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Summary

The purpose of this study is to better understand the
dynamical and microphysical processes within Arctic
clouds, which occurred in April 1998 over the Surface
Heat Budget of the Arctic Ocean (SHEBA) ship during the
First ISCCP (International Satellite Cloud Climatology
Project) Regional Experiment Arctic Cloud Experiment
(FIRE.ACE). The observations from the four cases in the
present study were collected by instruments mounted
onboard the National Research Council (NRC) Convair,
as well as, the National Oceanic and Atmospheric Admin-
istration (NOAA) Advanced Very High Resolution Radio-
meter (AVHRR) satellite, the SHEBA surface based NOAA
Doppler radar (35 GHz, Ka-Band), and the NOAA depo-
larization lidar (0.523 mm) measurements. The aircraft
observations were collected at 32 Hz (3-m scale). The
Meteorological Services of Canada (MSC) lidar (1.064 mm)
was operated onboard the Convair-580. The AVHRR
observations, representing a 5-km horizontal resolution,
were used to estimate particle size, phase, and optical
thickness. Constant altitude flight legs were made at about
100 m over the ocean surface. Vertical air velocity (w),
reflectivity and Doppler velocity, and backscatter and
depolarization ratio values were used to define the size of
the important dynamical structures. Ice crystal number

concentration (Ni), ice water content (IWC), droplet num-
ber concentration (Nd), liquid water content (LWC) and
characteristic particle size and shape were summarized for
each case. The effective radius (reff) values for liquid clouds
obtained from in-situ and AVHRR observations were found
comparable. The large variability in IWC can be due to
undetected ice crystals at small size ranges. Mixed phased
conditions in the AVHRR retrievals complicated the
comparisons with in-situ data. Ni was found to be directly
related to the history of the air-parcel dynamics e.g., w.
The variability and differences in the parameters obtained
from various platforms can be attributed to their in-
strumental capabilities, resolution, as well as the cloud
development.

1. Introduction

The formation and development of Arctic clouds
are related to local and large-scale meteorologi-
cal conditions. The microphysical and dynamical
processes can play an important role in cloud
development, and affect the Earth’s atmospheric
heat and moisture budgets that are an important
part of the hydrological cycle. Observations over



the Arctic ocean in the past were restricted due to
limitations in the airborne instruments and the
lack of surface observations (Curry et al, 1996;
2000; Randall et al, 1998). The scientific objec-
tives of FIRE.ACE (First ISCCP (International
Satellite Cloud Climatology Project) Regional
Experiment. Arctic Cloud Experiment) were to
study impacts of Arctic clouds on the radiation
and surface conditions, and document cloud
parameters, including particle size, concentra-
tion, and phase as atmospheric conditions change
(Curry et al, 2000).

The formation of continental polar air depends
on the physical and thermodynamic characteris-
tics of the Earth’s surface in the airmass source
region (Curry, 1983). Gultepe and Isaac (2002)
stated that the characteristics of Arctic clouds are
related to whether their airmasses originated
from either the Arctic or Pacific Oceans. Murad
and Walter (1996), and Schnell et al (1989), using
observations from an Arctic field program, sug-
gested that cold-air breaks from further north
during wintertime result in large changes in the mi-
crophysical, dynamical, and thermodynamical
conditions within the Arctic boundary layer. Curry
et al (1996), and Kantha (1995) suggested that
northerly cold winds coming over polynyas could
result in strong latent heat fluxes (LHF) and sen-
sible heat fluxes (SHF), likely effecting cloud de-
velopment. On the other hand, winds coming from
the south may not be as effective as northerly ones
because of smaller temperature differences be-
tween the ocean surface and the air above.

The Global Energy and Water Experiment
(GEWEX News, 1997) working group indicated
that cloud dynamical activity should be studied
in detail and related to microphysical and radia-
tion parameters. Arctic clouds in transition sea-
sons can have both water and ice particles. It has
been observed in earlier field projects (e.g.,
Gultepe et al, 2000) that these clouds can have
substantial dynamical structures that enhance
cloud life-time. Embedded cells within the strat-
iform clouds were found to be common. Vertical
air velocities (w) within clouds related to frontal
systems occur between � 2 and 2 m s� 1 but only
� 0.2 m s� 1 in stable conditions (Gultepe et al,
2000). A wavelet analysis of dynamical parame-
ters and reflectance from satellite observations
indicated that Arctic clouds can have significant
heat=moisture fluxes related to dynamical activ-

ity (e.g. vertical air velocity fluctuations, w0).
Serreze et al (1992) found that open leads can
significantly change the boundary-layer height
and cloud microphysical structures within it.
Heymsfield (1977) stated that ice crystal micro-
physical parameters within cirrus, e.g. shape and
size, are related to w. Pinto and Curry (1995),
using a meso-scale model, stated that interactions
between large-scale dynamic and cloud pro-
cesses are important for Arctic cloud develop-
ment. McInnes and Curry (1995), using a high
resolution 1D model, explained that
w� 1 cm s� 1 can be sufficient to maintain cloud
life time. Although these studies indicated that
cloud dynamical activity is an important param-
eter, there were no detailed studies to determine
the characteristics of dynamical processes and
parameters that can be important in cloud micro-
physical development.

One of the main objectives of the FIRE.ACE
and SHEBA experiments is to produce an inte-
grated dataset that provides in-situ data for test-
ing of satellite and ground-based remote sensing
analyses, and supports the analysis and interpre-
tation of physical processes within Arctic clouds
(Randall et al, 1998). The main objective of the
present work is to compare in-situ observations
with those retrieved from the remote sensing
platforms. During FIRE.ACE in April 1998, the
Canadian Convair-580 could only make 4 flights
over the Surface Heat Budget of the Arctic
Ocean (SHEBA) ship. Using observations from
multiple platforms, the present work summarizes
the dynamical and microphysical processes that
occurred in the Arctic boundary layer during
those flights. The size of cells will be estimated
from vertical air velocity fluctuations, and will be
supported with other observations from remote
sensing platforms. The microphysical parameters
will be given over constant altitude flight
legs and along spirals just above the ocean sur-
face. In the concluding remarks, interactions of
microphysical and dynamical=thermodynamical
cloud processes and integrated results will be
investigated.

2. Observations

The observations obtained for 16, 17, 21, and 28
April 1998 during the Canadian Convair-580
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flights over the SHEBA site are used in the pres-
ent study. Detailed information on the FIRE.ACE
and SHEBA field projects can be found in
Gultepe et al (2002), and Curry et al (2000).
Figure 1 shows the plan-view of aircraft flight
tracks and the locations of the Canadian Coast
Guard ice breaker Des Groseilliers (SHEBA
ship). The NOAA lidar, and Doppler radar locat-
ed on the ship were used to obtain measurements
related to clouds. NOAA AVHRR observations
available for 17, 21, and 28 April were also col-
lected for studying the cloud microphysical and
optical parameters.

2.1 Aircraft observations

The Canadian NRC Convair 580 aircraft oper-
ated from Inuvik in the Northwest Territories
of Canada, and made observations over the
Beaufort Sea (�70N:134W), over the SHEBA
ship, and along transects across the Beaufort
Sea and between Barrow and the SHEBA ship.
Table 1 shows the aircraft and remote sensing
time periods for data collection. The 32 Hz ob-
servations of wind, temperature, and mixing ratio

measurements were used in the analysis. The fol-
lowing subsections summarize the aircraft obser-
vations.

The droplet number concentration (Nd) and ice
crystal number concentration (Ni) were obtained
at size ranges of 2–47 and 5–95 mm from two
Particle Measuring Systems (PMS) Forward
Scattering Spectrometer Probes (FSSP96-100
and FSSP124-100), and at 25–800 mm from the
two-dimensional cloud (2DC) probe measure-
ments, respectively. The subscripts represent
two size ranges for FSSP-100. FSSP measure-
ments were corrected for probe dead time and
coincidence, and the uncertainty in the sizing
and concentration from this probe can be as large
as 30% (Baumgardner et al, 1990). Details of the
2D-probe measurements and image-processing
techniques can be found in Heymsfield and
Parrish (1978). Using measurements from the op-
tical and hot-wire probes, and the Rosemount
icing detector (Cober et al, 2000), which re-
sponds clearly to liquid phase present within
the cloud, discrimination between the ice and
water regions within the cloud was accom-
plished. Note that small Nd with small sized
droplets cannot always be detected with this
Rosemount icing probe. This uncertainty is not
considered here (Strapp et al, 1999; Gultepe et al,
2001a). Temperature (T) was measured by a re-
verse flow temperature probe with an accuracy of
� 0.5 �C. The dew point temperature (Td) was
measured by both an EG&G dew-point and a
LiCor hygrometer. These measurements were
used to calculate the relative humidity with re-
spect to ice (RHi) (Gultepe et al, 2002). The Td

from the EG&G measurements can be highly un-
reliable at colder temperatures (<�20 �C). The
liquid water content (LWC) was obtained from
measurements of the King (Biter et al, 1987),
FSSP-100 (Baumgardner et al, 1990), and Nev-
zorov probes (Korolev et al, 1999). The aerosol
number concentrations (Na) in the range of 0.135

Fig. 1. NRC Convair-580 flight tracks over SHEBA ship
for four cases during FIRE.ACE

Table 1. Time periods for various platforms used in the analysis. Aircraft and ship locations are given in Fig. 1

Cases Aircraft MSC lidar WPL radar WPL lidar AVHRR
[UTC] [UTC] [UTC] [UTC] [UTC]

April 16 2025-0058 2212-2218 2200-2400 1808-2340 –
April 17 1827-2300 2012-2018 1400-1600 1400-2300 2400
April 21 2117-0156 2302-2309 2000-2400 2118-0200 2400
April 28 2206-0240 0040-0119 1700-0200 2248-0100 2400

Dynamical and microphysical characteristics of Arctic clouds 237



to 3 mm diameter in 15 size bins (Liu et al, 1996)
were obtained from Particle Measuring Systems
PMS passive cavity aerosol spectrometer probe
(PCASP-100x) measurements.

Horizontal and vertical wind components (Uh

and w) and horizontal wind direction (Duh) were
made using a wing-mounted Rosemount 858
5-hole pressure probe and a Litton LTN-90-100
Inertial Reference System (Williams and
Marcotte, 1999). The root-mean square (rms) er-
ror for w is estimated at about 0.15 m s� 1. The
flight speed for the Convair was approximately
85 m s� 1. Both latitude and longitude were
obtained with Marconi and Northstar Global
Positioning Systems (rawinsonde) mounted on
the Convair. The absolute accuracy of this system
is about 10 m. Williams and Marcotte (1999) es-
timated that, during rapid maneuvers, the uncer-
tainty in w is estimated to be about 0.4 m s� 1.

The LANDSAT simulator developed by
Exotech Incorporated, which is used for detect-
ing ocean surface conditions, had four channels
(0.46–0.52; 0.52–0.60, 0.63–0.69; 0.76–
0.90 mm) similar to the LANDSAT thematic
mapper (TM). It has a field of view of 1-degree
and an absolute accuracy of about 5%. The chan-
nel 1 voltage values from the LANDSAT simu-
lator were used to obtain reflected radiance
values (Rch1). LANDSAT simulator measure-
ments are calibrated against the Arizona (AZ)
radiometer measurements that were calibrated
in a laboratory setting.

2.2 Satellite observations

Estimates of cloud particle phase, optical depth,
and particle effective radius for both water and
ice phase were obtained from the visible and
thermal channels of the Advanced Very High
Resolution Radiometer (AVHRR) on board the
NOAA-14 polar-orbiting satellite (Key, 1995;
2000; Key and Intrieri, 2000). The AVHRR has
five channels centered at approximately 0.6, 0.9,
3.7, 11, and 12 mm (channels 1 through 5, respec-
tively). Global Area Coverage (GAC) data ac-
quired from overpasses nearest to 1400 local
solar time (2400 UTC) were re-gridded to a five
kilometer pixel size. Calibration of channels 1
and 2 is done according to Rao (1993), which
corrects for sensor drift over time. The standard
NOAA=NESDIS method (NOAA, 1991) is used

for the calibration of the thermal channels (chan-
nels 3, 4, and 5), with an additional correction for
non-linearity. Channels 1 and 2 were further
adjusted for Earth-Sun distance. The absolute ac-
curacy of reflectance is on the order of 5–7%
(Rao, 1993). The thermal channels have a radio-
metric accuracy of approximately 0.2 K.

2.3 NOAA Doppler radar
and MWR observations

The new millimeter-wave cloud radar (MMCR)
has been designed to provide detailed, long-term
observations of non-precipitating and weakly pre-
cipitating clouds. Detailed information on the
NOAA MMCR can be found in Moran et al
(1998) and it is briefly described here. The innova-
tive radar design features a vertically pointing
Doppler system operating at 8.66 mm (35 GHz,
Ka band). It uses a low-peak-power transmitter
for long-term reliability and high-gain antenna
and pulse-compressed waveforms to maximize
sensitivity and resolution. During the SHEBA
experiment, the MMCR collected data in 45 m
range gates, with 9-s averaging periods between
the surface and 15 km AGL. The radar was housed
in a sea container, about 25 feet from the lidar. The
range resolution is 45 m and a maximum range
coverage of 16 km was used at SHEBAwith a beam
width of 0.2 degrees. The radar uses the same kind
of signal processor as that used in commercial
wind profilers. Attenuation by cloud liquid water
content (LWC) and water vapor is negligible for
the types of values encountered in the Arctic. The
uncertainty in the radar derived reflectivity factor
and Doppler velocity are approximately 10% and
15%, respectively. The true sensitivity of the radar
measurements is about � 49 dBZ at a 5 km range.

The microwave radiometer measurements at
SHEBA site was made with Radiometrics
WVR-1100 at 23.8 and 31.4 GHz. Brightness T
at these channels were used to estimate integrat-
ed water vapor and LWP at two minutes inter-
vals. LWP differences obtained from various
MWR can be about 20% at � 10 �C and details
on this can be found in Shupe et al (2002).

2.4 NOAA lidar observations

The lidar system used at the SHEBA ship was
the Depolarization and Backscatter Unattended
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Lidar (DABUL) which was developed at
NOAA’s Environmental Technology Laboratory
(ETL). DABUL is an active remote sensing sys-
tem that transmits very short pulses of laser light
at a green wavelength (0.523 mm) into the atmo-
sphere. The energy scattered back to the system
yields range-resolved information on the hori-
zontal (from scanning data) and vertical structure
of clouds and aerosols. The depolarization ca-
pabilities of the instrument provide additional
information on the phase of clouds and precipi-
tation. DABUL was designed to be fully eye-safe
and to operate semi-autonomously in any envi-
ronment, obtaining continuous profiles of back-
scatter and depolarization ratio (Alvarez et al,
1998).

Data retrieved from the DABUL system were
processed to extract information about Arctic
cloud heights and their phases (Intrieri et al,
2001). After the necessary corrections (i.e., back-
ground, range, and overlapping) are applied to
the data, the intensity and=or depolarization
ratio fields can be thresholded against a value
to determine cloud base and top heights for as
many layers of cloud that are detected. Once
the cloud layer heights were determined, the
signal-weighted average values of the depolari-
zation ratio for each layer were calculated. These
ratios yield the associated phase of that layer.
The lidar was tilted 5 degree from the vertical
to prevent ambiguous depolarization signatures
and data were collected at 5 s intervals with
30 m resolution between the surface and 20 km
AGL.

2.5 MSC lidar observations

In this study, an airborne simultaneous upward=
downward looking depolarized lidar operating
at 1.064 mm was used to specify the cloud top
and base heights, dynamical characteristics
(e.g., cells), and particle shape. The horizontal
resolution using the aircraft speed is estimated
to be approximately 85–100 m for 1 Hz data
and the vertical resolution is about 4 m. A de-
scription of the lidar and its observations can
be found in Strawbridge and Harwood (1998).
The backscatter ratio (B) obtained from the lidar
measurements had an uncertainty of approxi-
mately 10%. The depolarization ratio (d) is de-
fined as the ratio of the return polarized
perpendicular signal to the return polarized parallel
signal (Spinhirne and Hart, 1990). The depolariza-
tion ratio was only available for the 28 April case.

3. Synoptic conditions

Large-scale cloud systems were characterized
mainly by the Canadian Meteorological Center
(CMC) Global Environmental Multi-scale
(GEM) model and satellite observations. Air-
mass origin was obtained using the CMC
GEM model (Cote et al, 1998; Gultepe and
Isaac, 2002). The horizontal resolution over
the whole domain was 15 km, and the vertical re-
solution was �50 mb. Table 2 shows the cloud
base and top heights (temperatures), heights of
liquid cloud segments, airmass origin, range of
vertical air velocity fluctuations, large-scale

Table 2. Cloud and large-scale system characteristics during flights made over SHEBA ship. The w0 is vertical air velocity
fluctuations, T the temperature, and z the height

Cases Cloud top Cloud base Liquid level Airmass w0 [m s� 1] Synoptic dT=dZ and
Z [km]; Z [km]; z [km]; origin interval system inversion
T [�C] T [�C] T [�C] base height

April 16 8.0; �42 0.1; �5.0 0.1; �5.0 Pacific �0.8 Low-pressure 12 �C=0.5 km
system at south; 0.3 km
weak short wave

April 17 0.5; �5 0.15; �8.0 0.15; �8.0 Pacific �0.5 Small weather 7 �C=0.2 km
feature 0.4 km

April 21 5.0; �23 0.1; � 17.5 0.2; � 17.5 Pacific �1.0 Weak trough and 10 �C=0.7 km
Upper short wave 0.4 km

April 28 7.1; �43 0.1; �25 No water Arctic �1.1 Upper air low 5 �C=0.5 km
Droplets and trough 0.1 km
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system feature, and inversion base height and
thermal gradient at the inversion that are obtained
from the observations and model results. This ta-
ble shows that cloud particles were all ice on 28
April, while they were mostly mixed phase for the
lower portions of the clouds in the other cases.
Phase discrimination was obtained based on air-
craft optical and hot-wire probes described in the
observations section. The vertical air velocity fluc-
tuations (w0) of about �1.0 m s� 1 at the lowest
legs for 21 and 28 cases (Table 2) were larger than
�0.5–0.8 m s� 1 for the other cases.

The following subsections explain the large
scale atmospheric conditions and in-situ profiles
during flight missions for four cases. The leads in
the proximity of ship were only observed during
April 28 case.

3.1 16 April case

On this day, at 12:30 UTC, a cloud layer was
between the surface and 3.6 km with a solid
overcast, and some liquid water at about
1.4 km height was detected by the ship-based
radar and the lidar. Surface winds were from
27 degrees (0 degree representing north) at 3–
5 m s� 1. Clouds were also seen above the
boundary layer. The NOAA AVHRR image in-
dicated that a low-pressure system was located
over the southwest of the ice camp. The air-
mass origin was from the Pacific Ocean. An
ECMWF model run indicated a weak low to
the west of Barrow, moving towards the ice
camp. The upper air pattern showed a weak
short-wave moving over the camp. In general,
rising heights correlated with a broken-cloud
cover in the middle to high levels. The same
system in the west affected the ice camp during
the aircraft mission.

The measurements obtained during an aircraft
descent are shown in Fig. 2a–e. The inversion
base height was at 0.3 km on this day. Surface T
was about �10 �C. T gradient was 12 �C=0.5 km
at the inversion layer. RHi was about 100% at
low levels over the ship (qv� 1.5 g kg� 1), and
above 3 km it was slightly under-saturated. The
Uh decreased from about 10 m s� 1 at the surface
to 5 m s� 1 at 500 m. Then, it increased grad-
ually above the 500 m level. Wind shear was
5 m s� 1=0.5 km below 500 m. Wind direction

was from the northeast at the surface but it was
from the south above 1 km height.

3.2 17 April case

For this day, the surface T was about �8 �C at
1300 UTC. Two cloud layers were indicated by
the ship-based radar observations; the low layer
was below 800 m and the high layer was between
1200 and 2100 m. The lower cloud layer con-
sisted of water, and the upper cloud deck was
mostly ice. Lidar returns were attenuated by the
low cloud layer. Analysis of surface maps and
model runs indicated that a patch of cloud con-
taining some snow was passing over the ice
camp. It was a small weather feature, and it
was moving north of the ice camp.

The measurements obtained during an aircraft
ascent are shown in Fig. 2f–j. The inversion
base height was at 0.4 km. Surface T was about
�10 �C and T gradient was 7 �C=0.2 km at the in-
version layer. The uncertainty in in-situ T is about
1–2 �C, and that can explain the difference
between aircraft and ship-based measured tem-
peratures. RHi was about 100% at low levels over
the ship (qv� 2.0 g kg� 1), and above 0.5 km it was
completely under-saturated. The Uh decreased
from about 10 m s� 1 at 700 m down to 2 m s� 1

at 200 m. It increased gradually from 10 m s� 1

(700 m) to about 30 m s� 1 at higher levels.

3.3 21 April case

For this day, the surface T in the ice camp was
about �18 �C. The inversion height was about
500 m at 0000 UTC. Winds were about
10 m s� 1 from NE. The rawinsonde sounding at
2315 UTC (not shown) indicated that clouds were
possibly between 950 mb and 1000 mb. Some low
and mid-level clouds were also present. The air-
mass origin was from the Pacific region. A bro-
ken cloud field moving north towards the camp
was seen on the satellite images. Two weather
features dominated the ice camp. The first feature
was a surface high that moved over ice camp
from the east, covering a very large area. The
second feature was a small short-wave in the up-
per air flow. There was a weak trough over the
camp which was likely the reason for the mid-
level clouds over the camp.
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Fig. 2. Profiles of aircraft measurements for all cases made nearby the SHEBA ship. Temperature, vapor mixing ratio, relative
humidity with respect to ice, horizontal wind speed, and direction are shown by T, qv, RHi, Uh, and Duh, respectively. Sharp
changes in wind measurements should be considered cautiously
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The measurements collected during the air-
craft ascent are shown in Fig. 2k–o. The inver-
sion base height was at 0.5 km on this day.
Surface T was about �20 �C and T gradient
was 10 �C=0.7 km at the inversion layer. RHi

was larger than 100% at low levels over the ship
(qv� 1.0 g kg� 1), and above 0.5 km it was very
dry. The RHi was about 100% again at about
2 km. The Uh decreased from about 10 m s� 1 at
the surface to 5 m s� 1 at 500 m, similar to other
cases. It stayed constant up to 1.5 km, and
then started to increase. Wind shear was
5 m s� 1=0.5 km below 500 m. Wind direction
changed from northwest at the surface to south
at high levels.

3.4 28 April case

For this day, T at the surface was about �18 �C at
1300 UTC, and winds were at 13 m s� 1 from 65
degrees. There was refrozen lead activity on this
day. Large cloud systems were in the southern
part of the Arctic Ocean. Mid-level clouds were
seen at 1500 UTC. The rawinsonde sounding at
2325 UTC indicated that cloud activity was min-
imal but broken clouds were seen at all levels.
High-level clouds above 650 mb were also pres-
ent. NOAA AVHRR IR images showed a cloud
mass mainly to the west of the ice camp. Ice
patterns at the surface were visible in the north
and east of the camp indicating a weak or non-
existing boundary layer cloud. Winds shifted to
the north at the ice camp and increased slightly.
Cloud cover increased slowly during the day as
the low moved into the Arctic from Northern
Alaska. The main upper air low and trough were
southeast of the ice camp. Back trajectory anal-
ysis indicated that the airmass originated from
the Arctic Ocean. Pinto et al (2001) indicated
that a lead started to be refrozen on this day,
resulting in small heat and moisture fluxes,
where air parcels never reached a condensation
level.

For this day, measurements collected during an
aircraft descent are shown in Fig. 2p–t. Profile
values on this day were very different as com-
pared to the other cases. The inversion base
height was at 0.1 km and surface T was about
� 20 �C. T gradient was about 5 �C=0.5 km at
the inversion layer. RHi was larger than 100%
at very low levels over the ship (qv� 0.6 g kg� 1),

and above 0.2 km, RHi was about 75%. Between
2 and 3 km heights, RHi was less than 50%, and
above 3 km, the air became saturated again. The
Uh decreased from about 15 m s� 1 at the surface
to 5 m s� 1 at 1 km. Then, it fluctuated between
5 m s� 1 and 10 m s� 1 at higher levels. Wind
shear was 10 m s� 1=1 km below 1 km. Wind
direction changed from northeast at the surface
to east at high levels.

4. Method

In this section, the calculation of microphysical
and dynamical parameters from aircraft observa-
tions, and retrievals of some microphysical
parameters, e.g. effective size and IWC (LWC)
from Doppler radar, MWR and satellite observa-
tions are explained. Because of the advection of
cloud systems over the region, satellite observa-
tions from an area of 50 km2 were used in the
comparisons. Note that the SHEBA ship location
on the 28 April case was significantly away from
the aircraft flight segments.

4.1 Calculation of cell sizes
and turbulent heat fluxes

The sizes of the cells were defined using a crite-
rion that is based on the mean and standard de-
viation (sd) of the reflectivity from Doppler radar
observations, backscatter ratio from lidar, and
vertical air velocity fluctuations (w0) from the
aircraft observations. On a cloud scale (e.g.,
>10 km), w0 can be approximately equal to the
measured w when the mean vertical air velocity
is assumed to be small as compared to observed
values. When a measurement was found larger
than the mean plus sd, it was used as an indica-
tion of cells. Note that this definition doesn’t in-
clude the temperature parameter that is important
for convective cell definition. Also, the cell def-
inition here should not be related to deep convec-
tive systems.

An eddy correlation technique similar to Smith
and MacPherson (1996), and Gultepe and Starr
(1995) is used to obtain SHF and LHF fluxes. In
the flux calculations, the Li-Cor data was ad-
vanced 1.4 seconds relative to the vertical gust
velocity to account for instrument response and
the longitudinal displacement between the gust
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boom and the analyzer. The vertical air velocity,
potential temperature, and mixing ratio fluctua-
tions along 30 km-long constant altitude flight
legs at about 150 m height are used in the calcu-
lations. A description of how wind measurements
are obtained from the Convair-580 and their
accuracy can be found in Williams and Marcotte
(1999), and Gultepe et al (2003). They stated
that, under the steady flight conditions, the cor-
rections to wind measurements were found to be
negligible. Turbulent flux calculations from
Convair-580 data were also used in the studies
of Curry et al (2000), and Smith and MacPherson
(1996).

4.2 Calculation of cloud
microphysical parameters

Ice crystal effective radius (reffi) is an important
parameter for climate change studies. The reffi is
estimated using an equation given by Francis
(1995) as

reffi ¼
3

4�i

IWC
P

i niAi

; ð1Þ

where IWC is in [g m� 3], �i the ice crystal den-
sity, A the cross sectional area [m2], and ni num-
ber concentration [m� 3] where i represents bin
size. For droplets, reff is obtained as the ratio of
the 3rd moment of particle distribution to the 2nd
moment (Gultepe et al, 2001b). Equation (1) is
also used to estimate retrievals of ice microphys-
ical parameters from AVHRR observations (Key
et al, 2001). As explained earlier, the water and
ice regions were separated using the Rosemount
ice detector and other microphysical probes
(Cober et al, 2000; Gultepe et al, 2001a). Ice
microphysical characteristics (e.g., particle shape
and size) were obtained using geometrical ratios
defined in Heymsfield and Parrish (1978). The
IWC calculation from the PMS 2D-C probe can
have an uncertainty of around 20–50% due to
unknown particle shape and concentrations at
small and large particle channels.

4.3 Microphysical retrievals
from NOAA=ETL Ka-band radar observations

Using an assumption of spherical particles,
retrievals of ice microphysical characteristics
including IWC, and reffi for the 28 April case

(with no LWC) are obtained using a method giv-
en by Matrosov (1998; 1999) that utilize the
measurements of both an IR radiometer and
ETL Ka-band (35 GHz) radar. In this method,
‘‘tuned coefficients’’ based on observed radar
reflectivity and radiometer measurements
were used (Shuppe et al, 2002; Matrosov et al,
1999). The final equations to obtain IWC and reffi

are given by Shupe et al (2002) as

IWC ¼ aZb
e; ð2Þ

and

reffi ¼ 0:14

�
Ze

74�10�6 IWC

�1=1:9

; ð3Þ

respectively, where a and b are tuned parameters,
having a constant value within the cloud
(IWP=ZbðhÞ

e �h) and ranging from 0.7 at the cloud
base to 0.6 at the cloud top, respectively. The �h
is the layer thickness where reflectivity is aver-
aged. Ze[mm6 m� 3]¼ 0.2Zi¼ 10(Z[dBZ]=10). In
the preceding equation, Zi is the reflectivity for
ice crystals. Relative standard deviations of re-
trieved size and IWC from in-situ measurements
can be up to 30 and 55%, respectively (Matrosov
et al, 1999).

For the 16 and 21 April cases (with presence
of LWC), IWC and reffi are obtained using the
Doppler radar technique (Matrosov et al, 2002).
In this technique, the mean vertical air velocity
over approximately a 20 km length scale is as-
sumed to be negligible. Then, Vr�Vz where
Vz is the reflectivity weighted cloud particle fall
velocity obtained from Doppler radar measure-
ments. The median diameter Do, then, is obtained
from the following equation:

Vz ¼ Aa1DB
o ; ð4Þ

where a1 is a coefficient dependent on the parti-
cle size distribution. The A and B are the coeffi-
cients in the relationships between particle
size and terminal velocity and B� 0.17A0.24

(Matrosov and Heymsfield, 2000). They showed
that a new coefficient (G) dependent on particle
shape, size, and density, IWC is obtained as

IWC ¼ Ze=GD3
o: ð5Þ
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4.4 Retrievals from NOAA AVHRR
observations

Cloud detection utilizes reflectance at 0.9 and
3.7 mm as well as the difference in brightness
temperatures at 11 and 12 mm. Reflectance at
3.7 mm, which also contain an emitted thermal
component, were approximated by removing an
estimate of the emitted portion based on the
temperature at 11 mm from the total radiance:

�3 ¼
L3 � B3ðT4Þ

L0�� B3ðT4Þ
; ð6Þ

where �3 is the channel 3 reflectance, L3 the
channel 3 radiance, B3(T4) the Planck function
for channel 3 based on the channel 4 temperature
T4, L0 the solar constant for the band (adjusted
for Earth-Sun distance), and � the cosine of the
solar zenith angle. Equation (3) is derived from
the following basic relationship:

L3 ¼ ð1� �3ÞB3ðT4Þ þ �3L0�; ð7Þ
where 1� �3 is the emissivity. This relationship
assumes that the surface or cloud in the field-of-
view does not transmit any radiation, and that
emission and reflection are isotropic. Without
any prior knowledge of the scene, these assump-
tions are necessary. Roger and Vermote (1998)
presented an alternative method of estimating
the 3.7mm reflectance where the channel 3 ther-
mal radiance was parameterized as a function of
the channels 4 and 5 brightness temperature dif-
ference in nighttime imagery. While this may be
a more realistic approach, Xiong et al (2002)
found that the difference between the two meth-
ods in estimating the thermal radiance for an
Arctic case study was less than 5%. During the
daytime, cloud detection is accomplished with
spectral threshold tests, as described in Key
(2000).

All clouds considered here are assumed to
be composed of either liquid droplets (‘‘water
cloud’’) or ice crystals (‘‘ice cloud’’). No attempt
was made to identify mixed-phase or multi-layer
clouds. The determination of cloud particle ther-
modynamic phase was based on both physical
and spectral properties. Physically, liquid cloud
droplets can exist at temperatures as low as
�40 �C, although clouds are likely to be com-
posed of both liquid droplets and ice crystals
at temperatures below �10 �C. The spectral

difference between water and ice clouds occurs
because of differences in absorption and scatter-
ing. The phase detection algorithm relies on
differences in the single scattering albedo of wa-
ter and ice clouds at 3.7 mm, and differences in
the imaginary index of refraction which gives
rise to brightness temperature differences at 3.7
(night), 11, and 12 mm. Key and Intrieri (2000)
described the physical principles and algorithm
in detail.

Cloud optical depth retrievals are done using a
comprehensive database of modeled reflectances
and brightness temperatures covering a wide
range of surface and atmospheric conditions.
The basic approach for daytime retrievals of wa-
ter cloud follows that of Nakajima and King
(1990), who showed that reflectances at absorb-
ing wavelengths (e.g., 3.7mm) are primarily de-
pendent upon particle size while reflectances at
non-absorbing wavelengths (e.g., 0.6 or 0.9mm)
are more a function of optical depth. Reflec-
tances were modeled with Streamer (Key and
Schweiger, 1998), which utilized a discrete-ordi-
nates solver, parameterized cloud and aerosol op-
tical properties, and gaseous absorption. Water
cloud optical properties are based on Mie theory.
Ice cloud optical properties are from Fu and Liou
(1993), who developed a parameterization based
on geometric ray-tracing of scattering by ran-
domly oriented hexagonal crystals for a size
parameter (analogous to effective radius) greater
than 30 mm and the exact spheroid solution for
size parameters less than 30 mm. Fu and Liou
(1993) made their calculations based on aircraft
observations, using 11 size distributions cover-
ing ice water contents from 6.6� 10� 4 to
0.11 g m� 3, and mean effective sizes from 23.9
to 123.6mm. The spectral bands in their study
that, correspond to the AVHRR channels, are
0.7–1.3 and 3.5–4.0mm.

For ice clouds, the 3.7mm reflectance for the
daytime is so small that it is unreliable. There-
fore, 11 and 12mm brightness temperatures were
used to obtain a range of possible solutions and
the 0.9 mm reflectance was used to constrain
the solution. Brightness temperature differences
were also used to constrain the solution for thin
water clouds over snow, when the solution based
on reflectance alone may not be unique. These
procedures are detailed in the Key (1995; 2000)
studies.
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5. Results

In this section, the results related to microphysical
and dynamical characteristics of the Arctic clouds
are summarized based on the observations obtained
from the aircraft and remote sensing platforms.

5.1 In-situ observations

5.1.1 Aircraft profiles

Profiles of observations obtained from the aircraft
instruments are shown in Fig. 2 and the synoptic
conditions related to these profiles have been de-
scribed in Sect. 3. As a brief summary, the winds
were northerly or northeasterly at the surface, ex-
cept for the 17 April case. At high levels, winds
were generally southerly, except for the 28 April
when they were northeasterly and easterly. In gen-
eral, the low levels were saturated with respect to
ice. An inversion layer at about 0.1 km occurred
for all cases. Stronger wind shear in a deep layer
was seen for 16 and 17 April cases as compared to
the other two cases. In fact, low-level wind shear in
the vertical was always present.

5.1.2 SHF, LHF, �0, qv
0 and w0 time series

The time series of radiance from the LANDSAT
simulator (Rch1) at relative units, vertical air veloc-
ity, potential temperature, and water vapor density
fluctuations (w0, �0, and qv

0, respectively), SHF, and
LHF were obtained for each case over approxi-
mately a 30 km scale near the SHEBA ship.

Figure 3 shows the above parameters obtained
at constant altitude flights at about 150 m nearby
the ship. The airborne LANDSAT simulator (also
PRT-5 IR radiometer, not shown) data show that
leads were present only on the 28 April case. The
w0 magnitude was smaller for the 17 April case
as compared to the other cases (Table 2). The
maximum w0 was observed for the 28 April case
where leads were observed. When the aircraft
flew over the ship at about 2350 UTC, the leads
had started to re-freeze (Pinto et al, 1999).
Dynamical structures were observed from the
scales of 3 m up to 10 km for all cases. Overall,
LHF and SHF were found to be less than 75 and
200 W m� 2, respectively. Large portions of these
fluxes are thought not to be related to surface
conditions, but likely generated by some in-cloud
processes.

The ice crystal number concentration (Ni)
versus w (w0 �wobs�w, and mean w�wobs)
relationship is important for modelers who
study cloud development (Clarke et al, 1999;
Gultepe et al, 2000). For this reason, Ni obtained
from the total number of strobes is plotted versus
w after the means are removed for each case
(Fig. 4). This figure shows that the maximum
Ni reaches 300 l� 1 when w is near 0 m s� 1. It
decreases generally when w fluctuates away from
zero. For the 17 April case, Ni reached 500 l� 1

with w0 between � 1.5 and þ 1.5 m s� 1. For the
21 April case, Ni reached 500 l� 1 when w0 was
between � 1 and 1 m s� 1. For the 28 April case,
Ni was about 200 l� 1 for the same interval.
Figure 4 shows two important results: (1) large
values of w0 result in smaller Ni, and (2) low
values of w can result in various peak Ni values
that are likely dependent on supersaturation with
respect to ice (Si), Na, and T (Gultepe et al,
2001a). Note that the mean w from aircraft data
is not accurate enough to make any conclusions
about large-scale w. Large values of Ni also indi-
cate the existence or past experience of updraft
by the air parcel, or the air parcel from which the
large ice crystals fall out. When eddies and tur-
bulent motions over various scales are present,
particles collide and become larger, resulting in
a decrease in Ni that is seen in related figures. It
is well known that increased mean w results in an
increased Ni as theory suggests (Jensen et al,
1994). They found that Ni increases with increas-
ing w as a result of cooling processes. Note that
Ni in Fig. 4 is obtained from the PMS 2D-C
probe total strobe counts, and no filtering is
applied to the observations. Ni must be consid-
ered as a qualitative number because particles less
than 100 mm are counted with an unknown but
highly reduced efficiency and very small parti-
cles are not counted at all. Gultepe et al
(2001a) showed that 2D-C measurements can
be about 2–5% of Ni obtained from FSSP mea-
surements at small size ranges. In order to directly
compare 1 Hz w data with ice particle concentra-
tions, it is necessary to use the total strobe ap-
proximation for ice particle concentration.

5.1.3 Liquid microphysical characteristics

In this section, the mean and sd of LWC, reff,
TWC, w fluctuations, and Nd averaged over a
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30 km scale within the cloud are summarized
for each case shown in Table 3. LWC regions
are segregated from ice regions using the Rose-
mount ice detector and hot-wire probe measure-
ments as explained earlier. The large TWC for
the 17 April case is likely related to the em-
bedded small-scale convective processes occur-
ring within the large-scale systems. The mean
values of reff are about 1 mm higher for the larg-

er size range FSSP probe on the 16 and 21
April cases, indicating the possibility of rela-
tively large droplets being present on the 16
and 21 April cases. Nd for the 17 April case
is about 2 times larger than that of other cases,
which can possibly be explained by the higher
Na value observed on this day. Note that there
was no liquid within the observed clouds on the
28 April case.

Fig. 3. Time series of LAND-
SAT simulator radiance at
relative numbers, vertical air
velocity, potential temperature,
and vapor mixing ratio fluctua-
tions, sensible heat fluxes (SHF)
and latent heat fluxes (LHF)
over the lowest constant altitude
flights (� km) for four cases
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Cross correlations among microphysical pa-
rameters are shown in Fig. 5. For the 16 April
case, reff had approximately a linear relationship
with LWC (box a). The reff for the 17 April case
was almost constant (�10 mm). For the 21 April
case, it increases exponentially with increasing
LWC and its values are less than 8 mm. This val-
ue is likely a result of a polluted airmass effect

that was indicated by Gultepe and Isaac (2002).
In general, reff values are less than 12 mm for all
cases. A LWC versus Nd relationship was only
found for the 17 April case (box b), but the num-
ber of data points was not distributed equally.
The reff decreased with increasing Nd for the 17
and 21 April cases (box c). The other cases did
not show a clear relationship.

Fig. 3 (continued)
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5.2 Comparisons of ice microphysical
parameters obtained from in-situ
and NOAA Doppler radar measurements

NOAA Doppler radar observations were avail-
able for the all cases. The reflectivity field for

the 17 April case was negligible. Cloud measured
echo (reflectivity) for the 16 April case was be-
tween 100 m and 6.5 km (Fig. 6a). After 2300
UTC, the cloud had two layers; the lower layer
had a maximum value of 5–10 dBZ, and the

Fig. 4. Vertical air velocity fluc-
tuations versus ice crystal number
concentration for all cases. Mean
w is taken out of the time series

Table 3. The 300-s average and sd values of parameters over the constant altitude flight leg segments. The z, T, qv, reff96, LWC96,
Nd96, reff124, LWC124, Nd124, LWCk and Na, are height, temperature, vapor mixing ratio, effective radius, liquid water content,
and droplet number concentration for the FSSP-96 and FSSP124 probes, liquid water content for King probe, and aerosol
number concentration, respectively. Subscripts 96 and 124 represent two size ranges of the FSSP-100

Days ! April 16 April 17 April 21 April 28
Parameters
#

Z [km] 0.06� 0.05 0.15� 0.03 0.19� 0.07 0.05� 0.01
T [�C] � 9.5� 3.9 � 9.6� 0.6 � 21� 0.42 � 20.3� 0.27
qv [g kg� 1] 3.2� 0.1 2.45� 0.14 1.00� 0.03 0.91� 0.03
reff96 [mm] 9.3� 3.0 9.9� 0.8 6.3� 6.1 –
LWC96 [g m� 3] 0.05� 0.04 0.19� 0.04 0.02� 0.03 –
Nd96 [cm� 3] 17� 11 57� 14 30� 40 –
reff124 [mm] 10.4� 5 – 7.4� 7.6 –
LWC124 [g m� 3] 0.07� 0.06 – 0.04� 0.06 –
Nd124 [cm� 3] 28� 19 – 34� 47 –
LWCk [g m� 3] 0.06� 0.05 0.15� 0.07 0.03� 0.05 –
Na [cm� 3] 29� 32 118� 50 68� 45 83� 16
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upper layer had a maximum of �30 dBZ. This
shows that the generating region was at the top
of the layer (2.5 km) where shear was observed
below 1 km (not shown). The aircraft was over
the ship region after 20:00 UTC when the LWP is
about 20–30 g m� 2 (Fig. 6a). Figure 6b shows
radar observations for the 21 April case. After
1800 UTC, there was almost no liquid water con-
tent. Reflectivity values were between �30 and
20 dBZ and high reflectivity lines, likely due to
falling particles, were evident. Aggregates of
large particles are probably the source of these
high reflectivity regions. Radar reflectivity on 28
April case is shown in Fig. 6c where the aircraft
flew over the SHEBA site after 2100 UTC. Ze
values were between �30 dBZ and 5 dBZ, and
high reflectivity cores were associated with wind
shear regions between 2 and 7 km that were ob-
served by rawinsonde soundings (not shown).
The MWR did not indicate liquid regions in the
vicinity of the ship. The high Ze regions with
slopes for the 21 and 28 April cases (Fig. 6) in-
dicate that wind shear was important for cloud

dynamical development on these days. The wind
shear can play an important role for generating
eddies that contribute to the cloud development
in the vertical through transferring heat and
moisture to higher levels (Gultepe and Starr,
1995).

The Doppler velocity (Fig. 7) for all cases
was found between a few cm s� 1 and 1 m s� 1

(downward), indicating that particle fall veloc-
ity was generally larger than the vertical air
velocity. The smallest Vr values were observed
for the 28 April case. When particles form,
they start to fall, and aggregation processes
significantly increase the particle size and fall
speed. Note that the radar cannot usually see
small particles that form at cloud tops. The
radar can detect ice crystals with effective sizes
larger than 8 mm and droplets with sizes larger
than 3 mm. These results indicated that embed-
ded high reflectivity cores were present for
all cases except that they were relatively weak
for the 28 April case. It is seen from Fig. 7
that there were significant inhomogeneities in

Fig. 5. Scatter plots of cloud liquid microphysical parameters for three
cases. The subscript 96 and 124 represent measurements made with the
PMS FSSP-96 and FSSP-124 probes, respectively. The red and black
colors are for LWCk as derived from the King hot wire probe and the
LWC96 calculated from the FSSP-96 probe, respectively
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the Vr field that probably occurred due
to dynamical activities and microphysical
processes.

Ice crystal microphysical parameters, e.g.,
IWC, ice crystal effective radius (reffi), and Ni,
were obtained from the aircraft in-situ data using
a similar analysis given in Francis (1995), Fu
(1996), and Gultepe et al (2001a). The results
are shown in Fig. 8 for all cases.

The 2DC reffi for the 16 April case (Fig. 8)
decreased gradually from about 70 mm close to

the surface to 20 mm at about 7 km. The FSSP
reffi decreased from about 35 mm close to surface
to 3–4 mm at the highest level. An estimate of the
total Ni can be obtained by combining 2D-C and
FSSP Ni measurements (75%Nifþ 25%Ni2dc),
based on Ni(<100 mm) � Ni(>100 mm),
resulted in a decrease in reffi. The reffi values
obtained from Doppler radar observations
(reffRR), using the Doppler radar method
(Matrosov et al, 2002), are also shown in
Fig. 8. The results show that small ice particle
concentration significantly affects the reffi calcu-
lation although reffi values are comparable at the
large size-range. In general, IWC obtained from
2D-C probe decreases with increasing height but
the Nevzorov probe measured larger IWC, likely
due to small ice particles contribution. Ni profiles
did not show a clear trend with height although
some decrease occurred in Ni2DC at high levels.
For the 17 April case, radar observations were
not available but results from in-situ data are
shown in Fig. 8 to compare with satellite based
microphysical parameters. In this case, cloud was
at the lower boundary layer (z<1 km). For the 21
April case (Fig. 8), results are found similar to
other cases. The reffi values showed comparable
results for the large particle size range
(>100 mm). Note that reffRR is obtained using a
particle size distribution covering the entire size
range. In general, IWC values are found smaller
than radar derived IWC values. This can be due
to a fixed ice crystal density value. The Ni

obtained from the 2D-C probe decreased with
increasing height. For the 28 April case, aircraft
collected data at a slightly different location, al-
though radar did not show the cloud at low lev-
els, the MSC lidar indicated low level clouds
reaching the surface (shown in a figure given lat-
er on). The reff2DC were found to be larger com-
pared to reffRR that is likely due to use of 2D-C size
range greater than 100 mm. In fact, when FSSP
measurements are used, reffRR and in-situ derived
reffi are found comparable (Fig. 8). The IWC values
obtained from the TWC probe is found larger than
both radar and 2D-C based values, indicating
that radar derived IWC are underestimated at
some levels. This can be due to the small ice crystal
concentration that is evident in FSSP derived Ni

values shown in Fig. 8. On this day, both FSSP
and 2D-C derived Ni values increased with
increasing height.

Fig. 6. Reflectivity and LWP versus time obtained from the
NOAA Doppler radar and MWR observations, respectively,
for three cases. The rawinsonde profiles are also shown for
various time periods for each case
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5.3 NOAA AVHRR retrievals
of microphysical parameters

The NOAA AVHRR observations were used to
obtain effective radius, optical depth, and phase
of the clouds for 3 cases (Fig. 9), excluding the
16 April case because observations were not
available. The approximate location of the
SHEBA ship is shown with a ‘‘X’’. This figure
shows effective radius (left boxes) and optical
thickness (right boxes) for water and ice pixels,
and the large values of effective radius represent
the ice region of the cloud. It is also seen in this
figure that horizontal variability in the retrieved

parameters is large over a small distance. The
results obtained from these figures are summa-
rized in Table 4. The table shows that reffi is less
than 35 mm for all cases and the smallest reffi

(12.1 mm) is found for the 28 April case where
optical thickness is 7.8. As shown in the previous
subsection, the small particle concentration can
be much larger than that of large particles with
sizes greater than 100 mm. Mean reff for the liquid
phase for the 17 and 21 April cases are found
to be approximately 10 and 8 mm, respectively,
which are in close agreement with the aircraft
measurements shown in Fig. 5. As with the air-
craft observations, the frequency occurrence for

Fig. 7. Doppler velocity ob-
tained from NOAA Doppler ra-
dar observations for all cases
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water to ice ratio is found to be highest for the 21
April case. The range of satellite-derived reffi

given in Table 4 for the 21 April is similar to
the aircraft measurements shown in Fig. 8.

5.4 NOAA lidar depolarization
and backscatter ratios

The depolarization ratio (d) and backscatter ra-
tio (B) obtained from the NOAA lidar observa-

tions are shown in Fig. 10a–h for all cases. In
this figure, the boxes on the left are for depo-
larization ratio values. For the 16 April case,
high-level clouds in Fig. 10a were at about
2.5 km (pink color for liquid clouds), and low-
level cloud tops, in general, were less than 1 km
(Fig. 10b). Particles from high-level clouds
were falling down to low levels where the
streaks had large slopes. It is possible that
the lidar could not penetrate above 1 km due to

Fig. 8. Scatter plots of reffi, IWC, and Ni versus height (z) for each case. Effective size is obtained from 2D-C probe
measurements with sizes greater than 100mm. FSSP based reff measurements representing sizes less than 100mm are shown
with reffFSSP. The reffFSSPþ reff2DC representing a total of 75% Nif and 0.25% Ni2DC is also shown. The reffRR represents the
radar methods; the Doppler radar method is used for both 16 and 21 April cases, and radar-radiometer method is used for 28
April case. The lines with triangles for 16 April case shows standard deviations around the mean. The triangles for 21 and 28
April cases show various profiles. For 17 April case, radar observations were not available
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Fig. 9. Retrieved values of effective radius and optical thickness from NOAA AVHRR measurements for three cases. The
cross shows the location of the ship. The area covered by the image is about 450� 480 km2
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the large optical thickness. The d values around
0.5 show that most ice crystals were in irregular
shapes. The values of d around 0.11–0.3 are for
mostly single particles and d<0.11 are for
spherical particles (e.g., droplets; Sassen,
1991). Based on uncertainties in the optical
properties of ice particles, these interpretations
should be considered more qualitatively. For the
17 April case (Fig. 10c–d), a single persistent
layer was observed for almost 4 hours. The B
near �75 indicates that this cloud was optically
thick; therefore, high-clouds could not be
detected. For the 21 April case (Fig. 10e–f),
the d values were larger than 0.2, indicating
that the cloud had a mixture of various ice crys-
tal shapes. Large values of B above 2 km
matched well with d¼ 0.4 values, indicating ir-
regular ice crystals within the embedded con-
vective cells. For the 28 April case, the cloud
layer likely had many irregular particles and
plates.

Ice crystal shape is an important parameter for
remote sensing and cloud processes (Gultepe
et al, 2000). For this reason, the depolarization
ratio for the 28 April case (Fig. 10g) was deter-
mined for the entire cloud data. The results indi-
cated that spherical particles and plates occur
about 55% of the time, and single particles
(e.g., columns plus aggregates=irregulars) oc-
curred about 45% of the time.

5.5 MSC lidar depolarization
and backscatter ratios

The MSC lidar collected data when the aircraft
was above or below the cloud layer. The resolu-
tion of the MSC lidar was about 4 m in the ver-
tical and �100 m in the horizontal. Figure 11a–f
shows the backscatter values (B) for the 16 April
(a), 17 April (b), and 21 April (c) cases, for the
indicated time periods, as well as two time peri-
ods for the 28 April (d and f). The depolarization
ratio for 28 April is shown in Fig. 11e for the
same time period as 28 April (d). These lidar
runs were made nearby the SHEBA ship on the
indicated days. There was a liquid layer observed
at 2.5 km for the 16 April case. Cloud top was
about 6 km. In this figure, the aircraft was above
the cloud layer. The maximum B was 1000.
Embedded structures (cells) with sizes of
�0.3–6 km are seen in the middle and high lev-
els. For the 17 April case (b), a liquid layer was
located below 0.5 km where the cloud base was
at about 100 m. For the 21 April case (c), high
values of B were seen close to the cloud base at
about 1.3 km and the cloud top (B� 30) is about
3 km. At low levels, thin liquid clouds indicate
that SHF and LHF from the refrozen leads likely
played an important role for cloud formation.
The cell sizes were about 0.1–3 km. For the 28
April case (d–f), the cloud vertical thickness was

Table 4. Summary of AVHRR retrievals for three cases. reff, reffi, � , Tt, and ht are effective size for droplets, effective size for ice
crystals, optical thickness, and cloud top temperature and height, respectively. Subscript m, sd, min, max, and occ represent the
mean, standard deviation, minimum, maximum, and occurrence, respectively

Cases Parameter [x] xm xsd xmin xmax Np focc for Mode of �(focc) ht

w=i<50% [km]

April 17 Reff,w [mm] 10.2 0.44 9.7 11.2 31 25%
[76.12N Reff,i [mm] 31.2 – 31.2 31.2 90 – –
165.46W] � 4.2 1.5 1.3 11.3 121 – 1.5 (80%) 0.5

Tt [K] 261.6 0.4 260.2 262.3 121 – –
(�11.5 �C)

April 21 Reff,w [mm] 7.9 1.6 2.5 10.3 36 47% –
[76.08N Reff,i [mm] 23.8 6.8 11.7 38.7 40 – –
165.51W] � 10.0 13.3 1.0 116.1 76 – 5 (70%) 3.1

Tt [K] 253.9 1.2 251.8 255.8 76 – –
(�19.3 �C)

April 28 Reff,w [mm] – – – – – 0% –
[75.99N Reff,i [mm] 12.1 11.4 4.9 47.5 120 – –
166.18W] � 7.8 5.1 1.1 26.1 120 – 5 (42%) 3.5

Tt [K] 248.4 2.7 243.3 253.3 120 – –
(�24.8 �C)
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Fig. 10. Depolarization and backscatter ratio versus time obtained from NOAA DABUL for all cases

Dynamical and microphysical characteristics of Arctic clouds 255



larger compared to the other cases. Refrozen
leads were observed at that time (Pinto et al,
2001). The B values greater than 100 represent
the scales between 0.3 and 1.5 km (Fig. 11e). The
depolarization ratio was greater than 0.2 (box e).
Based on d values, ice crystals at the cloud top
were likely plates, and they were mostly columns
and irregulars in the other levels. The occurrence

of irregular particle shape, in general, was well
correlated with the region of embedded convec-
tive cells.

6. Discussions

In this section, comparisons between microphys-
ical and dynamical parameters obtained from

Fig. 11. Backscatter ratio from the MSC lidar for all cases are shown in boxes a, b, c, d, and e. The box f is for the
depolarization ratio corresponding to backscatter ratio given in box e for only the 28 April case
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various platforms are summarized. It should be
noted that the sampling rate was different for
each of the remote sensing platforms.

The effective size (reffi) is derived from the
aircraft 2D-C probe, using an equivalent volume
assumption, a columnar particle shape (Liou,
1992), and an equivalent cross-section area
(Francis, 1995; Fu, 1996). Comparisons of these
results are shown in Fig. 12a. It shows that large
differences occur between them. The reffi

obtained from the aircraft and AVHRR observa-
tions usually had a difference of less than 2 mm
when Fu’s method is used (not shown). The use
of constant ice crystal density in Eq. (1) can be
another source of uncertainty when in-situ meas-
urements are compared with radar derived effec-
tive sizes. In general, ice crystal density is fixed
in the satellite retrievals. These analyses indicate
that, presently, without using aircraft data one
cannot assess the accuracy of satellite observa-
tions. In fact, the columnar assumption in the
retrieval of ice microphysical parameters cannot
be accepted due to a large presence of irregular
ice particles (Korolev et al, 1999). This can eas-
ily cause an uncertainty of 20–50% in the reff

calculations (Francis, 1995; Gultepe et al,

2000). Irregular particles (based on in-situ meas-
urements) occurred about 65–85% of the time
(Fig. 12b), but this value is about 55% based
on the NOAA lidar observations. Note that the
ice particle shape frequency of occurrence cannot
be obtained accurately when the shape of small
ice particles is not precisely known (Lawson and
Jensen, 1998). For the aircraft data, only particles
with sizes considerably greater than 100 mm
could be assigned a shape from the 2D-C probe
measurements.

The difference in the phase ratio between the
satellite and aircraft derived parameters can re-
lated to (1) the sampling areas=volumes were
significantly different, and (2) the AVHRR is
biased toward water clouds in the day time algo-
rithm due to the dependence on the strong
reflectance characteristics of water clouds at
3.7mm. It is also possible that the aircraft-derived
value is overestimated due to long flight seg-
ments made at low altitudes.

IWC is commonly used for climate studies and
it can be obtained using the IWC-Ze relationships
(Sassen, 1987) or from a more detailed analysis
(given in this work) of Doppler radar and micro-
wave radiometers (Matrosov, 1997). Donovan

Fig. 12. Comparisons of reffi2dc obtained from in-situ data using various methods (a), and ice crystal shape occurrence (b)
versus time for the 21 April case

Dynamical and microphysical characteristics of Arctic clouds 257



et al (2001a; 2001b) combined lidar and radar
observations to study cloud effective size and
water content profiles and found that their re-
trieval results were comparable with in-situ, as
well as infrared radiometer measurements. Un-
fortunately, use of such a retrieval method was
not feasible during SHEBA because of the limit-
ed sensitivity of the remote sensing observations.
The empirical relationships do not use ice crystal
number concentration or size, rather, they depend
on the reflectivity which is related to the 6th
power of the particle size. If the ice crystal mass
primarily exists within smaller sizes, that contri-
bution to the IWC can be significant but the radar
cannot detect these small particles, or biases its
return to the few large particles. Similarly, the in-
situ instruments (e.g., PMS 2D-C probe) cannot
also accurately measure small particles with sizes
less than 100 mm (Gultepe et al, 2001a). There-
fore, a significant difference between aircraft and
radar derived IWCs is found (Fig. 8). Note that
the sampling volume of the aircraft instruments
and the radar are quite different, which can also
complicate the problem.

The NOAA lidar, similar to the MSC lidar, can
detect cloud base or top heights, but when clouds

become optically thick, they cannot be useful
for collecting cloud data because the beam is
strongly attenuated. On the other hand, the lidar
can easily penetrate into clouds with smaller op-
tical thickness. For many cases, Doppler radar
could not see the cloud top height because reflec-
tivity from the small particles was out of the ra-
dar detection range. A combination of both lidar
and radar observations is the best way to detect
cloud macro characteristics (Intrieri et al, 2000).
Overall, monthly mean differences of the cloud
top and base heights obtained from radar and
lidar measurements can be about 3 km and
1 km, respectively (not shown), therefore, a com-
bination of the radar-lidar method (Donovan et al,
2001) cannot not be used in the retrievals of
microphysical parameters. Cloud top height and
temperature differences from all platforms are
summarized in Table 5. In this table, aircraft pro-
files represent a time period of about 20–25 mi-
nutes, not necessarily over the ship. The AVHRR
derived cloud top characteristics represent an
area of 50 km2 and 45 minutes apart from radar
and rawinsonde measurement times, therefore,
cloud top heights (temperatures) should be used
with care.

Table 6. Sizes of the cells derived based on the measurements obtained from the various platforms

Case Cell size [km]

Platform NOAA MSC NOAA Aircraft
radar lidar lidar

April 16 1–9 0.3–6 <2 0.003–2
April 17 0.1–3 – – 0.003–2
April 21 0.5–1.5 0.1–3 <8 0.003–5
April 28 0.3–15 0.3–1.5 <1.5 0.003–10

Table 5. Cloud top heights and temperatures from various platforms. Rawinsonde data are used to obtain temperatures for radar
and heights for satellite

Days Cloud top temperature [�C] Cloud top height [km]

Rawinsonde Radar=lidar Aircraft Satellite Rawinsonde Radar=lidar Aircraft Satellite
23:15 UTC 23:15 UTC (See Table 1 24:00 UTC 23:15 UTC 23:15 UTC 24:00 UTC

(from
Rawinsonde)

for time) (from
Rawinsonde)

Apr. 16 �45 �43 �42 � 7.3 6.2 8.0 –
Apr. 17 �8 �7 �5 �11.5 0.6 0.4 0.5 0.5
Apr. 21 �33 �35 �23 �19.3 5.7 5.2 5.0 3.1
Apr. 28 �53 �47 �43 �24.8 10.5 8.5 7.1 3.5
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The Doppler radar vertical velocities, due to
alignment problems, may include a large uncer-
tainty. The Doppler velocity (Vr) was always
downward likely due to falling particles (Fig. 7).
On the other hand, aircraft vertical air velocities
for several segments reached more than 1 m s� 1

at scales of 3 m. In order to overcome such up-
drafts and to produce downward Doppler veloci-
ties, relatively large ice crystals must have been
detected by the radar.

Cell sizes within the clouds were obtained us-
ing the mean plus sd values of related parameters
(e.g., w, B, and d) for all cases (Table 6) for each
platform. Then, any value in the time series
greater than this critical value is assigned to cells.
Note that here cells are defined as dynamically
active regions. Because of the higher resolution,
the aircraft measurements showed that cell sizes
ranged from 3 m up to 10 km. The size of the
cells determined from remote sensing platforms
ranged from 0.3 km to 15 km. The Doppler radar
was the most useful platform for detecting large
cell sizes (�15 km). Differences between the ob-
servations obtained from various platforms were
likely due to their sensitivity to particle size and
concentration.

Pinto et al (1999), using the PAM (Portable
Automated Mesonet) flux station measure-
ments, studied a lead formed during the
Convair-580 mission over the SHEBA ship.
They calculated turbulent fluxes using a bulk
aerodynamic formula. They found that SHF
and LHF were less than 110 W m� 2 and
40 W m� 2, respectively. The values of SHF
were 4 to 6 times greater than over the multi-
year ice. Overall, these values were found com-
parable to those estimated from aircraft
observations collected on 28 April (Fig. 3).
Note that, although the comparisons made are
acceptable, turbulent heat fluxes calculated
from the in-situ data and bulk aerodynamic for-
mula cannot be easily compared because of
differences in the measurement levels and the
variability in numerical ‘‘constants.’’ The val-
ues of SHF smaller than 200 W m� 2 obtained
from the ATI sonic anemometers and fast re-
sponse temperature sensors (Pinto et al, 2001)
were also found to be comparable to aircraft
derived values (Fig. 3). Note that the averaging
time for ATI measurements represents a 5-min-
ute time period.

Aircraft observations indicate that the meas-
urement uncertainties, assumptions made in the
retrieval methods, as well as the variability in the
measurements, and data collection time differ-
ences, can complicate comparisons between data
from the aircraft and different remote sensing
platforms.

7. Conclusions

The present study used observations obtained
from multiple platforms, including aircraft,
lidars, radar, and satellite. The uniqueness of
the present data comes from the use of the lim-
ited observations collected over the SHEBA ship
and integration of the observations obtained from
multi-platforms over the various time and space
scales. The integration of data sets from multi-
platforms was the main aim of the SHEBA and
FIRE.ACE field projects. The following conclu-
sions were obtained from the present work.

(i) Dynamically active regions indicated that
Arctic clouds can have embedded cells that
can be a major source for significant turbu-
lent heat fluxes (Pinto et al, 1995; Pinto,
1998). Calculated SHF and LHF show that
Arctic clouds cannot always be stable, and
inhomogeneity is significant when thermal
and dynamical instabilities are present, es-
pecially where leads and polynyas are like-
ly to be found (Andreas and Murfhy, 1986;
Andreas et al, 1990).

(ii) The procedures described for AVHRR
analysis are theoretically valid for homo-
geneous cloud systems with a single layer.
Uncertainties in the retrieved parameters
increase as clouds become less homogene-
ous. Results for multi-layer and multi-
phase clouds, and for single-layer clouds
that are vertically and=or horizontally in-
homogeneous, may be more representative
of the upper portion of the cloud than the
cloud layer as a whole.

(iii) The IWC calculation from IWC-Ze and Nd

from Nd–Ze relationships can include a
large uncertainty. This can be due to a
large amount of undetected small ice crys-
tals by the Doppler radar. In fact, IWC is
related to the history of the vertical air ve-
locity which currently cannot be accurately
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measured with the existing aircraft instru-
mentation (Gultepe and Starr, 1995;
Gultepe et al, 1995).

(iv) The importance of vertical air velocity on Ni

is discussed by Gultepe et al (2000). In the
present study it is also shown that Ni be-
comes large when the absolute value of the
vertical velocity becomes small. During a
weak large scale lifting, small ice crystals
form, then, they grow by diffusion. Particles
fall out from the parcel while they reach a
certain size. Weak large-scale lifting can eas-
ily be responsible for small IWC with large
number concentrations and thus small parti-
cle sizes (Gultepe et al, 1995; Heymsfield,
1977). In this case, radar derived IWC val-
ues would be significantly underestimated.

(v) The depolarization values from the various
platforms (e.g., lidars) suggest that its re-
lationship to particle phase is still not well
understood (Sassen, 1977; 1991; Intrieri
et al, 2000). When circular ice particles
are present, the depolarization ratio cannot
be used for particle phase segregation.

Retrieval of particle size from satellite
observations can be limited due to penetra-
tion of solar radiation in the optically thick
clouds. This suggests that the upper part of
the cloud layer is likely best represented in
the satellite analysis.

(vi) Cloud top heights from all platforms
showed a maximum difference up to 2 km,
and rawinsonde cloud tops were usually
greater than those of radar, satellite, and air-
craft measurements. These differences are
attributed to radar sensitivity, limitation of
aircraft flight altitude, satellite retrieval
method dependency on surface conditions,
and time=space differences during the data
collection times.

(vii) The reff for liquid clouds obtained from in-
situ and satellite observations in the pres-
ent study were comparable, indicating that
the satellite’s retrievals can be very useful
for studying the distribution of reff over the
Arctic region in large-scale models. In
the mixed and only ice phase conditions,
the retrieval method should be used with
care because of unknown particle shape,
size, concentration, and their optical char-
acteristics (Gultepe et al, 2000; 2001b).

(viii) Differences between in-situ and radar de-
rived effective sizes can be due to uncertainty
in the small ice crystal number concentra-
tions, fixed ice crystal density values, and in-
homogeneity in the vertical air velocity field
that is used in Doppler radar method.

(ix) In the 18 Canadian flights, including the
SHEBA cases, mixed phase clouds can oc-
cur at about 30% of the time during April
of 1998 (Gultepe et al, 2002). This is com-
parable to frequency of occurrence of liq-
uid phase clouds in winter storms (Cober
et al, 2001) that was likely due to unusu-
ally warm weather in Northern Canada in
the spring of 1998.

(x) The phase change in the lower part of the
clouds is generally related to a large heat
transfer and relatively strong dynamic
activity (e.g., w within the cloud). The cell
sizes are estimated between 3–500 m
and 15 km. In the corresponding scales,
IWC values ranged from 0.1 g m� 3 to
0.001 g m� 3. This suggests that Arctic
clouds have highly variable microphysical
parameters that may significantly affect the
energy budget of the Earth’s atmosphere
during the April transition times (Rotstayn,
1999a; 1999b).

The present study suggests that Arctic clouds
should be studied using data obtained from
various different platforms. Although it is not
easy to process the various observations at the
same time and space scales, the different measure-
ment and integration techniques complement each
other should be developed for better comparisons.
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