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1. INTRODUCTION

Altocumulus and altostratus clouds cover 22% of
the earth (Warren et al., 1988a,b) and in turn, influence
the earth’s albedo and climate. Yet these mixed phase
clouds have been studied far less than boundary layer
or cirrus clouds. Since they rarely produce precipitation
or severe weather, mid-level mixed phase clouds are
the “forgotten clouds” in atmospheric science. Efforts
aimed at a better understanding of cloud morphology,
microphysics, and lifecycle serve to improve our ability
to model and forecast these clouds, which can also
impact military and civilian aviation. Satellite missions
(e.g., CLOUDSAT,; Stephens et al. 2002) that seek to
estimate cloud properties on a global scale will benefit
from knowledge of the horizontal and vertical distribution
of ice and liquid water in mixed-phase clouds.

The ninth Complex Layered-Cloud Experiment
(CLEX-9), conducted over western Nebraska from 8
October to 4 November 2001 provided in-situ
microphysical and radar measurements of mid-level
clouds from the University of Wyoming King Air
research aircraft (UWKA). The 95-GHz Wyoming Cloud
Radar (WCR) was deployed on the UWKA providing
highly resolved radar reflectivity observations. The
UWKA also measured in-cloud thermodynamic state
and microphysical parameters including cloud liquid
water (LWC) and ice water contents (IWC) from a suite
of microphysical probes (e.g., PMS 2D-C, 2D-P, and
Gerber PVM). Integration of the in-situ and radar data
provides the opportunity to investigate cloud
morphology and the microphysical characteristics of the
mixed phase clouds sampled during CLEX-9.

2. CLOUD RADAR OBSERVATIONS

The UWKA flew on 8 mission days during the
CLEX-9 campaign. Radar and in-situ data were
collected from numerous mid-level clouds using several
sampling techniques (e.g., straight/level flight legs,
straight-line ascents, and Lagrangian spirals) during

*Corresponding author’s address:
Larry R. Belcher, North Carolina State University,
Raleigh, NC 27695, E-mail:[larry_belcher@ncsu.edu

each sortie. The WCR data provide a highly resolved
view of cloud structure and complements the in-situ
microphysical measurements. The WCR cross-section
(Fig. 1) captures the cellular structure showing
enhanced regions of reflectivity associated with cloud
ice, cascading into the sheared lower cloud region. The
cells (and associated fallstreaks) exhibit a periodicity
across the flight leg, analogous to the clusters of
enhanced ice regions observed by Hobbs and Rangno
(1985) in stratiform clouds. The periodicity of these
enhanced ice regions, and their correlation with cloud
top microphysical measurements will be investigated in
Section 4 of this study.
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Figure 1. WCR reflectivity vertical cross-section during a
straight-line ascent on 14 October 2001 from 1440 to 1510
UTC.
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The WCR data also provide the opportunity to
investigate the spatial and temporal variability of cloud
IWC in mixed phase clouds. Estimates of IWC depend
on an accurate determination of a and b terms shown in
Equation (1), relating measured reflectivity to IWC.

IWC=az’ (1)

The IWC-Z relationship was determined based on a
linear regression between normalized IWC and the
equivalent reflectivity (Z;). Estimates of IWC (and Z)
were obtained using the “all-snow” mass-dimensional
relationship found by Mitchell et al. (1990), and
integrating over the 2D-C particle size distribution (PSD)


mailto:larry_belcher@ncsu.edu

data. We have calculated a and b values for each case
day to minimize potential error due to PSD variability on
a given day.

The best estimator for the 14 October (Eq. 2.) case
was applied to the WCR data from the flight leg shown
above (i.e., 1440-1510 UTC) to obtain a vertical profile
of IWC.

IWC =0.00872"%" (2)

The results are presented as a contoured frequency by
altitude diagram (CFAD; Yuter and Houze, 1995) shown
in Figure 2.
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Figure 2. Contoured Frequency by Altitude Diagram (CFAD)
of WCR-derived IWC from 14 October 2001 during a straight-
line ascent at 1440 through 1510 UTC. The CFAD was
constructed using a 30 m vertical resolution with 0.001 g m™
bins. The mean IWC at each level is shown as a solid line.

The estimated IWC values for this case fall below 0.04 g
m™ with the largest values residing from 4 to 5 km (all
heights MSL). The vast majority of IWC values are
below 0.01 g m? at all levels. The average profile
shows a peak value of 0.013 g m™ at an altitude of 4200
m. The overall trend in the CFAD suggests that the
highest concentrations of cloud ice reside in the middle
to lower portion of the cloud (i.e., below 4700 m).

3. CLOUD MICROPHYSICS

Fleishauer et al. (2002) investigated the
microphysical properties of mid-level clouds (e.g.,
altocumulus clouds) during the fifth Complex Layered-
Cloud Experiment (CLEX-5). They observed and
documented numerous mid-level clouds, which typically
exhibited maximum values of LWC at cloud top,
consistent with previous work (e.g., Heymsfield et al.,
1991; Rauber and Tokay 1991, Hobbs and Rangno,
1998). Their results also indicated that maximum
values of estimated IWC resided in the mid to lower
cloud regions of single layered clouds, consistent with
the CFAD results (Fig. 2) discussed above.

The vertical profile of LWC and IWC (Fig 3.) from
the 14 October (1440-1510 UTC) flight leg further
confirms consistency between the CLEX-9 observations
and previous work. The peak LWC values of 0.22 g m?
reside at an altitude of 4900 m and temperature of —20

°C (i.e., near cloud top). The mixed phase region of the
cloud is several hundred meters thick with profiles of
temperature and dew point temperature (not shown)
indicating supersaturated conditions. Peak IWC values
reach 0.1 g m? and occur at —12°C, which is the
temperature corresponding to the maximum difference
between the saturated vapor pressure over water and
ice. Immediately following this ascent, the UWKA
began a descending Lagrangian spiral. The vertical
profiles of in-situ observations from the descending
spiral (not shown) are consistent with those presented
during the ascent.
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Figure 3. The vertical profile of LWC (black diamonds) and
IWC (gray diamonds) during the 14 October 2001 straight-line
ascent from 1440 to 1510 UTC. LWC data shown here are
from the Gerber PVM and IWC data are from the PMS 2D-C
spectra using Mitchell et al. 1990 M-D relationship.

The PSD of water droplets and ice particles
throughout the cloud provides more details on cloud
microphysical characteristics. The PSD of cloud water
droplets (from the FSSP-100) and ice particles (from the
2D-C) at mid-cloud and cloud top are shown in Fig. 4.
There was no liquid water (Fig. 3) at mid-cloud yet the
FSSP did record a few particles at the largest size bin
(30 um) that were likely due to ice contamination. The
2D-C shows a bi-modal distribution (Fig. 4b) of ice
particles with peaks at 300 and 600 um and a long tail
out to 2500 um. This picture reverses at cloud top, with
the cloud droplet PSD normally distributed, ranging from
5 to 25 um (Fig. 4a) and much lower ice concentrations.
Interestingly, the ice PSD is multi-modal at cloud top
with maxima near 175, 350, and 700 um. Particle
imagery from the 2D-C near cloud top in the mixed
phase region where LWC peaked show the presence of
ice in the form of sector plates and other plate like
crystals (Fig. 5a), as expected for the observed
temperatures. PMS 2D-C particle imagery at mid-cloud
near the IWC and reflectivity maxima reveal the
presence of large plate like crystals, some in the form of
aggregates (Fig. 5b).

These observations clearly show the existence of a
cloud top liquid layer proposed by Rauber and Tokay
(1991). The liquid layer serves as the source region for
the generation of ice crystals. Nucleation likely occurs
via contact nucleation (Young, 1974) as postulated by
Hobbs and Rangno (1985) when cloudy and ambient air
mixes near cloud top, resulting in the partial evaporation



and freezing of a small fraction of larger (> 20 um, Fig.
4a) droplets. The nucleated ice likely grew rapidly via
deposition and aggregation in a moisture rich
environment, reaching sizes up to 2000 pm, and
gravitationally settled to lower levels of the cloud.
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Figure 4. Cloud liquid water droplet spectra (a; FSSP-100)
and cloud ice spectra (b; PMS 2D-C) during the 14 October
2001 straight-line ascent from 1440 to 1510 UTC. The total
recorded PSD during a 1 minute period at mid-cloud (1457-
1458, black line) and near cloud top (1507-1508, gray line) are
shown.
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Figure 5. Cloud particle imagery from the PMS 2D-C during the
14 October 2001 straight-line ascent from 1440 to 1510 UTC.
a) 1507:25-1507:55 as UWKA entered the region of highest
LWC near cloud top and b) 1458:28-1458:45 as UWKA entered
the region of highest radar reflectivity and IWC at mid-cloud.

4. CLOUD HOMOGENEITY

The WCR cross-section presented above (Fig. 1)
shows enhanced regions of reflectivity dispersed along

the flight line, a feature common to many of the CLEX-9
radar observations. Similarly, the microphysics probes
also exhibit spikes during in-cloud flight legs. Hobbs
and Rangno (1985) found regions of high ice
concentrations in clusters with horizontal dimensions up
to 100 m, leading to the conclusion that cloud ice forms
in these clusters in tufts near cloud top. Investigation of
the periodicity of these clusters at various levels within
the cloud provides further insight into cloud morphology,
microphysical mechanisms and horizontal homogeneity.

During a second (afternoon) mission on 14 October
2001, the UWKA conducted a straight and level flight-
leg along cloud top at 5223 m (1730 to 1740 UTC)
during a Terra satellite overpass (Fig. 6). Prior to the
satellite overpass, the UWKA flew a straight-line ascent
providing a WCR cross-section through this cloud once
again capturing the cellular structure (Fig. 7). Time
series plots of FSSP concentration (Fig. 8a) and Gerber
PVM LWC (Fig 8b) data from 1730 to 1740 UTC show
the response of each instrument as the aircraft passes
through moisture rich clusters along the flight leg.
Similarly, the time series plot of reflectivity (Fig. 8c) from
1722 to 1730 UTC exhibit spikes of enhanced reflectivity
along the flight track (reflectivity data were collected at
one second intervals in a 50 m altitude window centered
at 4975 m).

UWKA flight leg preceding
NASA-TERRA overpass
@ 1740 UTC

Figure 6. Moderate Resolution Imaging Spectroradiometer
(MODIS) image of cloud sampled by UWKA during Terra
satellite overpass on 14 October 2001 at 1742 UTC (/Image
courtesy of MODIS Rapid-Response Team at NASA-GSFC).
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Figure 7. WCR reflectivity vertical cross-section during a
straight-line ascent on 14 October 2001 from 1722 to 1730
UTC.
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Figure 8. Time series plots of (a) FSSP concentration, and (b)
Gerber PVM LWC from 1730-1740 UTC near cloud top at 5223
m MSL, and (c) WCR reflectivity from 1722-1730 UTC below
cloud top at 4975 m MSL on 14 October 2001. Note that each
time series is plotted with respect to distance traveled over the
flight leg in the noted time frame, based on the average aircraft
speed.

Each of the instruments is responding to enhanced
regions of liquid (and ice in the case of the WCR) within
the cloud as indicated by the time series plots. However
the frequency of each instrument’s response is not
readily apparent by eye and requires further
investigation. We have conducted spectral analysis
using the SSA (Singular Spectrum Analysis) toolkit (Ghil
et al., 2002) to retrieve the periodic behavior of each
time series shown above. The analyses indicate that
the FSSP, PVM, and WCR data oscillate with periods of
1400, 1500, and 1100 m respectively. These periods
were found to be statistically significant in each case.
The reasonable agreement found here confirms the
connection between the liquid layer at cloud top and the
enhanced ice region lower in the cloud, occurring in
clusters throughout the cloud.

5. CONCLUSIONS

Integration of the in-situ and radar data has
provided the opportunity to investigate the structure and
microphysical characteristics of mixed phase clouds
sampled during CLEX-9. The results found here agree
well with previous observational studies (e.g., Hobbs
and Rangno, 1985, 1998; Heymsfield et al., 1991;
Fleishauer et al., 2002), which showed typical cloud
structure was comprised of a liquid layer at cloud top
serving as a source region for ice crystal production.
The cellular structure indicates that the liquid drops and
ice are distributed in clusters within the clouds at
somewhat regular intervals. Observations of LWC and
IWC from the 14 October 2001 case study reached
values near 0.23 and 0.1 g m™ at cloud top and mid-

cloud levels respectively. A broad PSD of liquid
droplets was observed at cloud top while the magnitude
and breadth of ice PSD increased with decreasing
altitude within the cloud to about mid-cloud level.

The WCR data served to complement the in-situ
observations and captures the cellular structure of the
clouds investigated here. We have also utilized the
radar data to provide reasonable estimates of IWC over
the entire cloud. The radar and in-situ data also
provided a means to estimate the periodic behavior of
the generating cells. However, the results found here
were from a limited sample from the extensive CLEX-9
data set. Future work will continue to investigate
additional cases in order to augment the observational
database of mid-level mixed phase clouds.
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