization and backscatter unat-
tended lidar (Intrieri et al. 2002) was used for cloud-
type classification but not for microphysical retrievals.
The lidar’s depolarization capability provides cloud-
phase information that is useful for identifying cloud
type.

Aircraft measurements were made near the SHEBA
ice camp by the National Center for Atmospheric Re-
search C-130 in May and July (Curry et al. 2000). Mi-
crophysical measurements from two King hot-wire
probes, a forward-scattering spectrometer probe
(FSSP), a particulate volume monitor (PVM), a cloud
particle imager (CPI), and a two-dimensional optical
array (2DC) cloud probe were utilized in this study.
Corrections were applied to the PVM (Laursen 1998)
and King probes (K. Laursen 2001, personal communi-
cation). Clear-sky biases (nonzero measurements in
clear sky) were taken into account on a case-by-case
basis. The FSSP total number concentrations are con-
sidered to be accurate; however, the FSSP particle siz-
ing is expected to be in error, causing high biases in
both the liquid water content and droplet radius (Law-
son et al. 2001). Using these data, a cloud is considered
to be all liquid if the FSSP number concentration is
greater than 5 cm�3 and the concentration of particles
larger than 200 �m measured by the 2DC is less than
0.1 L�1 (Pinto et al. 2001). Raw 1-s data are used to
compute all statistical in situ results.

b. Classification method

Prior to the application of cloud retrievals, radar ob-
servations of cloud scenes at SHEBA were subjectively

classified as all ice, all liquid, mixed phase, or precipi-
tation (rain, snow, or drizzle) using a combination of
measurements: reflectivity, mean Doppler velocity, and
Doppler spectrum width from the MMCR; LWP de-
rived from the MWR; temperature and humidity pro-
files from the radiosondes; depolarization ratios from
the lidar; and surface observer records. Mixed-phase
clouds are defined as cloud layers that contain both
liquid and ice. However, this definition does not imply
that all portions of clouds classified as mixed phase
contain both liquid and ice in the same volume.

The criteria provided in Table 1 were collectively
used to guide the classification process. Some criteria
were considered to always hold true; others were con-
sidered to be moderately flexible, depending upon the
collective information from all measurements. For ex-
ample, only ice hydrometeors exist below �40°C, only
liquid hydrometeors exist above 0°C, and all classifica-
tion types except rain can exist between these tempera-
tures. From the lidar perspective, depolarization ratios
of less than �0.11 indicate liquid droplets and higher
ratios indicate ice particles (Sassen 1984; Intrieri et al.
2002). In terms of specific cloud types, ice clouds were
identified as having a zero LWP and typically had re-
flectivities of �0 dBZ and Doppler velocities of �1
m s�1. All-liquid, drizzle-free clouds were characterized
by a positive LWP, reflectivities of ��15 dBZ (i.e.,
Frisch et al. 1995), and Doppler velocities of typically
�0.5 m s�1. In contrast to the liquid clouds, mixed-
phase, drizzle, and other precipitation cases typically
had higher reflectivities and velocities. Drizzle and
mixed-phase clouds had similar signatures in the radar
Doppler moments; however, the drizzling clouds were
typically near or above 0°C, whereas the mixed-phase
clouds were always below freezing. The Doppler spec-
trum width was qualitatively useful for distinguishing
mixed-phase from ice clouds. Under mixed-phase con-

TABLE 1. Criteria for cloud-type classification. The criteria in boldface are considered to be always true; the rest are considered to
be moderately flexible, depending upon the collective information from all criteria. The asterisk indicates that the specified criterion
is fulfilled somewhere throughout the depth of the cloud layer.

Snow Ice Mixed phase Liquid Drizzle Rain

Temperature T
(°C)

<0 <0 �40 < T < 0 >�40, ��20 >�40, ��10 >0
Only ice: T <�40 — Only liquid: T > 0

Depolarization
ratio, lidar

>0.15, �0.2 >0.15, �0.2 <0.11* and >0.11* <0.11 �0.11 �0.11

LWP (g m�2) 0 0 >0 >0 >0 >0
Reflectivity (dBZ) ��10 �0 �10 <�15 >�15* and �10 Melting layer feature
Mean Doppler

velocity (m s�1)
�0.5 0 � Vz � 1 �0.1 � Vz � 1.5 �0.5 0 � Vz � 2 Melting layer feature

Spectral width
(m s�1)

— �0.4 �0.5* — — Melting layer feature
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ditions, the Doppler spectrum is often broader, in part
because of the difference in fall speeds between liquid
droplets and ice particles (Shupe et al. 2004). The as-
sociation of broadened spectrum widths with mixed-
phase conditions has been confirmed with collocated
lidar depolarization measurements in many cases dur-
ing SHEBA (Shupe et al. 2005, manuscript submitted
to J. Atmos. Sci.). Rain and snow were identified by
high Doppler velocities and were distinguished from
each other by temperature and by surface observer
notes. Rain was also usually associated with a radar
bright band, which occurs when falling ice particles
melt into raindrops. These general criteria were com-
bined to determine the most likely phase of all clouds
observed above the SHEBA site, and the classifications
were reviewed multiple times to ensure consistency and
accuracy.

An example classification is discussed here for a com-
plex, multilayered, 10-h period on 18 May at SHEBA.
The radar reflectivity, mean Doppler velocity, and
Doppler spectrum width; lidar depolarization ratio;
cloud-type classification mask; and MWR-derived
LWP are shown in Fig. 1. Throughout this time period
there were three basic types of clouds: high cirrus,
midlevel mixed phase, and boundary layer stratus. The
early portion of the cirrus layer on this day extended
from 3 to 9 km; after about 0300 (all times are in UTC)
the layer thinned to the 6–9-km range. The decreases in
radar Ze and Vz with height are often observed in cirrus
clouds, indicating smaller particles near the cloud top
that grow with depth in the cloud. In the first hour of
the day, during which there were no lower-level clouds
present, the MWR showed no significant LWP in this
ice layer, and lidar depolarization ratio measurements
above 0.2 also indicated the presence of ice only.
Shortly after 0100 a boundary layer stratus deck of su-
percooled liquid water topped by a shallow tempera-
ture inversion advected over the ice camp. The LWP
steadily increased during the rest of the 10-h period.
Until about 0520, radar reflectivities above �15 dBZ
and lidar depolarization ratios indicating both ice and
liquid suggested that ice crystals precipitated from this
liquid layer. After 0520 the stratus layer contained no
ice precipitation according to the lidar measurements.
At about 0440 a midlevel mixed-phase cloud layer was
observed by the radar. Mean Doppler velocities in the
upper portion of this cloud were, at times, near zero,
suggesting small liquid droplets, while lower in the
cloud the velocities were much larger, suggesting large
ice particles. Wide Doppler spectrum widths, which can
indicate the presence of both phases (Shupe et al. 2004,
2005), also suggest that this midlevel cloud was topped

by a thin liquid layer with cloud ice extending below the
liquid cloud base at about 4 km. In addition, after 0520
the increasing MWR-derived total column LWP is sig-
nificantly higher than the LWP derived for the lower
cloud layer from radar measurements (dots in Fig. 1f;
see below), suggesting that liquid water is present
somewhere in the higher cloud layers.

c. Retrieval methods

The microphysical retrieval methods utilized in the
operational retrieval system are briefly outlined here
and are summarized in Table 2. Some methods have
been added and/or modified since their application by
Shupe et al. (2001). For more details on the theoretical
background and development of each technique, see
the provided references. All retrieval results have 45-m
vertical and 1-min temporal resolution.

Retrievals of liquid water content (LWC) and drop-
let effective radius Re are performed using two tech-
niques. The radar-radiometer technique (Frisch et al.
1995, 1998, hereinafter jointly referred to as FRI) uses
the radar Ze profile and the MWR-derived LWP to
constrain the liquid water profile throughout liquid
clouds. This method is only applicable when all of the
column liquid is contained within all-liquid, nondriz-
zling cloud layers and therefore cannot be used when
mixed-phase or precipitating clouds are present or a
portion of cloud cover is below the lowest radar range
gate (e.g., the method is not applicable for the liquid
cloud after 0520 in Fig. 1).

A second, radar-only, liquid cloud retrieval (referred
to as ROL) is based on a set of power-law relationships
between Ze and liquid cloud parameters (Table 2). The
coefficients of these relationships assume a fixed drop-
let concentration Nl and logarithmic width � of the as-
sumed lognormal droplet size distribution (DSD) that
were obtained from episodic C-130 aircraft flights in
all-liquid clouds during FIRE ACE. Here, the mean in
situ value of � � 0.30 and the median value of Nl � 75
cm�3 are assumed, because the distribution of Nl is
strongly skewed. The assumed Nl is reasonable, consid-
ering that most in situ observations in the Beaufort Sea
region have shown concentrations less than 100 cm�3

(Hobbs and Rangno 1998; Gultepe et al. 2000; Pinto et
al. 2001) and that the averaged marine stratus Nl, from
a review of global observations, is 74 cm�3 (Miles et al.
2000). The retrievals are not very sensitive to the speci-
fication of � and are moderately sensitive to the speci-
fication of Nl. Varying � and Nl to the 25th or 75th
percentiles of the in situ observations would change
LWC retrievals by �10% and �25%, respectively, and
Re retrievals by �1% and �8%, respectively. The ROL
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FIG. 1. Radar (a) reflectivity, (b) mean Doppler velocity, and (c) Doppler spectrum width; (d) lidar depolarization ratio; (e)
cloud-type classification mask; and (f) microwave radiometer–derived total LWP (line) and radar-derived LWP for the lower cloud
layer (dots) on 18 May 1998. The vertical axis covers a different range in (d).
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technique was performed in all liquid-only clouds, in-
cluding all clouds to which the FRI technique was also
applied.

Ice cloud retrievals are generally less robust than liq-
uid retrievals because of the complexities introduced by
the variety of ice particle habits and their scattering
properties. Ice water content (IWC) and particle physi-
cal characteristic size (the median volume diameter Do)
retrievals are based on the power-law relationship IWC
� aZb

e (IWC: g m�3; Ze: mm6 m�3). By incorporating
the AERI-derived TIR to estimate the cloud optical
depth, Matrosov (1999, hereinafter M99) proposed a
method to tune the a coefficient to a given cloud pro-
file. M99 also suggested a vertical profile of the b ex-
ponent that decreases linearly from 0.7 at cloud base to
0.55 at cloud top. For a measured Ze and an estimated
IWC, Do is then derived using a relationship among Do,
IWC, and Ze (M99), which depends on the particle den-
sity–size relationship (e.g., Brown and Francis 1995)
and the assumed exponential shape of the particle size
distribution (PSD). For the exponential PSD, the mean
diameter, which is the physical size reported here, is
related to Do by the relation Dmean 	 Do/3.54. Because
this technique uses downwelling IR radiances, it is only
useful when there is no liquid in the atmospheric col-
umn that would radiometrically obscure the brightness
temperatures of the ice cloud (e.g., this method is ap-
plicable to the ice cloud before, but not after, 0100 in
Fig. 1).

A second ice cloud retrieval utilizes radar Ze and Vz

alone (Matrosov et al. 2002, hereinafter M02). Accord-
ing to this scheme, by averaging Vz for 15–30 min (here
a 20-min running average is used) the vertical air mo-
tion is minimized and the residual approximates the ice
particle reflectivity-weighted fall speed. Here, Do is cal-
culated from the estimated fall speed using a third-
order polynomial relationship, and IWC is subse-
quently determined from the relation among Ze, IWC,
and Do (M99). A major source of uncertainty in this
technique was introduced by small movements of the
SHEBA ship that put the radar slightly out of vertical
alignment and introduced small Vz contaminations
from the horizontal winds. No corrections have been
made here because any correction would require inter-
polating variable radiosonde winds to the radar time–
height grid. An analysis of the radar misalignment for
time periods coincident with a radiosonde profile
showed that most velocity errors caused by the hori-
zontal winds were less than �15 cm s�1, with a slight
tendency toward a decrease in fall speed that would
cause the method to underestimate Do. A lower limit of
10 cm s�1 was placed on the velocity data used for this
retrieval.T
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Last, a radar-only ice cloud retrieval (referred to as
ROI) utilizes the same retrieval relationships as M99,
albeit with parameterized coefficients. The b coefficient
for this retrieval takes the average value suggested by
M99 (0.63). The a coefficient is specified by a polyno-
mial fit to monthly averaged values of a determined
using two independent approaches; a was derived di-
rectly from the M99 technique and by reverse calcula-
tion from the M02 IWC results. Both approaches pro-
duced a consistent annual trend of monthly averaged a
coefficients with a minimum in the summer and a maxi-
mum in the winter (Fig. 2). This trend is likely tied to
the annual variation of ice particle sizes and/or densities
(i.e., larger sizes in the summer) but may also be af-
fected by optical depth and temperature. Although not
tuned to a given cloud scene, the a coefficient specified
in this manner is appropriate for clouds observed in the
SHEBA region and is expected to be superior to any
fixed a priori coefficient that would not capture the
annual variation of this parameter. However, this speci-
fication of a may not be appropriate for other geo-
graphic locations. The annual mean a coefficient at
SHEBA was between 0.09 (M99) and 0.07 (M02) and is
likely closer to 0.07 because the M99 results do not
cover the summer months.

3. Liquid retrieval assessment

Liquid cloud retrieval techniques are first assessed
with episodic aircraft measurements made as part of the

FIRE ACE program. A broader comparison of re-
trieval techniques over the full period of operation at
SHEBA is then used to understand the performance of
the retrievals with respect to each other. Theoretical
errors are also explored, and a discussion of the re-
trieval methods is provided. The bias and relative stan-
dard difference (RSD) between two datasets are given
by Matrosov et al. (2002), where the RSD is specifically
defined as

�RSD2 �
4
N �

i

N

�xi � yi
2�xi � yi

�2.

a. Comparisons between retrieval and in situ
measurements

Two methods for assessing the ground-based retriev-
als by comparison with FIRE ACE aircraft measure-
ments are explored. The first includes direct case-study
comparisons, which can be difficult given spatial cloud
inhomogeneity, the widely differing methods for mea-
suring or calculating the various parameters, and the
dearth of available cases for comparison. The second,
and potentially more informative, method compares
statistics of microphysical parameters over time periods
when aircraft were measuring clouds near the SHEBA
ship.

On 18 May, the C-130 flew vertical profiles and hori-
zontal legs through a stratus layer extending from 200
to 470 m that persisted above the SHEBA site for
nearly 30 h. Profile comparisons of LWC and Re at 2129
are shown in Figs. 3a and 3b. Because the aircraft pro-
file was made at some distance from the ship and took
a few minutes to complete, radar retrievals were aver-
aged over 10 min to capture the temporal (and thereby
spatial) cloud variability over the SHEBA site; the
standard deviation of retrieval results over the 10-min
period is also plotted. Mean values of the LWC profiles
from the PVM, King probe, and retrievals (Fig. 3) all
agree to within 27% at worst, and the retrievals tend to
overestimate the LWC near cloud base. The radar’s
45-m height resolution and 10-min averaging for this
case both tend to smooth out variability on the scales
observed by the aircraft near cloud top. The Re com-
parison (Fig. 3b) shows that the retrievals follow a pro-
file shape similar to that of the PVM Re but are �2 �m
larger. The average Nl and � from the FSSP for this
profile were 83 cm�3 and 0.25, both of which are mod-
erately different from the values assumed in the opera-
tional ROL retrieval.

A comparison of five horizontal flight legs from 2230
to 2330 on this day is also shown in Fig. 3. In this com-

FIG. 2. Monthly statistics of the a coefficient derived directly
from the M99 method (stars) and indirectly from the M02 method
(diamonds) and a polynomial fit to the monthly mean values
(thick line). The box-and-whisker plots represent the 5th, 25th,
50th, 75th, and 95th percentiles and show the mean as a symbol.
The M99 results in Apr are also shown if one spurious case is
removed from the data. Units of a are such that IWC is in grams
per cubic meter and Ze is in millimeters to the sixth power per
cubic meter in IWC � aZb

e .
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parison, only aircraft data within 5 km of the vertical
radar beam are considered. Retrieval results are de-
rived for the time–height of each in situ observation.
For each flight leg, the mean value from each instru-
ment or retrieval method is given as a symbol in Figs. 3c
and 3d, and the range of observations during the leg is
expressed as a horizontal bar. The similarity of these
values to those discussed in the previous case (1–2 h
earlier) indicates relative temporal, and thus spatial,
cloud homogeneity on this day. A statistical analysis of
the 724 points that compose this comparison (Table 3)
shows that the retrievals have an RSD from the in situ
measurements of 44%–49% for LWC and 21%–32%
for Re, with the ROL method showing somewhat better
agreement with in situ measurements than does the
FRI method.

To complement this case study, further information
is derived from a longer-term statistical comparison.
Aircraft measurements were compiled for five days
that contained persistent and fairly homogeneous all-

TABLE 3. Statistical comparison of retrieval results with in situ
observations for five horizontal flight legs (724 points) from 2230
to 2330 18 May 1998. In situ data from the FSSP are not included
because these values are suspect (Lawson et al. 2001). All values
are in percent.

PVM–
FRI

PVM–
ROL

King–
FRI

King–
ROL

FRI–
ROL

LWC, RSD 49 47 47 44 32
LWC, bias 15 �12 9 �18 �6
Re, RSD 32 21 — — 12
Re, bias �28 �19 — — 6

FIG. 3. Cloud property comparisons of in situ measurements and radar-based retrievals during a C-130 flight on 18 May 1998. (top)
Profiles of (a) LWC and (b) Re for an aircraft decent from 2129 to 2131. The standard deviations of retrieval results over the
surrounding 10-min time period are given as horizontal lines. Profile-mean values are (a) FSSP: 0.243, PVM: 0.164, King: 0.140, FRI:
0.175, and ROL: 0.178 g m�3 and (b) FSSP: 9.6, PVM: 6.7, FRI: 9.0, and ROL: 8.9 �m. (bottom) Comparisons of (c) LWC and (d) Re

for a collection of five horizontal flight legs at different heights from 2230 to 2330. The mean value for each dataset during each leg is
given as a symbol, and the range of observations over the leg is given as a horizontal line. Statistics for this comparison are provided
in Table 3.
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liquid clouds in which the C-130 made measure-
ments: 15, 18, and 27 May and 23 and 29 July. For
comparison, retrieval data were compiled for all-liquid
clouds observed during the same time periods that
the aircraft was sampling in the SHEBA area, although
not necessarily in the same clouds at the same times.
This comparison dataset includes �8 h of observa-
tions that consist of �4500 points from the retrievals
and more than 10 000 aircraft observations. Results
from these comparison cases are summarized in Fig. 4.
Because the agreement between the PVM and King
probes is good and the FSSP measurements are likely
in error, a mean in situ LWC of 0.115 g m�3 will be
considered to be the aircraft mean for this subset of
data. The FRI and ROL results have lower means
than the in situ measurements by 15% and 21%, re-
spectively, but capture the range of observations rea-
sonably well. For Re, retrieval means show good agree-
ment with the PVM results, with underestimates
of 12% and 3% for the FRI and ROL methods, re-
spectively. Again, the range of retrieved droplet sizes
is comparable to the range of observed sizes. These
comparisons demonstrate that the retrievals produce
results that are statistically similar to in situ observa-
tions.

b. Technique-to-technique comparisons

The subset of observations to which both the FRI
and ROL retrievals were applied provides a dataset
for comparing the results of these two methods. Di-
rect comparisons of FRI and ROL retrievals of Re (Fig.
5a) and LWC (Fig. 5b) show good agreement for
Re smaller than �10 �m (78% of the data) and LWC
less than �0.25 g m�3 (87% of the data), respectively.
Above these values, the ROL-derived Re and LWC
approach upper limits for larger values from the FRI
retrieval. These limits are due to the approximate
reflectivity boundary of �15 dBZ that was used to
distinguish liquid clouds from drizzle (Frisch et al.
1995), because, for example, �15 dBZ corresponds
to about 14 �m when using the ROL method. The
FRI technique does not have the same upper limits
because it is not based on reflectivity alone. This com-
parison suggests that the ROL method may underesti-
mate Re and LWC for a relatively small subset of cases
with large values. The RSD between the FRI and ROL
Re retrievals is low (28%), and the ROL results are
biased to be slightly smaller (see Table 4). For LWC
(and LWP), the RSD is 72% (76%) and the bias is 14%
(8%).

FIG. 4. Distributions of observed and retrieved (a) LWC and (b) Re from 5 days during which the C-130 was
sampling all-liquid clouds. In situ observations were for all measurements in all-liquid clouds within 50 km of the
SHEBA site. The retrieval data are for all-liquid clouds observed by the radar during the time periods that the
aircraft was sampling within the 50-km range but not necessarily for the same clouds as sampled by the aircraft. The
box-and-whiskers plots summarize the data by providing the 5th, 25th, 50th, 75th, and 95th percentiles, and the
mean is given as a symbol.
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c. Theoretical uncertainties

Frisch et al. (1995, 1998, 2002) computed theoretical
uncertainties based on input errors for the FRI retrieval
and an Re retrieval similar to the ROL method imple-
mented here. These calculations were duplicated using
slightly different estimated uncertainties for the param-
eters of the liquid DSD based on FIRE ACE aircraft
observations in all-liquid clouds only [a subset of the

data used by Frisch et al. (2002)]. The estimated uncer-
tainties in Nl and �, based on in situ data, are about
75% and 23%, respectively. The uncertainty in LWP, as
inferred from MWR measurements, is assumed to be
25% and the reflectivity uncertainty is as given by
Frisch et al. (2002). Based on these values, the theoret-
ical uncertainties in the FRI retrievals of LWC and Re

are 35% and 14%, respectively. For the ROL method,
the respective theoretical uncertainties are 48% and
15%.

d. Discussion of liquid retrievals and summary of
uncertainties

The largest expected liquid retrieval uncertainties,
based on the comparisons presented here, are given in
Table 5. Although there can be relatively large uncer-
tainties in some specific cases, the statistical compari-
son of nearly 8 h of data over 5 days (Fig. 4) reveals
reasonably good agreement. These results suggest that
the retrievals may produce better results when consid-
ered in a statistical manner over longer time periods.
This improvement appears to be particularly true for
the ROL retrieval method, which fixes Nl based on
regional observational statistics. Gultepe and Isaac
(1999, 2004) indicate that Nl in fact varies with tem-
perature and aerosol concentrations. Thus, the assumed
fixed value may not capture the case-to-case variability
but will more likely capture the long-term trend (me-
dian) of Nl. For the FRI retrieval, Nl is derived from
independent LWP measurements, which leads to its dif-
ferences from the ROL method. Furthermore, the FRI
method overpredicts the number of small Nl cases rela-
tive to the FIRE ACE C-130 observations, yielding a
median value of 43 cm�3, which is much lower than the
in situ observations suggest. Last, the lower sensitivity
limit of the radar will lead to a lower limit on all re-
trieved quantities and an unquantified but small contri-
bution to the overall retrieval uncertainty for both
methods.

Together, these analyses suggest that the ROL
method, when employed with region-specific coeffi-
cients on a long data record, produces statistical results

FIG. 5. Comparison of all-liquid cloud (a) Re and (b) LWC
retrieved from the ROL method vs those from the FRI method.
The curves are the mean value (thick) surrounded by the standard
deviation (thin) of the ROL results in (a) 0.5-�m-wide and (b)
0.02 g m�3–wide bins of the FRI retrieval results.

TABLE 4. Correlation coefficients (corr), relative standard differences (RSD), and biases (bias) between retrieval techniques. RSD
and bias are in percent. See text for explanation of retrieval type abbreviations.

Re or Dmean LWC or IWC LWP or IWP

Retrieval types Corr RSD Bias Corr RSD Bias Corr RSD Bias

FRI–ROL 0.82 28 6 0.59 72 �14 0.49 76 �8
M99–M02 0.68 46 �7 0.61 79 �6 0.67 75 0
M99–ROI 0.82 36 �2 0.77 62 2 0.78 65 14
M02–ROI 0.67 40 6 0.70 73 9 0.79 64 14
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that are similar in accuracy to the multisensor FRI re-
trieval method. Furthermore, because of the applicabil-
ity limitations of the FRI method (see section 2c), the
ROL method was applied 4 times as often at SHEBA,
rendering it most useful for long-term operational
cloud monitoring at SHEBA. The distinct advantages
of the FRI method are that it is constrained by inde-
pendent measurements (the MWR-derived LWP) and
that it does not require region-specific coefficients.

4. Ice retrieval assessment

a. Comparisons between retrieval and in situ
measurements

Ice cloud retrieval comparisons during SHEBA are
limited by the dearth of ice clouds sampled by aircraft
during FIRE ACE. The measurement errors (e.g.,
Gayet et al. 2002) and difficulties encountered when
processing ice in situ data (Larsen et al. 1998; Baker et
al. 2002) have further limited the amount of ice cloud in
situ data that are available for retrieval assessments.

The most extensive direct comparison between the
ice cloud retrieval techniques assessed here and in situ
measurements made during FIRE ACE is described by
Matrosov et al. (2002). They discuss a cirrus cloud case
study on 28–29 April when the National Research
Council of Canada’s Convair-580 flew a spiral descent
over the SHEBA ice camp. An updated comparison for
this case, which incorporates the latest operational ver-
sion of each retrieval method, showed that the RSD
between IWC retrievals and in situ measurements was
64%, 100%, and 70% for the M99, M02, and ROI
methods, respectively. The respective RSDs for Dmean

were 27%, 30%, and 26%. In terms of layer mean prop-
erties, the ROI method showed slightly better agree-
ment with in situ measurements than did the other two
retrieval methods.

An additional comparison between remote sensing
retrievals and C-130 measurements from 2128 to 2206 8

July at SHEBA is shown in Fig. 6. In situ IWC values
were derived from an ensemble PSD constructed from
separate FSSP, CPI, and 2DC PSDs using the method
of Baker et al. (2002) for time periods when the aircraft
was within 10 km of the vertical radar beam. The mean
and standard deviation of retrieval results over the 20-
min time period surrounding the in situ observations
are provided for the ROI and M02 methods (the M99
method was not used because of an AERI outage) to
give an estimate of the IWC variability over the time
period that the aircraft was sampling. Throughout the
cloud layer the comparisons are very good, with in situ
estimates within the standard deviation of the retrieval
measurements at all heights in the cloud. The RSD (and
bias) between the mean retrieved IWC values and in
situ measurements are 30% (26%) and 27% (17%) for
the ROI and M02 methods, respectively. Ice particle
sizes are not compared for this case because of uncer-
tainties in computing accurate ice particle characteristic
sizes from the ensemble in situ PSD.

b. Technique-to-technique comparisons

The ice cloud retrievals of Dmean, IWC, and IWP are
compared for cases in which all three retrieval tech-
niques were simultaneously applied. Retrieved values
of ice particle Dmean (Fig. 7a) show the best agreement
among the three techniques for sizes smaller than about
100 �m (71% of the data). At larger sizes both radar-
only techniques underestimate Dmean when compared
with the M99 technique. RSDs between the datasets

TABLE 5. Summary of retrieval uncertainties. For each retrieval
method and each parameter the highest determined uncertainties
are given based on in situ comparisons and based on relative
standard differences from technique intercomparisons.

LWC or IWC Re or Dmean

In situ Technique In situ Technique

FRI 49% 72% 32% 28%
ROL 47% 72% 32% 28%
M99 64% 79% 27% 46%
M02 100% 79% 30% 46%
ROI 70% 73% 26% 40%

FIG. 6. Comparison of in situ and retrieved IWC from 2128 to
2206 8 Jul 1998. In situ measurements (stars) are horizontal leg
averages when the aircraft was within 10 km of the SHEBA site.
Radar retrieval results from the ROI (diamonds) and M02 (tri-
angles) methods are expressed as the mean (symbol) and standard
deviation (lines) over a 20-min period surrounding the in situ
measurements at a given height.
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are 36% and 46% for the M99–ROI and M99–M02
comparisons, respectively (Table 4). The correlation
between methods is best in the height range of 2–6 km,
with diminishing correlation at higher and lower alti-
tudes (Fig. 8).

Intercomparisons of IWC retrievals show much
wider scatter than the Dmean comparisons (Fig. 7b), re-
sulting in larger RSDs of 62%–79% among techniques
(Table 4). Comparisons of IWP are similar to those for
IWC. For both IWC and IWP, the RSD between the
ROI and the other methods is less than that between
the M99 and M02 methods.

c. Discussion of ice retrievals and summary of
uncertainties

The expected ice retrieval uncertainties are given in
Table 5. As with the liquid retrievals, the RSD between
methods is typically larger than the uncertainties in-

ferred from aircraft comparisons, because the RSD
combines the uncertainties of both methods. Differ-
ences between the M99 and ROI methods are solely
due to differences in the specification of the a and b
coefficients. However, because the ROI coefficients
were statistically derived, in part, from the M99 results,
these two methods are similar when considered over a
large statistical sample. On the contrary, differences be-
tween the reflectivity- and Doppler velocity-based
methods are related to the correlation between Ze and
Vz measurements (e.g., Mace et al. 2002). At SHEBA,
this correlation decreased with height, likely because of
contamination of the Vz measurements from the hori-
zontal winds (see section 2c). An analysis of radio-
sonde-measured wind speed and direction, along with
the known orientation of the radar antenna, revealed
that the potential wind contamination increased, in a
mean sense, from 0 near the surface to a maximum of
about 10 cm s�1 at 8 km (similar to Fig. 8). Further
study of the variability in the correlation between Ze

and Vz measurements is beyond the scope of this study.
These analyses suggest that the multisensor, multi-

measurement techniques discussed here do not provide
substantially more accurate results than the empirical
power-law retrieval that is implemented with a region-
specific, seasonally varying coefficient. For the most-
documented case on 28 April, all three methods show a
similar Dmean uncertainty when compared with in situ
measurements and the M99 method shows only slightly
better agreement in terms of IWC. The ROI method
appears to have better statistical agreement with both
the M99 and M02 methods than they do between them-
selves. Because of the limited set of cloud scenes to
which the M99 method can be applied, and its reliance

FIG. 7. Comparison of all-ice cloud (a) Dmean and (b) IWC
retrieved using the ROI (solid) and M02 (dashed) techniques vs
those from the M99 technique. The curves are the mean (thick)
surrounded by the standard deviation (thin) of the ROI or M02
results in (a) 10-�m-wide and (b) 0.0025 g m�3–wide bins of the
M99 retrieval results.

FIG. 8. Correlation coefficient between ice particle size retriev-
als with height. Height bins of 250 m were used, and the number
of points used in the calculations drops off at heights above 8 km.
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on two distinct data streams, the ROI method was ap-
plied to 7 times as many ice clouds at SHEBA. Fur-
thermore, the off-zenith tilt of the radar coupled with
the impact of horizontal winds (section 2c) adds un-
quantified and variable uncertainty to the M02 retrieval
results from SHEBA (this uncertainty can be mitigated
when the radar is mounted on a fixed-ground surface).
The M02 method also faces limitations under circum-
stances with larger vertical air motions that are not re-
moved by the 20-min averaging and by cases with as-
cending velocities. Because of these considerations, the
ROI retrieval is best suited for operational cloud moni-
toring and for capturing the evolution of cloud proper-
ties over the course of the annual cycle at SHEBA. The
other methods are important for tuning the seasonally
varying coefficient used in the ROI method and, at
times, provide a moderate improvement in accuracy for
selected case studies.

5. Single-phase Arctic cloud properties

a. Cloud-type occurrence

All-liquid, all-ice, and mixed-phase cloud layers were
observed in the atmospheric column above SHEBA
19%, 38%, and 41% of the time, respectively. All-liquid
clouds were the only cloud layers observed 8% of the
time, and all-ice clouds were the only clouds observed
13% of the time. Multilayered cloud scenes containing
multiple cloud types were common.

The annual cycles of monthly cloud fraction for each
cloud classification type are given in Fig. 9. Over the
course of the annual cycle, the all-ice cloud monthly
frequency ranged from 23% to 52% and showed no
apparent annual cycle trend. All-liquid clouds occurred
most frequently from May through September and least
frequently from December through April, following the
annual cycles of atmospheric temperature and mois-
ture. However, all-liquid clouds did occur �7% of the
time in the cold and dry winter and early spring months.
Clouds classified as being mixed phase showed a ten-
dency toward a higher occurrence in the spring and
autumn transition seasons, suggesting that the tempera-
tures in these seasons are most able to support the pres-
ence of both phases. As with the all-liquid clouds, a
significant number of these liquid-containing mixed-
phase clouds also occurred in the winter months at
SHEBA. Liquid precipitation (drizzle and rain) was ob-
served from May through September, reaching a maxi-
mum monthly frequency in the middle of summer, with
an annual-averaged frequency of 7%. Snow occurred
most frequently in the winter and transition-season
months, with an annual mean frequency of 6%.

b. Single-phase cloud microphysical properties

Microphysics results from the radar-only ROL and
ROI retrieval methods for all-liquid and all-ice clouds
are presented here. These reflectivity-only methods are
used because they are most widely applicable, provid-
ing both continuity and a large statistical sample (total
number of hours are provided in Figs. 10d and 12d,
discussed below) that can be used to reveal the annual
evolution of cloud properties. As was discussed above,
the reflectivity-only methods show a comparable level
of statistical uncertainty to the more complex multisen-
sor techniques when applied to a large dataset. For
each parameter of interest the following statistics have
been computed on a monthly and yearly basis: mean,
standard deviation, number of observations, and 5th,
25th, 50th, 75th, and 95th percentiles.

Liquid cloud droplet effective radii show little varia-
tion from month to month during the spring and sum-
mer but are somewhat smaller in the winter (Fig. 10a).
The difference in both mean and median droplet sizes
from winter to summer (�25%–30%) is similar to the
uncertainty associated with this parameter. Because the
distribution of retrieved Re is roughly normal in shape
(Fig. 11a), the annual mean, median, and mode values
are all about 6.5 �m. Monthly mean and median values
vary between 5 and 7 �m over the course of the year.

Retrieved LWCs also show an annual trend with the
smallest values in January and larger LWCs in the sum-
mer (Fig. 10b). The difference in monthly means and
medians from winter to summer (�100%) is larger than
the uncertainty for LWC retrievals, suggesting that this
trend is significant. The distribution of retrieved LWCs
is exponential in shape (Fig. 11b); the annual mean is
0.10 g m�3, and 95% of the values are below 0.3 g m�3.
The annual evolution of retrieved LWP (Fig. 10c) fol-

FIG. 9. Annual cycles of monthly cloud-type occurrence. In any
given month, the summation of all cloud-type fractions will not
necessarily be 100% because of clear-sky time periods and mul-
tilayered cloud scenes that contain more than one cloud type.
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lows that of LWC. Winter monthly mean LWPs are
�20 g m�2; summer monthly means reach 50 g m�2.
These radar-retrieved values show good agreement in
trend, magnitude, and range with the monthly mean,
all-liquid cloud LWPs derived from the MWR (dia-
monds in Fig. 10c). Both methods show an annual-
mean all-liquid cloud LWP of �45 g m�2.

The annual-average-retrieved ice particle Dmean is 73
�m; monthly statistics suggest that, on average, the
smallest particles occur in the winter and the largest
particles occur in the summer (Fig. 12a). This trend may
be considered to be significant because the differences
in both mean and median size between the February
minimum and July maximum are greater than 80%,
which is substantially larger than the uncertainty asso-
ciated with the size retrievals. The distribution of re-
trieved sizes (Fig. 13a) reveals that 90% of the Dmean

values are between 20 and 160 �m and that virtually no
values are larger than 300 �m.

Retrieved IWCs also show annual variability in the
range of observed values (Fig. 12b). While small values
of IWC occur in all months (i.e., roughly exponentially
distributed data, Fig. 13b), the range of retrieved IWCs
is largest in the autumn and smallest in the spring. The
monthly mean and median IWCs increase by more than
a factor of 4 from the spring to the autumn. The annual
mean IWC is 0.014 g m�3, and 95% of IWCs are less
than 0.06 g m�3. Total column IWP undergoes a similar
annual trend to IWC with the smallest range of values
in spring and the largest in autumn (Fig. 12c). The an-
nual mean all-ice cloud IWP is 30 g m�2.

c. Vertical profiles of cloud microphysical
properties

To examine statistically the vertical distribution of
microphysical properties in the clouds observed at
SHEBA, retrieved profiles were normalized in height.
Vertical profile statistics were calculated for selected

FIG. 10. Monthly and annual statistics of all-liquid cloud (a) droplet effective radius, (b)
liquid water content, (c) liquid water path, and (d) hours of occurrence. 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. Statistics for the microwave radiometer–derived liquid water path [diamonds in
(c)] are also provided; however, fully calibrated MWR data are not available prior to 5 Dec
1997.
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single cloud layers that were well developed (i.e., not
tenuous or multilayered systems). For consideration
here, individual profiles within the designated single-
layer cloud regions fulfilled the following criteria:
Single cloud-type classification, continuous layer that
was fully observed by the radar (i.e., base was above
105 m), and a minimum of 225 m, or five radar range
gates, thick. Each profile was normalized in both cloud
geometric depth and parameter value. Statistics were
then computed on the full set of normalized profiles.
For this reason, the mean profiles discussed below do
not reach either 0 on the low side or 1 on the high side
(which would only be the case if every profile showed
the extrema at the same normalized height levels).

The average vertical distribution of microphysical
properties within single-layer all-liquid clouds under-
goes a moderate annual trend. The largest droplets and
LWCs are found at or below the middle of the cloud in
the winter months but above the middle of the cloud
during the other months of the year (Fig. 14). This
trend suggests that the extent to which liquid clouds
form through adiabatic ascent may be tied to the sea-
sonal variation of low-level atmospheric stability. In-
deed, Arctic temperature inversions are stronger and
deeper in the winter (Kahl 1990) causing higher atmo-
spheric stability and subsequently less adiabatic lifting
in cloud formation.

All retrieved liquid cloud microphysical properties,
in an annually averaged sense, increase from the cloud
base up to about 60% of the average cloud depth from
the base, at which height the parameters decrease up to
the cloud top (e.g., Fig. 14). This shape suggests a
semiadiabatic liquid water profile with a relatively large
layer of mixing/entrainment near the cloud top. Pinto et
al. (2001) and Lawson et al. (2001) observed similar
low-level cloud profile shapes from aircraft measure-
ments made during the autumn over the Beaufort Sea
and the spring–summer over the SHEBA camp, respec-
tively, as well as observing deep cloud-top mixing in
some cases.

There is no clear annual trend to the vertical distri-
bution of ice microphysical properties within single-
layer ice clouds. Figure 15 shows the annual-average
normalized profiles of retrieved IWC and Dmean. The
average level of largest particle sizes and highest IWCs
is at one-forth of the cloud depth from the base, reflect-
ing the growth of ice particles as they fall from the
cloud top and their rapid sublimation near cloud base.
These profile shapes are similar to the all-ice cloud pro-
files observed at many midlatitude locations by Ma-
trosov (1997).

6. Summary and conclusions

An operational suite of ground-based remote sensor
cloud microphysics retrievals is described and assessed
using 1 yr of observations from the SHEBA program
that included episodic aircraft measurements from the
FIRE ACE experiment. The retrieval suite combines
multiple ground-based sensors and radiosondes to clas-
sify cloud scenes as all ice, all liquid, mixed phase, or
precipitation. To each of these cloud scene types, one
or more retrieval methods are applied. Here, only the
single-phase liquid and ice cloud retrieval methods are
assessed using in situ comparisons, technique intercom-
parisons, and analytical error analyses to provide un-
certainty estimates for retrieved cloud properties (sum-
marized in Table 5). With moderate differences be-
tween methods, liquid cloud Re and LWC can be
retrieved with uncertainties of no worse than 32% and
49%–72%, respectively. Ice cloud Dmean and IWC can
be retrieved with uncertainties of 26%–46% and 62%–
100%, respectively. These uncertainties can be consid-
ered representative for the application of these specific
retrievals to SHEBA observations. However, further
study is necessary to determine if these uncertainties
are representative for other locations.

The assessment presented here indicates that, from a
long-term statistical point of view, region-specific ra-
dar-only retrieval methods are best suited for monitor-

FIG. 11. Annual normalized distributions of retrieved all-liquid
cloud (a) droplet effective radius and (b) liquid water content.
The box-and-whisker plots summarize the distributions.
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ing the evolution of Arctic cloud properties. The mul-
tisensor, multimeasurement methods discussed here
are constrained by more measurements and thus may
show a moderate improvement in accuracy over the
radar-only methods for some case studies. For the ice
retrievals, the multimeasurement methods are also
needed to derive a seasonally varying, region-specific
coefficient for the radar-only retrieval. However, these
multimeasurement techniques (which are similar to
methods proposed by others) suffer from various limi-
tations that render them applicable to relatively few
cases. On the other hand, the radar-only methods are
widely applicable with few limitations and were there-
fore applied to 4 times as many liquid cloud cases and
7 times as many ice cloud cases during the year of ob-
servations at SHEBA. Once region- and season-specific
coefficients were determined, the statistical uncertainty
of these radar-only retrievals, when applied to 1 yr of
data, was comparable to that of the multimeasurement
methods. Thus, the radar-only methods produced a
nearly as accurate, yet more detailed and extensive,
cloud properties dataset with which to monitor the sea-

sonal evolution of Arctic cloud microphysical proper-
ties at SHEBA.

This operational retrieval framework and, specifi-
cally, the radar-only retrieval methods have been used
to obtain important information on the annual evolu-
tion of Arctic cloud presence and microphysical prop-
erties. During the SHEBA year, clouds were classified
as all liquid, all ice, and mixed phase for 19%, 38%, and
41% of the time, respectively. All-liquid clouds pre-
dominantly occurred in the summer; ice clouds oc-
curred throughout the year. Mixed-phase clouds were
most frequent in the spring and autumn transition sea-
sons.

Liquid cloud retrieval results showed some seasonal
variation in Re, LWC, and LWP, with the smallest val-
ues in the dry winter and the largest values in the rela-
tively moist summer. The annual-average properties
are Re � 6.5 �m, LWC � 0.10 g m�3, and LWP � 45 g
m�2. Liquid clouds at SHEBA, on average, showed Re

and LWC growing from the cloud base up to about
60% of the cloud depth from the base.

Ice cloud particle sizes are, on average, largest in the

FIG. 12. As in Fig. 10, but representing all-ice cloud (a) Dmean, (b) IWC, (c) IWP, and (d)
hours of occurrence.

OCTOBER 2005 S H U P E E T A L . 1559



summer and smallest in the winter, while IWC and IWP
show the largest range of values in the autumn. The
annual-average ice cloud properties are Dmean � 73
�m, IWC � 0.014 g m�3, and IWP � 30 g m�2. Average
vertical profiles of ice cloud properties show the largest
sizes and IWCs at one-fourth of the cloud depth from

the cloud base, which demonstrates the growth of cloud
particles as they fall and rapid sublimation in a thin
layer near the cloud base.

The data presented here are useful in a variety of
ways. First, they provide an initial look at the annual
mean and variability of various Arctic cloud micro-
physical properties. Past measurements of these quan-
tities have been restricted to short time periods during
Arctic daylight, with few measurements during the dark
and cold Arctic winter. Second, these results are useful
for comparison with satellite observations. The cloud-
type identification discussed in section 2b can be used
to validate satellite cloud scene identification over the
SHEBA region, and the microphysical statistics pro-
vide a base with which to compare satellite cloud re-
trievals. Furthermore, the vertical profiles of micro-
physical parameters can provide useful insight into how
differences in viewing orientation (i.e., surface vs
space) influence the retrieval of bulk cloud parameters.
These data also can be used to assess model-produced
cloud fields. Comparisons of total cloud water and pre-
cipitation budgets from SHEBA have already revealed
shortcomings in phase partitioning in a single-column
model (Morrison et al. 2003).

This retrieval assessment and the subsequent cloud-
property results have been limited to a subset of the
available radar-based cloud retrieval methods devel-
oped at the NOAA Environmental Technology Labo-
ratory. In future work on the topic, a broader assess-
ment including more techniques from a variety of
sources (e.g., Dong et al. 1997; Mace et al. 1998; Dono-

FIG. 14. Annual mean, normalized profiles of retrieved all-
liquid cloud LWC (thick) and the profile of standard deviation
(thin). Monthly mean profiles are also provided for Dec and May.

FIG. 13. As in Fig. 11, but representing all-ice cloud (a) Dmean

and (b) IWC.

FIG. 15. Annual mean, normalized profiles of retrieved IWC
and Dmean (thick curves) and the profiles of standard deviation
(thin curves).
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von and van Lammeren 2001; McFarlane et al. 2002;
Turner 2005) will be useful for insuring the mutual con-
sistency of remote sensing cloud retrievals and for de-
creasing the operational uncertainty associated with re-
motely deriving cloud properties.
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