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[1] Reflectivities recorded by the W-band Cloud Profiling Radar (CPR) aboard NASA’s
CloudSat satellite and some of CloudSat’s retrieval products are compared to Ka-band
radar reflectivities and in situ cloud properties gathered by instrumentation on the NRC’s
Convair-580 aircraft. On 20 February 2007, the Convair flew several transects along a
60 nautical mile stretch of CloudSat’s afternoon ground track over southern Quebec. On
one of the transects it was well within CloudSat’s radar’s footprint while in situ sampling a
mixed phase boundary layer cloud. A cirrus cloud was also sampled before and after
overpass. Air temperature and humidity profiles from ECMWF reanalyses, as employed in
CloudSat’s retrieval stream, agree very well with those measured by the Convair. The
boundary layer cloud was clearly visible, to the eye and lidar, and dominated the
region’s solar radiation budget. It was, however, often below or near the Ka-band’s
distance-dependent minimum detectable signal. In situ samples at overpass revealed it to
be composed primarily of small, supercooled droplets at the south end and increasingly
intermixed with ice northward. Convair and CloudSat CPR reflectivities for the low cloud
agree well, but while CloudSat properly ascribed it as overcast, mixed phase, and
mostly liquid near the south end, its estimates of liquid water content LWC (and visible
extinction coefficient x) and droplet effective radii are too small and large, respectively.

The cirrus consisted largely of irregular crystals with typical effective radii ~150 pm.
While both CPR reflectivities agree nicely, CloudSat’s estimates of crystal number
concentrations are too large by a factor of 5. Nevertheless, distributions of ice water
content and ~ deduced from in situ data agree quite well with values retrieved from

CloudSat algorithms.
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1. Introduction

[2] It is well known that numerical simulations of global
and regional climate can be impacted significantly when
seemingly small, but systematic, changes are made to the
radiative properties of model clouds [e.g., Slingo and
Slingo, 1991]. While progress has been made recently on
aspects of modeling radiative transfer for cloudy atmos-
pheres in global climate models (GCMs) [Barker et al.,
2008], there remains much uncertainty regarding represen-
tation of cloud characteristics in GCMs. This uncertainty
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rests, in part, on the fact that GCM clouds have to be
assessed globally which necessitates use of satellite meas-
urements. Passive sensors aboard operational and research
satellites are relatively inexpensive, but only vertically
integrated and effective cloud properties are inferable from
their data. In order for advancement to occur, information
pertaining to vertical and horizontal codistributions of cloud
properties is required.

[3] In response to this requirement, NASA, with contri-
butions from the Canadian Space Agency (CSA), launched
the CloudSat satellite, with its 94-GHz (W-band) cloud-
profiling radar (CPR), on 29 April 2006 into a 700 km high,
Sun-synchronous, near-polar orbit [Stephens et al., 2002].
Building on the success of ground- and aircraft-based CPRs
that revolutionized many cloud physics programmes [e.g.,
Stevens et al., 2005; Illingworth et al., 2007; Verlinde et al.,
2007], CloudSat’s CPR is providing the first global view of
the vertical and horizontal structure of cloud and precipita-
tion. As with the ground and aircraft programmes, CloudSat’s
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data will synergize ultimately with data from sensors on
other A-train satellites with whom it flies in tight formation:
Aqua and PARASOL with their passive sensors; CALIPSO
with its dual-wavelength, three channel lidar; and, the as yet
unlaunched, OCO with its passive spectrometers.

[4] Being the first CPR in space, it is imperative that
cloud properties inferred from CloudSat’s measurements be
assessed rigorously; because of their novelty, and also
because it is well known that inference of cloud properties
from W-band CPR data are still rife with uncertainty [e.g.,
Fox and Illingworth, 1997; Sekelsky et al., 1999; L’ Ecuyer
and Stephens, 2002]. The most obvious, though far from
straightforward, method of assessing CloudSat products is
to underfly CloudSat, and by default the entire A-train, with
(an) aircraft that (is) are capable of both remotely sensing
clouds with instruments resembling those in the A-train and
making in situ observations of clouds within CloudSat’s
field of view. Flights such as these defined the essence of
the Canadian CloudSat-CALIPSO Validation Project
(C3VP) which took place over Southern Ontario and
Quebec between 11/2006 and 3/2007 [see Hudak et al.,
2006]. C3VP’s goal is to assess the performance of Cloud-
Sat and its retrieval algorithms, and to a lesser extent
CALIPSO, for cold weather cloud and precipitation sys-
tems. This report documents a comparison between C3VP
and CloudSat data for one overpass flight that involved a
multilayer, mixed phase cloud ensemble.

[5] Section 2 contains a succinct summary of CloudSat
and its retrieval algorithm. Section 3 provides a summary of
C3VP and some of the aircraft-mounted instrumentation.
Section 4 presents results from the flight on 20 February
2007. Conclusions are drawn in section 5.

2. CloudSat
2.1. Background

[6] The A-train satellite constellation’s sequence of orbits
repeats every 233 orbits, or 16 days [Stephens et al., 2002].
The ultimate intention is to synergize A-train data and thus
produce profiles of estimated cloud characteristics that
have hitherto been restricted to fixed surface, and occasional
aircraft, measurements. The most relevant data will come,
respectively, from CloudSat’s and CALIPSO’s near-nadir-
pointing CPR and dual-channel lidars, narrowband and
broadband radiances from Aqua’s MODIS and CERES
instruments, and supplementary data from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
model analyses.

[7] The beam width of CloudSat’s CPR is ~1.4 km. With
37,081 radar profiles per orbit, each profile corresponds to a
horizontal distance of ~1.1 km. Hence, there is some
overlap along track. Vertical resolution of its range gates
is ~480 m; but oversampling halves it to ~240 m [Stephens
et al., 2002]. Minimum detectable signal of CloudSat’s CPR
is approximately —31 dBZ. Standard data products include
both macrophysical and microphysical cloud properties.
Macrophysical properties include cloud occurrence, cloud
base and cloud top altitudes, cloud thickness, and precipi-
tation occurrence. While these features can be derived
directly from CloudSat’s CPR_Cloud _mask field, synergy
with CALIPSO’s lidar data can be crucial [e.g., Barker,
2008]. Microphysical properties include vertical profiles of
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cloud liquid and ice water contents, effective particle sizes,
and particle concentrations. The highest-level derived prop-
erties are broadband radiative flux profiles.

2.2. CloudSat Retrieval Process

[8] Austin [2007] discusses CloudSat’s retrieval process
in greater detail than in this précised version. The process
begins by assuming that cloud droplets of radius r are
distributed as

v
Nir)=——"—¢ (1)
20108 2Ulzog
where
rg = em,
Olog = In oy,

op = (Inr - lnrg)z7

and where Ny is droplet number concentration, 7, is
geometric mean radius, gy, is distribution width parameter,
and o, is geometric standard deviation. The same distribu-
tion is assumed for ice crystals except r is replaced by
diameter D of an equivalent mass ice sphere. After a series
of simplifying assumptions, profiles of these parameters are
solved for via optimal estimation by iteratively minimizing
a cost function, in conjunction with their a priori estimates
and error covariances, constrained by the measured radar
reflectivity profile. The solutions are then integrated to give
cloud water contents defined as
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and particle effective sizes defined as
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where pjiq and pje. are liquid and ice densities. CloudSat
assesses cloud phase from ECMWF estimates of tempera-
ture 7. When 7> 0°C it is very likely that ice is absent, and
when T S —20°C it is very likely that liquid droplets are
either not present or they are so few in number as to be
unimportant. But between these limits both ice and liquid
can, and often do, coexist; and because their scattering
properties and size distributions differ markedly, this posses
a problem for CloudSat retrievals. Currently, retrievals
proceed as follows (see Austin [2007] for details). If the
temperature of a cell in a column falls between the above
mentioned values, two retrievals are performed: one
assumes the column is entirely liquid, the other entirely
ice. Where T <—20°C, it is assumed that radar reflectivity
arose from crystals alone; where 7> 0°C, it is assumed that

; droplets

3)

re =
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only droplets were present. Size distributions and water
contents are then solved for as mentioned earlier. For cells
with —20° < T'< 0°, the ice and liquid solutions are scaled
linearly with 7 by adjusting their respective values of Ny
while maintaining measured radar reflectivity.

3. Canadian CloudSat-CALIPSO Validation
Project
3.1. Background

[v] As mentioned in the Introduction, the primary goal of
C3VP is to assess the performance of CloudSat and its
retrieval algorithms for cold weather cloud and precipitation
systems. C3VP consisted of instrumentation at a fixed
ground site and on the National Research Council’s
(NRC’s) Convair-580 aircraft. The current study deals
exclusively with aircraft data (see Hudak et al. [2006] for
details on the ground site). The aircraft portion of C3VP had
two objectives: make remote sensing measurements to help
verify CloudSat’s CPR, and make in situ measurements of
cloud properties to help verify CloudSat retrievals. The first
C3VP flight was on 31 October 2006 and the last was on
27 February 2007. Guided by the A-train’s 16-day period,
C3VP consisted of four intensive observing periods (IOPs).
Each IOP lasted ~12 days and typically saw 6 flights (see
http://c3vp.org/ for details). There was a total of 21 research
flights with most lasting ~4.5 h for a total of 95 h of flying
time. Generally, five flights per IOP were devoted to sun-up
overpasses, which occurred between ~1300 and ~1340 local
time depending on ground track position in the time zone,
while one was reserved for a night overpass, which occurred
at ~0230 local time. A relatively small number of hours
were reserved for “flights of opportunity” that targeted
clear-sky conditions for lidar aerosol studies and precipita-
tion events outside overpass times.

[10] Roughly 6 h before an overpass, a 60 nautical mile
target segment of CloudSat’s ground track was identified for
the Convair to focus data collection along. The Convair was
almost always near the center of the target segment at
overpass. In fact, the Convair itself often appears in Cloud-
Sat data; and while its up-facing W-band radar was turned
off at overpass, ground surface reflection of its down-facing
W-band was captured in CloudSat data in the form of a
column of interference. These fleeting interruptions sema-
phored that the Convair was well within CloudSat’s radar
beam. As C3VP was the inaugural experiment for the
Convair’s W-band, its data were still being processed at
the time of writing and thus not used here. Once overpass
occurred, several additional transects were flown at various
altitudes along the target segment. They often included a
rapid and shallow sinusoidal flight line (referred to as
“porpoising”’) as well as tight spirals that tried to maximize
vertical in situ sampling of cloud. When measurements were
being taken, the Convair’s airspeed was ~100 m s .
Hence, 60 nautical mile segments were covered in ~17 min.

3.2. Aircraft Instrumentation

[11] A variety of microphysical and remote sensing
instruments on the Convair-580 were brought to bear on
the assessment of CloudSat data and retrieval products.
These subsections provide brief descriptions of the most
relevant instruments.
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3.2.1. Lidar

[12] AERIAL (Aerosol Imaging Airborne Lidar) was mod-
ified from the configuration used previously [Strawbridge
and Snyder, 2004] to provide measurements similar to
those obtained by CALIPSO. The new design employed
Continuum Inlitelll (30 Hz) lasers that emit simultaneously
at 1064 nm and 532 nm wavelengths. For eye safety, both
beams were diverged to 5 mrad before being transmitted into
the atmosphere. AERIAL provided simultaneous upward/
downward, 1 s averaged, vertical profiles at a sampling rate of
50 MHz (~3 m vertical resolution).

3.2.2. Cloud Profiling Ka-Band Radar

[13] The Convair-580 is equipped with a 34.66-GHz
Ka-band radar (neither Dopplerized nor polarimetric) with
fixed up- and down-pointing 30.6 cm diameter antennae
mounted in the aircraft wing roots. It is a US military surplus
AN-APD-7 radar adapted for research and flight guidance
purposes. The radar system has a vertical resolution of 25 m,
a beam width of 2°; and a sensitivity of approximately
—29 dBZ at 1 km. Further specifications and data examples
are given by Jordan et al. [2000]. The radar was calibrated
before the project started and immediately after it ended. The
lens of the down-pointing antenna cracked, and was replaced,
in late January 2008, so the end-of-project calibration was
applied to all flights after the antenna was replaced. The
radar is estimated to be accurate to within 2 dB.

3.2.3. Cloud Particles

[14] Concentrations and sizes of cloud droplets were
measured by two Particle Measuring Systems (PMS) for-
ward scattering spectrometer probes (FSSP-100) [Knollenberg,
1981]. The probes were configured so as to count droplets
in one of fifteen size bins in the nominal diameter range of
2.5—-47.5 pum. Regular maintenance and calibration of the
FSSP probes were carried out in order to minimize potential
errors in droplet sizing. Dead time losses and coincidence
errors were taken into account during data processing
[Baumgardner et al., 1985].

[15] Large cloud particles were measured by the 2-D
imaging optical array probes (OAP) PMS OAP-2DC and
OAP-2DP which operated in the nominal size ranges of
25-800 pum and 200-6400 pm with 25 pm and 200 pum
pixel resolution, respectively [Knollenberg, 1981]. These
instruments provided shadow binary images and concen-
trations of hydrometeors. Sizes of incomplete images,
partially captured in the probes’ fields of view, were
reconstructed following Korolev and Sussman [2000]. Data
from these probes were averaged over 4 s intervals in order
to provide statistically significant numbers of images for
estimation of particle concentration and habit recognition
analyses. Habit recognition analysis was conducted on the
basis of Korolev and Sussman’s [2000] algorithm. Ice
particle habits were segregated into: spheres; needles/
columns; dendrites; and irregulars. OAP data were used to
identify ice and liquid clouds via particle image recognition
and particle size distribution calculations.

3.2.4. Cloud Water Contents

[16] Cloud liquid water content (LWC) was measured by
a King hot-wire probe [King et al., 1978]. The estimated
accuracy of this probe is no worse than 10%. Cloud Total
Water Content (TWC,; ice + liquid) was estimated using the
Nevzorov probe [Korolev et al., 1998]. After a series of
wind tunnel tests using high-speed video, the Nevzorov
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Figure 1. (a) Total cloud water content measured by the
King hot-wire probe when liquid phase was dominant plotted
against corresponding values from the Nevzorov total water
probe. These data were obtained on the 20 February flight.
(b) Ice water content estimated from OAP 2DC and 2DP
imagery plotted against values from the Nevzorov ice water
content probe. These data were obtained on a flight made on
25 February 2007 and span a much wider range than those
on the 20 February flight. All instruments were mounted on
the Convair’s wings.

TWC sensor was modified by deepening the conical intake
[Korolev et al., 2008]. The purpose of this modification was
to reduce the likelihood of ice particles bouncing out of the
cone; an effect that leads to underestimation of cloud ice
water content (IWC). Comparisons to IWC measured by the
CVI probe (DMT Inc. [Twohy et al., 1997]), conducted in
ice clouds, showed good agreement between these two
instruments for IWC values <1 g m .

[17] In mixed phase clouds IWC and LWC were deduced
from measurements made by the Nevzorov and King probes
following the procedure described by Korolev et al. [2003].
This accounts for residual effects of ice on the King probe.
3.2.5. Extinction Coefficient

[18] Monochromatic extinction coefficient for spherical
droplets at wavelength \ is defined as

= - 7TI"2 r; r)ar
R\ = /0 Qext( 7)\)N( )d (4)
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where 7 is radius, N(r) is droplet size distribution, and Q..
is extinction efficiency. Thus, after traversing distflnce Z,
the intensity of a column of light of initial intensity /, would
be

Z
I = Ife Jy @ (5)

Mean extinction coefficient across Z is then defined, and
computed, as

(6)

Cloud extinction coefficient was inferred from data gathered
by a newly developed Extinction Probe. This probe’s
principle of operation is based on attenuation of a known
source of light traversing a known distance to a receiver.
The Extinction Probe consists of an optical unit that
combines a transmitter and receiver as well as a retro-
reflector. A column of light I\ is generated by an LED (A =
0.635 pm), travels 2.5 m to the retroreflector, and then
travels the same distance back (i.e., Z =5 m) to the optical
unit where it is measured 7, by a photodetector, and (6) is
then used to estimate x,. The sensitivity of this device is
such that x, can be estimated in the range [0.2,200] km ™.
Note that while (4) assumes spherical particles, x) can be
solved for via (6) for any particle.

3.2.6. Quality Control of Convair Data

[19] Microphysical parameters measured by different
probes are always cross checked for consistency with other
relevant instruments. This serves to reveal and isolate
improperly functioning instruments. It also fosters confi-
dence that in situ data used to assess data collected, or
inferred, from other sources, such as CloudSat, are reliable.

[20] Figure la shows LWC measured by the King hot-
wire plotted against coincidental values from the Nevzorov
TWC probe. The systematic difference in LWC values of
~5% can be explained by differences in collection efficien-
cies due to different geometrical dimensions of their intakes
[Korolev et al., 1998].

[21] ITWC can be estimated from OAP 2-D imagery
through the size-to-mass relationship M = aD”, where M
is mass, D is diameter of an ice particle, a =7.38 x 10~ ',
and b = 1.9 [Brown and Francis, 1995]. Figure 1b shows a
comparison of IWC, in ice cloud, measured by the Nev-
zorov TWC sensor and that computed from OAP-2DC and
2DP imagery. This latter method of estimation was used
when IWC > 0.01 g m~>; which is when the Nevzorov
TWC probe’s accuracy degrades.

[22] For liquid clouds, x can be approximated via dis-
cretization of (4) and application of Mie theory [Wiscombe,
1980] to droplet size distributions measured by FSSP as

s
KFssp = Wz Qext ("/')”.ir/'z )
Jj=1

J

where n; and 7; are droplet concentration and mean radius in
the jth bin. Figure 2a shows x measured directly by the
Extinction Probe xpp compared to xpssp computed from
droplet size spectra measured at the same time by FSSP.
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Figure 2. (a) Liquid phase cloud extinction coefficient
computed on the basis of droplet number concentrations
measured by an FSSP probe that counts droplets with
diameters between 2.5 and 47.5 um plotted against
corresponding values measured directly by the extinction
probe. These data were obtained on the 20 February flight.
(b) Ice cloud extinction coefficient computed on the basis of
OAP 2DP imagery plotted against values measured directly
by the extinction probe. These data, obtained on a flight
made on 25 February 2007, spanned a much wider range
than those on the 20 February flight. All instruments were
mounted on the Convair’s wings.

Despite measurement errors inherent to FSSP probes, this
intercomparison of extinction coefficients is very good.

[23] Extinction coefficient associated with ice particles
Kice Can be approximated by integrating particle shadow
areas in OAP-2DC and 2DP imagery as

2
KoAP = A Z/:Aj (8)

where 4; is shadow area of the jth cloud particle, S is sample
area, u is true air speed, Az is averaging time interval, and
assuming that Q. =~ 2. Figure 2b shows a comparison
between kpp and kpap for pure ice clouds. By most
standards this level of agreement is very satisfactory.
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[24] Assume now that for mixed phase cloud: ki, ~
koap; OAP-2DC and 2DP are insensitive to cloud droplets
with D < 30 pm; and that there are no large droplets
associated with drizzle and rain (often the case for clouds
sampled during C3VP). Therefore, since total x = kgp is the
sum of constituent extinction coefficients, extinction coef-
ficient for droplets xjiq can be estimated as

Rliq = K — Rice (9)
~ KEP — ROAP

which should agree well with krggp. As seen later, for the
flight considered here, when mixed phase conditions
occurred Kpssp > Koap Thus, since it was just shown that
KEP & Kpssp, the agreement between kjiq from (9) and kpssp
will resemble that seen in Figure 2b.

4. Results

[25] The flight considered here, C3VP flight 18, occurred
on 20 February 2007. During the flight, and at overpass,
two distinct cloud layers were present: a cirrus cloud that
consisted entirely of ice crystals; and a mixed phase
boundary layer cloud whose precipitation was reaching
the ground. Figure 3 shows the MODIS 12 pm image made
either side of the Convair-CloudSat alignment. The red
circle shows the 60 nautical mile diameter region that
contained the target segment of CloudSat’s ground track.
It indicates a significant amount of cirrus cloud streaming
from west to east across the target area (white), a blanket of
low cloud over most of the region (light grey), and a cloudless
patch NW of the target areas (dark grey). Figure 4a shows
the location of the Convair’s flight path along the ground
track as well as the 60 nautical mile circle shown in Figure 3.
Figure 4b shows time series of Convair longitude and
altitude.

[26] Figure 5 shows profiles of air temperature and
specific humidity measured by the Convair and as reported
by CloudSat on the basis of ECMWF analyses. Generally

MODIS 12 ym (1810 UTC)

A &y ) -

20N
L5
oy

78°W 76°W 74°'W
Figure 3. The 12 pm thermal image obtained by the
Moderate Resolution Imaging Spectroradiometer (MODIS)
at 1810 UTC on 20 February 2007. Red diagonal line shows
CloudSat’s ground track while the red circle centered on it
indicates the C3VP 60 nautical mile target segment in which

the Convair maneuvered and took measurements.
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Figure 4. (a) Convair’s ground track on 20 February 2007.
It left Ottawa, indicated by the maple leaf, at 1630 UTC
and returned at 1952 UTC. CloudSat overpass occurred at
1810 UTC just north of the center of the circle. Asterisk
marks the location of the Convair at the time the
photographs shown in Figure 7 were taken while arrows
show the camera directions. (b) Convair altitude (solid line)
and longitude (dashed line). Blue and red enumerated
vertical columns demarcate legs along CloudSat’s ground
track. Those in blue correspond to northbound legs, and
those in red correspond to southbound legs. The arrow in
leg 5 indicates CloudSat overpass.

speaking, these two sets of data agree extremely well; even
down to the temperature inversion near 1.5 km in altitude.

[27] The remainder of this section describes radar reflec-
tivity and cloud characteristics experienced by the Convair
during this flight, and compares Convair in situ observa-
tions to observations and inferences from CloudSat. Radar
reflectivities are discussed first. Given that the cloud layers
were so distinct, each is discussed separately.

4.1. Radar Reflectivities

[28] As will be seen in subsequent subsections, the vast
majority of cloud particles measured on this flight were
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smaller than 1 mm. As such, both the W- and Ka-band radar
beams experienced predominantly Rayleigh scattering, and
so their reflectivities should be in close agreement.

[29] Figure 6 shows Convair Ka-band reflectivities and
lidar backscatter ratios relative to clear sky for the north-
bound leg 3. Figure 7 shows two photographs taken in the
midst of this leg at 1724 UTC. The radar and lidar images
show two well-defined cloud layers. The upper cloud,
which was streaming rapidly from west to east, was obvi-
ously ice and of low optical density as the lidar had no
problem profiling it. Moreover, the radar had little problem
detecting most of it too. On the other hand, the lidar beam
was completely attenuated in the upper reaches of the low
cloud while the radar beam was transmitted easily to the

10 v b by b by by
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Figure 5. Mean values along the 60 nautical mile target
segments shown in Figures 3 and 4 of air temperature and
specific humidity, as supplied by ECMWF and available
from CloudSat data files, as functions of altitude. Horizontal
error bars indicate standard deviation of specific humidity.
Air temperature along the segment was almost constant.
Dots are 1 s values measured on the Convair. Calculations
of saturation specific humidity using Convair data indicate
a saturated layer from ~1.4 to ~1.9 km and another from
~4 km to above the Convair’s highest point.
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Figure 6. Reflectivity cross section measured by the Ka-band CPR on the Convair during the 3.8 km
level flight of leg 3 (see Figure 4b) along with coincidental 1064 nm lidar backscatter (defined as the ratio
between measured reflectance to that expected for clear sky). The straight horizontal green line indicates
Convair altitude, and the jagged green line is the result of surface reflection (imperfect switching of
antennae). Note that the scale for the down-facing lidar runs from 1 to 100 while for the up-facing lidar it
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runs from 1 to 1000.

surface. Indeed, at the south end of the leg, radar reflec-
tivities were below the detection limit of the Ka-band
radar. The photographs corroborate lidar data by showing
that the lower cloud was dense, extensive, and dominated
the solar radiation budget despite being almost invisible to
the radar.

[30] On the basis of observations during leg 3 and having
already sampled the upper cloud on legs 1 and 2, it was
decided to sample the upper portion of the lower cloud
during overpass which occurred on northbound leg 5 at

view to SW

1810:40 UTC. Figure 8 shows CloudSat reflectivities along
with Convair reflectivities at its native 25 m vertical and
~100 m horizontal resolutions as well as the Convair’s
reflectivities degraded to CloudSat’s resolution. Despite the
250 m radar dead zone above and below the Convair and
the column of interference in CloudSat data generated by
ground reflection of the Convair’s down-facing W-band
radar, the agreement between satellite and aircraft radars is
striking from a visual perspective; from the slow, northward
rise of the low cloud’s top to the form and magnitude of

view to NW

Figure 7. Photographs made from the Convair at 1724 UTC (~45 min before overpass) (see Figure 4)
looking in various directions as indicated. The point at which the photographs were taken is marked by
the asterisk on both cross sections shown in Figure 6.
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CloudSat overpass at 18:10:40 UTC
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Figure 8. (top left) The cross section of CloudSat’s CPR reflectivity measured at 1810:40 UTC on
20 February 2007. The column is a result of detecting the surface reflection of the Convair’s down-facing
W-band CPR. The high reflectivity in the column at about 1.5 km is likely the Convair itself. (top right)
The cross section of the Convair’s Ka-band radar at 1 s (~100 m) resolution on leg 5 (see Figure 4b).
Latitude is indicated along the base of all cross sections and for the Convair corresponds to 916 s of
flight. Note the 500 m wide CPR dead zone around the Convair (indicated by green line). Yellow arrow
indicates CloudSat overpass. The Convair began flying just below cloud top at the south end of the leg.
Note, however, that cloud emerges from the CPR dead zone near the north end. By the end of this leg,
cloud top was ~300 m above the level flight line. (bottom left) The same as Figure 8 (top right) except
Convair reflectivities were averaged up to CloudSat resolution.
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Figure 9. Time series, presented as latitude, of radar reflectivities for the first three gates beneath the
Convair’s CPR dead zone. Convair reflectivities were averaged to CloudSat resolution (see Figure 8).
Arrows indicate CloudSat overpass. Receipt by CloudSat of the surface reflection of the Convair’s down-
facing W-band CPR is evident as a spike in all three plots. Inset scatterplots show the two sets of
reflectivities plotted against each other. When the interference spike is removed from the first gate the

correlation coefficient is 0.82.

the cross sections through two distinct streams of upper
cloud.

[31] Figure 9 shows time series of radar reflectivities for
the first three CloudSat gates beneath the Convair’s dead
zone along with Convair Ka-band reflectivities (averaged to
CloudSat resolution). These correspond to distances beneath
the Convair of ~250 m to ~1 km. While it is clear that the
radars were observing and responding similarly to the same
cloud, the inset scatterplots indicate that Ka-band reflectiv-
ities are typically 1 to 2 dB greater than CloudSat’s W-band
reflectivities (discounting radar interference and surface con-
tamination). Differences of this magnitude are, however, within
calibration uncertainties of both radars (see section 3.2.2
and Im et al. [2008]). Even the positions and magnitudes of
surface noise in the third gate agree well. The fact that
CloudSat’s radar registers surface noise in the second gate
below the dead zone but the Convair’s does not can be
explained by CloudSat’s use of a 3.3-us pulse length
compared to the Convair’s 1 us.

[32] Define the second-order structure function for a
variable ¢ as

$:(0) = (lp(e +0) - (1)) (10)
where ¢ is time, v is a time lag, and angular brackets
represent mean value. S,(¢) is related, by the Wiener-
Khinchine theorem, to the power spectrum [see Marshak
and Davis, 2005], and is a very intuitive measure of typical

fluctuations over a wide range of time (or space). For ranges
of 1) that behave like

S() ~ @, (11)

1<B8=(2)+1<3

where [ is the spectral exponent of the power spectrum.
Figure 10 shows S,(1)) for the series of reflectivities one
gate below the Convair’s dead zone. While the scaling
exponents ((2) for the two series are very similar, implying
that the rate at which fluctuations change with scale are
essentially the same for both instruments, the magnitude of
CloudSat’s fluctuations are systematically smaller than
those for the Convair’s Ka-band radar. This is visually
discernible from both Figures 8 and 9 and probably arises
from CloudSat’s overlapping of pixels along track.
Similarly, Figure 11 shows time series for gates at constant
altitudes associated with the upper cloud. In both instances
CloudSat and Convair track each other nicely with very
respectable agreement in magnitude, though again it is
obvious that CloudSat’s signals are smoother than the
Convair’s.

18t gate below Convair's dead-zone
100 .

Sa (¢)

Convair (Ka-band)
CloudSat (W-band) [

1 T
1 10

¢(km)

Figure 10. Second-order structure functions as functions
of horizontal separation for the first CloudSat gate below
the Convair’s CPR dead zone (see Figures 8 and 9).
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Figure 11. As in Figure 9 but these are for two altitudes
through the upper cloud (see Figure 8). Again, the Convair’s
surface-reflected W-band signals are evident as spikes in the
CloudSat traces.

4.2. Boundary Layer, Mixed Phase Cloud

[33] Figure 12 shows liquid and ice water contents as
well as corresponding droplet and crystal effective sizes
inferred by CloudSat algorithms. Shortly before, during,
and shortly after CloudSat overpass, the Convair was flying
just beneath the top of the boundary layer cloud at an
almost constant altitude of ~1.6 km above mean sea level.
Thus, for the time being, consider only the low cloud deck
shown in Figure 12.

[34] Figure 13a shows time series of LWC and IWC on
legs 4 and 5 along with Convair altitude. Note that the left
side of the plot is southbound and the right northbound. At
an altitude of 1.6 km it is clear that LWC increases to the
south, but the fact that the Convair had to travel approxi-
mately 300 m up to cloud top at the north end (at 1829 UTC)
coupled with the slow emergence of cloud above the radar’s
dead zone (see Figure 8) and the fairly steady decline in
LWC to the north suggests the possibility that the cloud was
slanted and roughly followed the terrain which rises gently
northward. If so, the level flight was effectively a partial
vertical sounding of this cloud layer. Figure 13b shows the
profile through the uppermost 300 m of cloud at the north
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end of the target segment as the plane spiralled up rapidly. It
bears the characteristic linear trend in LWC with height
associated with mixed adiabatic clouds and resembles
closely both the trend shown in Figure 13a from 1806 to
1818 UTC, which is also shown as the scatter of points in
Figure 13b, as well as the porpoising profiles between 1745
and 1754 UTC. Figure 13b indicates that while CloudSat’s
retrievals show, if anything, a slight decrease in LWC with
altitude, Figure 12 also shows a steady increase in cloud top
altitude from south to north in agreement with Convair data.
It also reiterates that CloudSat’s horizontal average LWCs
over the domain shown in Figures 8 and 12 decrease with
height and are actually fairly good coarse-grain estimates. It
should be noted that for this cloud segment, typical uncer-
tainties for CloudSat inferred LWC are ~0.05 g m > or
about 40% of the inferred values.

[35] Figure 14a shows droplet effective radii along legs 4
and 5 while Figure 14b shows the profile at the north end
along with values measured on the northern half of leg 5 and
CloudSat’s domain average values. CloudSat’s values along
the majority of the transect are near 9 pm (see Figure 12),
with reported uncertainties of typically ~1 pm, which are too
large by a factor of roughly two. Similarly, though not
shown, CloudSat’s estimates of droplet concentration are
too small; they are typically 40 cm > with an uncertainty of
~20 cm > while Convair values are typically 300 + 100 cm .
Clearly, Cloudsat’s a priori estimation (see section 2.2) lead
to, in this case, too few large drops while still accounting for
measured CPR reflectivity. Had its retrieval been con-
strained by additional data, such as MODIS shortwave
radiances, it would have almost certainly found a more
suitable solution with smaller droplets.

[36] Though not readily observable from Figure 12,
CloudSat’s estimates of IWC in the low cloud are very
small and typically <0.002 g m . While the enhancement
near the middle of the transect, as seen in Figure 12, is
mildly discernible in CloudSat data, they are still much
smaller than Nevzorov values that hover between 0.01 and
0.1 g m—>. So while CloudSat identified, correctly, a mixed
phase low cloud, the amount of ice it inferred was an order
of magnitude too small. Again, had its routine opted for
more ice, which would still have almost inconsequential
impacts on cloud optical properties at visible wavelengths,
that would have lead to a prediction of more smaller
droplets.

[37] Figure 15a shows that for the low cloud, the lion’s
share of extinction is due to liquid droplets with « reaching
100 km ™" in the south, consistent with many small droplets,
leveling off to ~30 km ™' near overpass, and falling to
10 km™ " in the north. Figure 15b shows values for the last
half of leg 5, the rapid climb at 1829 UTC, and CloudSat’s
domain averages assuming Qex; = 2. The upshot is that
CloudSat’s radar-only retrieval underestimates total optical
depth 7 of the low cloud. Generally, CloudSat designated
cloud to be only ~250 m thick, with mean extinction of
~15 km™', and thus 7 ~ 4. Using the profile of extinction
observed on the climb at 1829 UTC, the Convair’s estimate
of 7 is ~8.

4.3. Cirrus Ice Cloud

[38] As shown already in Figure 8, when the Convair’s
Ka-band reflectivities are reduced to CloudSat resolution
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Figure 13. (a) Cloud liquid (LWC) and ice (IWC) water

contents as measured on the Convair as functions of time
(latitude listed on top). Corresponding Convair altitude is
also shown. The southbound leg 4 is on the left, and the
northbound leg 5 is on the right. Arrow indicates CloudSat
overpass. (b) Line represents cloud LWC as a function of
altitude measured by Convair during its ascent at the
termination of leg 5 (extreme right of plot in Figure 13a).
Dots are Convair values measured along the level portion of
leg 5. Solid circles are mean values inferred from CloudSat
reflectivities, and error bars indicate standard deviation
across the 60 nautical mile segment.

they agree well with CloudSat’s reflectivities for the high
cloud. Consider now some of the properties of the high
cloud obtained through in situ sampling by the Convair and
how they compare, despite not being contemporaneous, to
inferences drawn from CloudSat data.

[39] Figure4 shows that legs 1 and 6 were flown above 5 km
and hence the Convair was often in situ with respect to the
upper cloud. Analysis of 2-D imagery of ice crystals was
performed on data produced by the 2DC and 2DP probes.
Figure 16 shows that typically 80% to 90% of the crystals
were classifiable as irregular. Spheres, needles, and dendrites
generally accounted for the remaining ~15%; but very
occasionally comprised up to ~50% thereby forming pockets
with high concentrations of needles or quasi-spherical ice
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particles identified as spheres. Following the definition used
by Korolev and Sussman’s [2000] algorithm, irregular
particles were defined as particles not classified as den-
drites, spheres, or needles/columns. Visual analysis of the
images indicated that most ice particles along legs 1 and 6
can be identified as bullet rosettes. Also from the 2-D probes,
and Figure 16, it can be seen that IWC averaged over 4 s of
flight (or ~400 m) ranged from 0.01 to 0.02 g m; yet
peaked near 0.09 g m . Figure 12 shows that CloudSat
inferred IWCs, at significantly reduced vertical and hori-
zontal resolution, resemble Convair values fairly well;
especially given that CloudSat reported uncertainties are
typically near 40% and that data were acquired at different
times. This is better seen in Figure 17 which shows
frequency distributions of IWC for legs 1 and 6 for the
Convair and for the entire upper cloud detected by CloudSat
(between 4.5 km and 9 km). Both distributions can be
approximated well by gamma functions, and the fact that
their slopes resemble one another indicates that their coef-
ficients of variation are similar too.

[40] It is difficult to reconcile measured and inferred
crystal sizes so inferred concentrations and approximate
extinctions are compared instead. Figure 16 shows that for
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Figure 14. As in Figure 13 except this is for droplet
effective radius. Error bars on CloudSat values indicate
standard deviation across the 60 nautical mile segment.
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the upper cloud the Convair’s probes detected typically 3 to
10 crystals per liter of air but jumped as high as 25 /~'. In
contrast, Figure 18a shows that for this segment CloudSat’s
estimates, at lower spatial resolution, were rarely less than
10 7', as high as 51 /™', yet characterized by uncertainties
of 50%. Given the relatively good agreement for IWC
distributions, it is consistent that Convair crystal radii were
typically 100 to 200 pm while CloudSat’s inferences were
typically 50 um. Differences this large indicate poor agree-
ment regardless of how one defines effective size, and
uncertainty, of crystals. Note that CloudSat’s prior estimates
went in opposite directions for high and low cloud; while it
inferred too few small particles for the largely liquid-phase
low cloud, it satisfied CPR reflectivities for the high cloud
by predicting too many small particles.

[41] Finally, Figure 16 shows crystal extinction coeffi-
cient both measured directly with the extinction probe (1 s
data) and calculated using 2-D probe data (4 s data).
Agreement is acceptable given that calculating ~ makes
many assumptions about the dependence of extinction on
particle size and shape. These calculations were suited best
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to irregular crystals which largely explains the general
agreement. Moreover, the relative abundance of high and
low spikes in the extinction probe trace is due to higher
resolution; which had to be degraded for the 2-D probes in
order to obtain meaningful statistics. At any rate, Convair
values are typically between 0.2 and 1 km~'. Figure 18b
shows that CloudSat’s estimates of » for ice cloud, assum-
ing again that Q. ~ 2.0, range primarily between 0.1 and
0.8 km™' implying very good agreement with in situ
measurements.

5. Discussion and Conclusions

[42] The objective of NASA’s pioneering CloudSat mis-
sion is simply to improve the representation of clouds in
GCMs by providing the first global view of vertical and
horizontal microstructural and macrostructural characteris-
tics of clouds. The activity of satellite remote sensing has
many facets beginning with development of mathematical
inversion methods, often directed by a science plan, which
moves on to a mission design programme, and, in a sense,
ends with application of inferred products that give rise to
knowledge and new hypotheses that feedback to produce
new inversion techniques and new science plans. One
distinct facet of this cascading feedback process is post-
launch assessment of retrieved products. These activities are
characterized generally by dedicated campaigns that gather
independent data that are commensurate with retrieved
products. When a mission’s scope is global, as CloudSat’s
is, it should have multiple assessment campaigns that target
a diversity of atmospheric-surface conditions. This has been
so with CloudSat, and one such campaign was the Canadian
CloudSat-CALIPSO Validation Project (C3VP) which took
place in southern Canada during winter 2006/2007.

[43] C3VP’s primary objective is assessment of CloudSat
retrieved cloud and precipitation properties for cold weather
conditions. The airborne component of C3VP consisted of
flying the NRC Convair-580, a research aircraft chock full
of NRC and Environment Canada cloud monitoring instru-
ments, beneath the overpassing CloudSat satellite. Twenty-
one flights were conducted both inside and outside of
clouds. This report focused on the flight that took place
over southern Quebec on 20 February 2007. Clouds during
this flight were multilayer and mixed phase with radar
reflectivities that were often near the lower detection limit
of CloudSat’s radar.

[44] For the most part, CloudSat’s W-band and the
Convair’s Ka-band radar reflectivities agree extremely well
with differences typically less than +3 dB and rarely
exceeding 5 dB (discounting ground contamination). While
this was not surprising given that the cloud particles
encountered on that flight were generally small relative to
radar wavelengths, it provides confirmation that both radar
systems were very likely functioning as intended.

[45] One of the largest challenges for CloudSat, and all
remote sensing activities, involves mixed phase clouds. The
manner in which this is presently handled by CloudSat was
discussed briefly in section 2.2. The upshot is that for cells
in a column with —20° < T < 0°, CloudSat is likely to
report, by default, mixed phase clouds. How often this
translates into positive and negative predictions of mixed
phase cloud, and their respective properties when positive,
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Figure 16. (a and b) Fractional number of crystals as a function of time for the high cloud sampled on
legs 1 and 6 (see Figure 4). Crystals were identified using image recognition software and OAP 2-D
optical probe imagery. Asterisks represent irregulars, circles are for spheres, D is for dendrites, and N is
for needles. Corresponding values of (c and d) ice water content (IWC), (e and f) crystal concentration,
and (g and h) extinction coefficient. All quantities were derived from 2-D probe imagery and correspond
to 4 s integrations save for the measured extinction coefficient which came from the extinction probe
integrated for 1 s.
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remains to be seen. Nevertheless, it is not a guarantee that
ice and liquid will be reported for all cells with —20 < 7' <
0°. Figure 12 showed that ice was not reported in several
cells of the low cloud despite ECMWF reporting 7' ~—7°C.
The upper cloud was unambiguous as its highest reported
temperature was —22°C and indeed the Convair sensed no
liquid.

[46] For the cloud studied here it is clear that CloudSat’s
assumptions lead to low cloud extinction being underesti-
mated by 50% in conjunction with an overestimate of
droplet effective radius coupled with a less severe underes-
timate of water content. CloudSat’s optimal estimation
inversion does not permit, as yet, large numbers of very
small droplets. If the inversion process were constrained by
MODIS shortwave radiances in addition to just radar
reflectivities, there is little doubt that the quality of the
estimates would improve.

[47] On the whole, CloudSat retrieval of the upper cloud’s
extinction coefficient performed well. Ice water content
estimates were on the low side but the form of the frequency
distribution was captured well. Crystal concentrations were
at least twice as large as those reported by the Convair’s 2-D
probes and hence effective sizes of crystals appear to be too
small by a factor of ~2 (which coupled with the under-
estimated water content lead to reasonably good estimates
of extinction).

[48] In many respects a project like C3VP is difficult to
both execute and draw sound conclusions from given the
resources at hand. The sampling volume of an instrument on
a single aircraft is actually very small relative to the coarse
cross-sectional data of CloudSat, and so intercomparison is
inherently inexact and often fraught with uncertainty and
difficulty. Nevertheless, it is difficult to overstate the im-
portance, and luxury, of having in situ samples of the very
characteristics that one is attempting to infer remotely. The
results presented here demonstrate that upon scrutiny,
CloudSat is performing as well as, if not much better than,
expected; recognizing that this initial round of products are
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Figure 12).
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Figure 18. (a) Ice crystal concentration as inferred by
CloudSat CPR reflectivities. Arrow and coincident blank
column indicate overpass with the Convair. (b) As in
Figure 18a except this is for approximate extinction
coefficient for ice-phase cloud. Note that crystal extinction
efficiency was assumed to be 2.

radar only. Once CloudSat data synergize with data from
other A-train satellites one can only expect the quality of
retrievals to improve over those assessed here.
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