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ABSTRACT
Vertical distributions of clouds have been a focus of many studies, motivated by their importance in radiative
transfer processes in climate models. This study examines the horizontal distribution of cirrus clouds by means
of satellite imagery analyses and numerical weather prediction model forecasts. A ground-truth dataset based
on two aircraft mission periods flying particle probes through cirrus over a ground-based cloud radar is developed.
Particle probe measurements in the cirrus clouds are used to compute ice water content and radar reflectivity
averages in short time periods (25–30 s). Relationships for ice water content as a function of reflectivity are
developed for 6-K ambient temperature categories. These relationships are applied to the radar-measured shortterm-averaged reflectivities to compute vertical profiles of ice water content, which are vertically integrated over
the depth of the observed cirrus clouds to form ice water path estimates. These and cloud-top height are compared
with the same quantities as retrieved by the Geostationary Operational Environmental Satellite (GOES) level2B algorithm applied to four channels of GOES-8 imagery measurements. The agreement in cloud-top height
is reasonable (generally less than 2-km difference). The ice water path retrievals are smaller in magnitude than
the radar estimates, and this difference grows with increasing cirrus thickness. Comparisons of a sequence of
the fifth-generation Pennsylvania State University–National Center for Atmospheric Research Mesoscale Model
(MM5) predictions and GOES level-2B retrievals of ice cloud tops for the convectively active second mission
period showed that the MM5 cirrus areal extent was somewhat greater than the GOES depictions. Cloud-top
height ranges were similar. MM5 is capable of producing ice water path magnitudes similar to the radar estimates,
but the GOES retrievals are much more limited. Ninety-eight percent of the GOES grid points had ice water
paths no greater than 60 g m 22 , as compared with 74% for MM5. Ten percent of MM5 points had ice water
content .200 g m 22 , as compared with 0.07% for GOES retrievals. Based on this study, we conclude that GOES
level-2B cloud-top retrievals are a reliable tool for prediction evaluations but the algorithm’s retrievals of ice
water path are not.

1. Introduction
Interest in cirrus clouds and their impact on radiant
energy transfer has grown with the focus on climate
modeling to assess greenhouse warming of the earth’s
atmosphere. This interest has motivated many studies
of the characteristics of cirrus clouds to better understand their nature and evolution so that they can be
modeled or parameterized in the models.
No single observing system can measure all of the
important characteristics of cirrus clouds. Satellitebased remote sensing can provide images of large areas
of cirrus, and the radiation emitted by cirrus can be
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measured and used to estimate certain geometric and
microphysical properties. Combinations of active and
passive ground-based remote sensors have been used to
measure or deduce a number of microphysical quantities, including ice water content (IWC), in the limited
area subject to their observational reach. Aircraft carrying particle probes can traverse cirrus clouds to obtain
direct measurements from which the concentrations,
shapes, and sizes of ice crystals can be obtained but
such sampling is temporally and spatially limited. Thus,
it is necessary to try to exploit the complementary
strengths of the various cirrus-observing systems to spatially and temporally characterize the clouds.
Studies involving satellite retrievals of the ice water
path (IWP) have primarily involved microwave rather
than infrared wavelength radiation measurements. Liu
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and Curry (1998) used airborne millimeter-wave imaging radiometer measurements at 150 and 220 GHz to
retrieve estimates of IWP and at lower frequencies to
determine background radiation from underlying liquid
water clouds. They compared selected retrievals with
IWP inferred from collocated aircraftborne particle
probe measurements and found good agreement, given
the incompatibility of the volume average of the satellite
and point measurements of the probes. Liu and Curry
(1999) then used observations from the Defense Meteorological Satellite Program’s Special Sensor Microwave (SSM) water vapor sounder to retrieve IWP in
cirrus clouds over ocean areas. They linked IWP to relative values of the 150-GHz brightness temperature,
correcting for the effect from liquid water path (LWP)
using SSM Imager (SSM/I) data and relative humidity
analysis profiles. IWP retrievals were compared with
International Satellite Cloud Climatology Project
(ISCCP) analyses. They found that IWP tends to increase with decreasing cloud-top temperature, especially
for precipitating clouds.
Liu and Curry (2000) used the same datasets to simultaneously retrieve IWP and mass median particle
diameter from nonprecipitating cirrus using a lookup
table developed from a series of executions of a radiative
transfer model. Lookup table entries depended on cloud
types (relative amounts of liquid and ice water), cloud
LWP, and temperature and humidity profiles. They
found that the simultaneous retrieval scheme is limited
in its applicability to clouds with IWP . 200 g m 22
and mass median particle diameter .200 mm. Higher
microwave frequencies are needed for thinner cirrus
clouds.
Sheu et al. (1997) used visible and infrared data from
ISCCP and microwave brightness temperatures from the
SSM/I to estimate IWP over tropical oceans. IWP was
derived by one of several methods depending on classification of the cloud, including ISCCP ice optical
depth, a retrieval algorithm based on high SSM/I frequencies, and a residual method that difference the
ISCCP total optical depth and the SSM/I-derived LWP.
No previous studies of actual IWP retrieval based
solely on infrared satellite-sensed radiation were found.
However, Stubenrach et al. (1999) used radiation measurements from the 19 infrared channels of the highresolution infrared radiation sounder (HIRS) aboard the
National Oceanic and Atmospheric Administration
(NOAA) polar-orbiting environmental satellites to estimate ice crystal size in cirrus clouds. Inversion algorithms were used to estimate brightness temperatures
to compute the emissivity of the cirrus at 8.3 and 11.1
mm, after scattering contributions were removed. The
ratio of the emissivities was then used to estimate mean
ice crystal size with a lookup table produced by a series
of executions of a radiative transfer model.
Active and passive ground-based remote sensors have
been used in various combinations to infer various cirrus
cloud microphysical properties. This type of study has

been reported by, for example, Matrosov (1997) and
Sekelsky et al. (1999). Matrosov (1997) used Doppler
radar and infrared radiometer observations of cirrus
clouds in several field experiments to infer cloud thickness, particle size distribution, particle concentration,
and IWC. He found considerable variability from cloud
to cloud in the parameters used to retrieve cloud properties and measured radar reflectivities on which they
are based. The use of reflectivity of greater magnitudes
was found to reduce this variability. Mace et al. (1998)
and Hogan et al. (2001) compared NWP model predictions of vertical cloud structure at a single model grid
box with ground-based remote sensor observations of
the clouds over seasonal time periods.
Cirrus microphysical measurements by aircraftborne
particle probes were utilized to assess particle concentrations by size categories, IWC, radar reflectivity, and
effective particle diameter in studies reported by Brown
et al. (1995), Atlas et al. (1995), McFarquhar and
Heymsfield (1996), and Liu and Illingworth (2000).
These studies involved the analysis of ice crystal measurements from several field experiments that involved
tropical and midlatitude cirrus clouds. Several of the
studies empirically derived relationships between IWC
and radar reflectivity from scatterplots of the two quantities computed from the particle probe measurements.
Young et al. (1998) compared the particle probe assessments with similar quantities retrieved from satellite
imagery.
In this paper we demonstrate how the complementary
strengths of the different cirrus observing and prediction
systems can be used to obtain cirrus altitudes and IWP
over large areas and short time intervals. We begin with
the direct measurements of cirrus particle concentrations
by aircraftborne particle probes to compute IWC and
equivalent radar reflectivity (Z e ). Best-fit IWC–Z e relationships are then applied to reflectivity measurements
of a cloud radar operating in the same vicinity to obtain
vertical profiles of IWC and top and base altitude for
each cirrus layer. The radar-derived IWC in the topmost
layer is integrated to obtain IWP. Radar IWP and top
altitude are compared with IWP retrieved from geostationary satellite imagery at the radar site. Last, mesoscale NWP model predictions of IWC are integrated and
the IWP and top altitude are compared with satelliteretrieved IWP and top altitude over a mesoscale area.
2. Description of the data
Airborne particle probe, ground-based cloud radar,
and satellite imagery data were collected during a cirrus
cloud field experiment based at Everglades City, Florida, in September 1996. Figure 1 shows the temporal
extent of the datasets used for each of the three major
data sources. The following sections discuss the observation systems and their measurements.
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FIG. 1. Coincident observational datasets available for use in this study. GOES-8 imagery data
were available (1) and missing (2) at the indicated times. Arrows and times indicate start and
stop times of the CPRS and HARP measurements for both missions. For CPRS, the zenith mode
(dashed line) and scan mode (dotted line) times are indicated; convection (slashes) occurred over
the radar site, and so CPRS observations were not used.

a. HARP particle probe measurements
Three particle probe systems for collecting and measuring ice crystals were a part of the instrument package
of the Aeromet, Inc., High-Altitude Reconnaissance
Platform (HARP) aircraft (Morrison et al. 1997) during
the field experiment. Ice particle concentrations were
reported by size bin using a 1) forward scattering spectrometer probe (FSSP), for seven 6-mm-wide bins from
6 to 48 mm; 2) one-dimensional optical array probe (1DC), for fourteen 20-mm-wide bins from 20 to 300 mm
and one 1300 mm bin; and 3) two-dimensional optical
array probe (2D-C), for thirty-one 25-mm-wide bins
from 25 to 800 mm and one 1800 mm bin.
Of the three probes, the 2D-C has the advantage of
measuring the particles’s dimensions parallel and perpendicular to the flight path. Because the 1D-C and 2DC probes have nearly the same size range through 300
mm, we did not include the 1D-C measurements in this
study. Brown et al. (1995) and McFarquhar and Heymsfield (1996) have stated that at an airspeed of 200 m
s 21 , the 2D-C does not reliably measure particles smaller
than about 100 mm. Because HARP aircraft averaged
airspeeds of about 150 m s 21 during the Everglades City
missions, the 75–100-mm bin was included in the processing. The contribution of the smaller particles measured by the FSSP to the total IWC was evaluated by
Brown et al. (1995) and McFarquahar and Heymsfield
(1996) and found to be small (less than 20%) especially

for larger IWCs. A similar assessment of the FSSP’s
contribution is conducted in this study.
An available two-dimensional precipitation (2D-P)
probe was not flown in the Everglades City missions.
Liu and Illingworth (2000) give the range of this probe
as 200–6400 mm. McFarquhar and Heymsfield (1996)
analyzed three missions that traversed tropical cirrus
anvils. They did not use the 2D-P data because the ice
particles were not measured well by the probe, but did
show 2D-C particle concentrations for particles .1000
mm. The presence of some particles .1000 mm is likely
in the cirrus anvil clouds observed in the Everglades
City missions. Particles in the range 1000–6400 mm
were accounted for by extrapolating the 2D-C particle
concentrations out to these particle sizes as described
in section 3.
The HARP aircraft flew racetrack loops over the study
area at varying altitudes between 6.6 and 12.2 km. The
long legs of the flight-track loops were aligned with the
prevailing wind direction. The flight track never took
the aircraft more than 35 km from the location of the
ground-based sensors. On each loop the aircraft flew
over the location of the ground-based sensors. Because
the prevailing wind speeds at flight levels averaged
about 50 km h 21 , the ground sensors saw 150–200-km
spans of clouds as they were advected by the observing
site. Thus, the aircraft and ground sensors were sampling generally the same cloud environment. The air-

Unauthenticated | Downloaded 09/28/21 11:06 AM UTC

AUGUST 2003

1095

NORQUIST AND D’ENTREMONT

craft also measured atmospheric state variables, including temperature and wind speed, that were used in the
processing of the data in this project.

algorithm is described in more detail by Gustafson and
d’Entremont (2000).
d. Description of cirrus cloud conditions

b. CPRS cloud radar measurements
Observations of reflectivity of the radar signal from
the cirrus particles were made by the Cloud Profiling
Radar System (CPRS) of the University of Massachusetts (Sekelsky et al. 1999). For the September 1996
field experiment, the CPRS radar and other groundbased sensors were located at 25.858N, 81.388W near
Everglades City. The CPRS is a dual-frequency cloud
radar system, with Ka-band frequency of 33 GHz (9.06mm wavelength) and W-band frequency of 95 GHz
(3.16-mm wavelength). The minimum detectable reflectivity is 263 and 259 dBZ, respectively, for a range
of 1 km and 30 s averaging. The CPRS can be operated
in zenith (straight up) or scan (fixed azimuth, changing
elevation) mode. In the zenith mode, the prevailing wind
speed and direction can be used to advect cloud particles
across the beam path, resulting in a 1 dimensional time
series of cloud measurements. In scan mode, the scan
plane is oriented perpendicular to the prevailing wind
direction, allowing a time series of pie-shaped swaths
of measurements. The nominal range interval is 75 m,
and the nominal time interval between measurements is
10–40 s.
c. GOES-8 satellite imagery
Radiance data from all available channels of the imagery sensor on board the Geostationary Operational
Environmental Satellite (GOES)-8 operated by NOAA
were used to perform retrievals of certain cirrus properties. The GOES-8 satellite orbits the earth in a fixed
geostationary position, located at 758W longitude over
the equator. Imagery data were available for the entire
field of view of the satellite at 15 and 45 min past each
hour (UTC). The data are archived routinely on the Air
Force Research Laboratory Interactive Meteorological
System at Hanscom Air Force Base, Massachusetts.
The retrieval process used to obtain the cirrus cloud
properties is referred to as the GOES level-2B algorithm
(Gustafson and d’Entremont 2000). While the algorithm
uses all available imagery channels to generate a cloud
mask, it is designed to perform the retrievals using
GOES thermal infrared bands of wavelengths 3.9, 6.7,
10.7, and 12 mm. It provides estimates of cirrus cloud
spatial (cloud fraction, effective cloud-top height/pressure/temperature), radiative (effective emissivity at each
thermal infrared band, visible optical thickness), and
microphysical (ice crystal effective diameter, IWP)
properties. Only cloud-top height (CTH) and IWP retrievals were utilized in this study. The grid spacing of
the pixels for which the retrieved properties are provided
is approximately 4 km at nadir. The GOES level-2B

During September strong tropical convection is common in southern Florida and surrounding waters. On 19
September broken patches of heavy cirrus moved
through the area and were sampled by the HARP aircraft
and the CPRS radar during the period 1026–1126 UTC.
At that point, the CPRS was switched from zenith to
scan mode and scans were executed during the period
1128–1530 UTC. Unfortunately, the scan-mode data
were unrecoverable upon later processing and were not
available for this project. At about 1230 UTC a cumulonimbus cloud developing northwest of Everglades
City was producing anvil cirrus that was drifting toward
the ground-based sensor site. By 1300 UTC thick anvil
cirrus was over the site, and the particle probes on the
HARP aircraft measured appreciable ice particle concentrations at 10–11-km altitude until it began its descent at about 1330 UTC.
On 22 September at about 2015 UTC, cirrus from a
nearby convective cell began drifting over the site and
was observed by the CPRS radar. By the time of the
arrival of the HARP aircraft in the study area at about
2100 UTC, the anvil cirrus was widespread and several
kilometers thick. HARP observed appreciable particle
concentrations at 8–9-km altitude and the CPRS Kaband radar measured reflectivities as high as 23 dBZ
from 7 to 10 km. At 2315 UTC, anvil cirrus appeared
over the ground-based sensor site from a line of diminishing convection oriented east–west across southern
Florida. The cirrus grew increasingly thick until cessation of CPRS scanning at 0045 UTC 23 September.
Particle probes taking measurements at 8–13-km altitude between 2315 and 0035 UTC observed heavy particle concentrations.
3. Method
a. HARP particle probe measurements
The observed particle concentrations measured by the
FSSP and 2D-C at approximately 1-s intervals were
averaged by size bin over the time required for the aircraft to traverse a GOES imagery pixel. The average
dimension of a GOES pixel in the region of interest in
this study was 3.55 km, which at typical aircraft speeds
resulted in averaging periods of 25–30 s. This averaging
was done to ensure that the particle concentrations used
to compute IWC vs Z e relationships were representative
of the length scales over which they would be applied.
The averages were computed only for periods in which
the aircraft’s altitude was greater than 6 km for the duration of the averaging period. Time-averaged particle
concentrations by size bin were computed for a total of
1126 averaging periods during the two HARP missions
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whose durations are depicted in Fig. 1. The time-averaged particle concentrations for the 30 2D-C size bins
were used in the computations of IWC and Z e discussed
next.
Liu and Illingworth (2000) show that accurate and
realistic computations of IWC and Z e can be obtained
when the density of the ice particles is assumed to vary
with effective particle diameter D i (taken as the calibrated bin size for each 2D-C bin i):

O rND ,
Z 5 |K | O| K | N D f (D , r ),

IWC 5

p
6

n

i

i

3
i

(1)

i51

n

e

w

22

2
i j

j

6
j

j

j

(2)

j51

where r 5 0.07 D 21.1 (r is in grams per centimeter cubed
and D is in millimeters; r 5 0.916 g cm 23 is used for
particles that have a diameter of 0.1 mm or less), as
recommended by Liu and Illingworth (2000). The timeaveraged particle concentrations in the n 5 30 2D-C size
bins were used as the values for N i in (1) and (2) to
compute IWC (g m 23 ) and Ze (mm 6 m 23 ) for each averaging period. A dimensionless quantity K is given by
K5

m2 2 1
,
m2 1 2

(3)

where m is the complex index of refraction for the observed media (cloud water droplets or ice particles).
Sekelsky et al. (1999) gives | K w | 2 values of 0.885 and
0.698 for 33 and 95 GHz, respectively. According to
Gardiner and Hallett (1985), (3) can be expressed for
ice particles as
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where e 5 m 2 and is defined as
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and e 0 5 e for solid ice at a specified radar reflectivity.
To determine e 0 for radar frequencies of 33 and 95 GHz,
we substitute e 0 into (4) and solve for e 0 . Sekelsky et
al. (1999) gives values of | K i | 2 5 0.176 for solid ice
for both radar frequencies, and so using K i 5 Ï0.176
yields e 0 5 3.172 and B 5 0.632, which, in (5), gives
e5

1 1 1.005 f 0
.
1 2 0.368 f 0

(7)

Thus, for radar frequencies of 33 and 95 GHz, | K i | 2
in (2) is a function of ice density only (which in turn
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is dependent only on particle diameter) and is computed
from (4) and (7).
Liu and Illingworth (2000) include the ratio of scattering of the radar signal as given by the Mie scattering
model to that of the Rayleigh scattering model in (2)
as the factor f (D i , r i ). The backscatter efficiency according to the Rayleigh model is given by Sekelsky et
al. (1999) and Bohren and Huffman (1983) as

j R 5 4p 4 l 24 D 4 | K i | 2 ,
where l is the wavelength of the electromagnetic signal.
The Rayleigh backscatter can then be computed for each
calibrated particle size (D i , in millimeters) separately
for each wavelength simply by using the | K i | 2 , whose
computations are described above. The backscatter efficiencies of small ice spheres by the Mie scattering
model were calculated using the routine BHMIE as
adapted from Bohren and Huffman (1983). As with the
Rayleigh computations, the Mie backscatter efficiency
is computed for each calibrated particle size separately
for each wavelength, using the refractive index m 5
Ïe where e is obtained from (7) for each particle size
bin.
The time-averaged 2D-C particle concentrations of
the two mission periods used in (1) and (2) resulted in
601 time-averaged particle size spectra with nonzero
IWC and Z e greater than 240 dBZ. These are shown in
a scatterplot for the Ka-band radar frequency (33 GHz)
in Fig. 2. Also shown in Fig. 2 is a best-fit power-law
relationship in the form IWC 5 aZ be, derived from the
data. Equivalent reflectivity is displayed in dBZ units,
defined as dBZ 5 10 log10 Z e . The scatterplot and powerlaw relationship for the W-band frequency (95 GHz)
were very similar, yielding only a slightly smaller value
of IWC for a given value of Z e .
There are several potential sources of uncertainty in
the computations of IWC and Z e from (1) and (2). First
is the relationship used for the density of the particles.
Liu and Illingworth (2000) computed values of IWC
and Z e for several formulations of the ice density assumption. For those formulations that yielded IWC in
good agreement with directly measured IWC, they
found differences in IWC as large as 30% for values of
IWC $ 0.1 g m 23 . Brown et al. (1995) showed that
observations of the 2D optical array probe, processed
using the D 21.1 density formulation, were in good agreement with IWC derived from a total water content probe.
The second potential uncertainty is determination of particle size. In the HARP 2D-C, the particle dimension
parallel to the diode array (the Y dimension) was used
to represent particle diameter because its calibration is
not affected by aircraft speed. Brown et al. (1995) used
the mean of the parallel and perpendicular (X) dimension of the particles to determine diameter in midlatitude
clouds, but used the Y dimension in tropical cirrus. Atlas
et al. (1995) determined particle size as the maximum
projection of the particle, either X or Y, whichever was
larger. They then estimated the equivolume diameter by
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FIG. 2. IWC vs Z e computed for 601 short-time averages of 2D-C particle concentrations by
size bin for the HARP aircraft mission periods shown in Fig. 1. These values are computed from
(1) and (2) with a radar frequency of 33 GHz. The best-fit power-law relationship is shown by
the straight line plotted through the points and is given by the formula in the figure.

multiplying the maximum projection by 0.8. McFarquhar and Heymsfield (1996) calculated IWC from
tropical anvil cirrus particles using categories of maximum size and area ratio (particle area/area of circumscribed circle) and found that the values from the two
approaches agreed within a factor of 2. Gayet et al.
(1993) showed that for a set of different probes, particle
size is within 10% of each other but concentrations can
be as different as 150%. This leads to the third uncertainty issue, which is the determination of particle concentration. There are two factors involved in this issue:
the determination of sample volume and the rejection
of particles by the probe. Sample volume was determined in the HARP 2D-C processing as a function of
particle size and sampling speed, following Baumgardner and Korolev (1997). This approach represents a significant improvement over the probe manufacturer’s recommended method. Several tests are used for particle
acceptance. If a particle was collected too closely in
time to the previous particle to have likely come from
a Poisson distribution of the mean particle concentration, the latter particle is rejected. This rejects fragments
of particles that are shattered by the probe. Also rejected
were particles based on their X and Y dimensions, for
example if X . CY then the particle would be rejected,
where C is an arbitrary but sensible number, like 10.
Last, there is also some possibility that the aircraft wing
tip vortices systematically rotate the particles before
they are sampled and, thus, causes a bias in how they
are sized. A visual inspection of thousands of images
suggested that this did not appear to be a problem.
Equations (1) and (2) were also applied to the timeaveraged FSSP concentration in six size bins in the

range 12–48 mm. Because density is a maximum for
these small particles, IWC can be appreciable for large
concentrations of such particles (Brown et al. 1995;
McFarquhar and Heymsfield 1996). However, particles
of such small size do not contribute significantly to the
measured reflectivity. To determine the relative contribution to total IWC, we computed the ratio IWCFSSP /
IWCFSSP12D-C for all averaging periods. This ratio was
greater than 0.5 for less than 5% of the averaging periods
having nonzero 2D-C IWC. Therefore, the FSSP measurements were not included in the development of
IWC, Z e relationships from the particle probe data.
Larger particles have a major impact on reflectivity.
No concentrations for particle sizes . 800 mm were
included in the particle probe dataset so that particle
concentrations were simulated for the 2D-P range 1000–
6400 mm. For each averaging period with nonzero IWC,
the time-averaged 2D-C particle concentration in each
size bin was divided by the bin width (25 mm) to form
normalized particle concentration, N*. A best-fit powerlaw relationship with bin size D of the form N* 5 cD d
was constructed for each time-averaged 2D-C particle
spectrum, and then was evaluated at 200-mm intervals
from 1000 to 6400 mm inclusive. Our investigation
showed that the power-law relationship produced simulated 2D-P particle concentrations that compared better
with observations from other studies than an exponential
form more commonly associated with the concentration
of larger particle sizes (Ryan 2000). A gamma function
is commonly used to fit the distribution for the full range
of particle sizes but of course actual particle counts in
the 2D-P size range were not available to confirm such
a distribution. The largest particle concentration of
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FIG. 3. Same as for Fig. 2, except that simulated 2D-P particle concentrations were included
with the measured 2D-C concentrations in the IWC and Z e computations.

.1000 mm, reported by McFarquhar and Heymsfield
(1996), of 0.2 L 21 was converted to normalized particle
concentration (1.0 m 23 mm 21 ) to act as an upper limit
for the simulated values. The simulated N* for each size
bin of a time-averaged spectra was multiplied by 1.0
23
m 23 mm 21 /N*
mm 21 to pro1000 when N*
1000 . 1.0 m
portionately reduce each of the larger particle concentrations below this upper limit. The computed values of
normalized concentration were multiplied by 2D-P bin
width (200 mm) to form particle concentrations that
were used in (1) and (2) to estimate simulated 2D-P
IWC and Z e . Values of total IWC and Z e (2D-C 1 simulated 2D-P) are displayed for the 601 2D-C time averages in Fig. 3. Note that these estimates would represent an upper limit to the actual 2D-P particle concentrations had they been measured, because it is unlikely that every 2D-P size bin would have as great a
concentration as the simulated value.
It is clear from comparing Figs. 2 and 3 that both
IWC and Z e have increased with the addition of the
simulated 2D-P concentrations, especially for time averages with larger (.0.01 g m 22 ) 2D-C IWC. The ratios
IWC 2D-P /IWC 2D-C12D-P and Z e2D-P /Z e2D-C12D-P were computed for the 601 time averages—45% of IWC ratios
and 79% of 33 GHz Z e ratios were .0.5. Thus, the
simulated 2D-P concentrations make a significant contribution to the total IWC and Z e . For any given value
of Z e , the log IWC is 0.3–0.4 lower for the 2D-C 1
2D-P values than for the 2D-C values. This is because
adding the larger 2D-P particles increases the Z e more
than the IWC because of the very low density of the
very large particles. So the computations of IWC from
radar reflectivity, based on the 2D-C 1 2D-P relationships, should give lower values than those based on the

2D-C only relationships. Using both values will represent bounding values for the radar-inferred IWC. We
note that the IWC–Z e relationships in Figs. 2 and 3
actually do bound the relationships found by Liu and
Illingworth (2000), of IWC 5 0.097 Z 0.59 , and Atlas et
al. (1995), of IWC 5 0.064 Z 0.58 , for a comparable radar
frequency.
Liu and Illingworth (2000) point out that the general
increase in particle size with ambient temperature can be
exploited to derive separate IWC–Ze relationships for stratified temperature regimes. The IWC–Ze pairs were categorized in 6-K temperature bins using the time-averaged
aircraft-measured air temperature. Separate best-fit relationships were computed for each temperature category,
separately for 33 and 95 GHz. The resulting scatterplots
and best-fit IWC–Ze relationships for the 2D-C data are
shown in Fig. 4 for 33 GHz. Note that too few pairs were
available in two of the temperature categories, so values
of the parameters of the linear least squares best fit were
interpolated or extrapolated from contiguous categories.
Temperature category scatterplots and best-fit IWC–Ze relationships for the 2D-C 1 2D-P IWC and Ze were generated also, but are not shown.
The best-fit lines move down and to the right with
increasing ambient temperature. This implies that the
use of a single IWC–Z e relationship to infer IWC from
radar data would tend to overestimate IWC at warm
temperatures and underestimate IWC at colder temperatures. The root-mean-square error estimate of log IWC
from the 33-GHz relationships, when compared with
IWC computed from the particle probe measurements,
was 0.303 for the single relationship and 0.222 for the
temperature-dependent relationships. A similar reduction was observed for the 95-GHz relationships. Liu and
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FIG. 4. Ice water content vs equivalent radar reflectivity, categorized by 6-K ambient
temperature ranges, for the same 601 short-time averages shown in Fig. 2.

Illingworth (2000) report that errors of 0.3–0.4 were
reduced by temperature classification to errors of 0.2–
0.3. Therefore, the IWC–Z e relationships derived from
the variable density and temperature category assumptions for 2D-C and 2D-C 1 2D-P were applied to reflectivity measurements from cloud radar as described
in the following section.
b. CPRS cloud radar measurements
The equivalent radar reflectivity Ze as measured by the
CPRS cloud radar at 33 and 95 GHZ during the time
periods indicated in Fig. 1 were processed in a manner
similar to the particle probe data. The observed values of
Ze (mm 6 m23) greater than 240 dBZ at each radar mea-

surement location were averaged over the time duration
required for an air parcel to traverse the width of a GOES
imagery pixel at the speed of the wind at the location. A
rawinsonde sounding taken during the 19 September mission, and two taken during the 22–23 September mission,
supplied the wind speed and temperature at each radar
measurement altitude. The wind speeds at the altitudes
processed (6–18.1 km) varied between 30 and 100 km
h21 , which for a pixel width of 3.55 km resulted in averaging times of 2–7 min. The 6-K temperature bin corresponding to the temperature at the radar measurement
altitude was identified, and the associated IWC–Ze relationship derived from the particle probe data was applied
to the time-averaged reflectivities at that altitude. This resulted in a computed value of IWC for all of the time-
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averaging periods at each radar measurement location. Values of 0 g m23 and 240 dBZ were assigned when there
was not at least one Ze measurement .240 dBZ observed
during the averaging time period at a given radar measurement location.
The computed IWC values were used to compute IWP
through the uppermost-observed cloud layer. For each
GOES satellite imagery time, the corresponding averaging time period of the CPRS data was identified at
each radar measurement location. Then the IWC values
for the identified time period were collected and averaged in 75-m altitude bins between 6 and 18.1 km. The
highest altitude bin containing a nonzero average IWC
was identified as the cloud-top bin. Stepping down from
this bin, the bin above the first of two consecutive bins
that had a zero-averaged IWC value was deemed the
cloud-base bin. IWC at midpoints between the bin levels
was computed by averaging the bin IWC between each
contiguous pair of bins. A preliminary IWP value was
computed as the product of bin-midpoint IWC and bin
thickness summed over all contiguous bin pairs from
cloud top to base. Then, one-half of the cloud-top bin
IWC times the thickness of the bin above the cloud-top
bin level plus half the cloud-base bin IWC times the
thickness of the bin below the cloud-base bin level, was
added to the preliminary IWP value. The CTH was then
set as the average of the cloud-top bin altitude and the
altitude of the bin above it. The cloud-base height was
set as the average of the cloud-base bin altitude and the
altitude of the bin below it.
In addition to their use in calculating radar-inferred
IWC, the averaged radar Z e values might be used to
validate the computed Z e values from the particle probe
data. However, this was not done in this study because
of the differences in observing locus due to differing
averaging periods, uncertainty in altitude due to the radar vertical bin depth, and the sampling differences between the two platforms.
c. GOES-8 satellite imagery
Imagery data for GOES-8 pixels were extracted in a
region of interest bounded by approximately 208 and
358N latitude and 758 and 858W longitude. There were
356 pixels of the average dimension of 4.74 km in the
north–south direction, and 461 pixels of the average
dimension of 2.35 km in the east–west direction. Over
the area surveyed by the HARP aircraft, the average
pixel dimension (average of the average north–south and
east–west dimensions) was 3.55 km.
Application of the GOES level 2B algorithm to the
pixels in the region of interest at each imagery time
involved a sequence of processing steps. First, a ‘‘cloud
cover’’ routine performs cloud detection at each pixel
location using two images 1 h apart, creating a cloud/
no cloud mask with regard to all clouds for the second
image. Next, a routine called ‘‘clear scene’’ operates on
the cloud mask to compute ground surface-level clear-
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scene brightness temperatures for all pixels in the region
of interest. These are computed for the four infrared
wavelengths (3.9, 6.7, 10.7, and 12 mm) directly for
cloud-free pixels, and, via interpolation, for pixels beneath detected clouds. The last routine is ‘‘level 2B,’’
which generates the spatial, radiative, and microphysical
attributes of the cirrus clouds for the cloudy pixels. A
rawinsonde sounding provides the reference pressure,
temperature, and geopotential height information to assign the corresponding cloud-top quantities. Retrievals
are made for only the highest detected cloud layer. The
retrieved parameters evaluated in this study were cirrus
CTH and IWP. Values for the pixel whose center-point
location was closest to the CPRS radar site were selected
for direct comparison with the same parameters estimated from the CPRS radar observations.
In determining IWP for cirrus clouds, emissivity, effective particle size, and radiative temperature are retrieved in a simultaneous solution approach in the GOES
level-2B algorithm. IWP is obtained as a by-product of
this retrieval scheme. According to Gustafson and
d’Entremont (2000), there are several sources of uncertainty in the retrieval process. The assumption that the
top-of-atmosphere irradiance at certain wavelengths is the
linear sum of clear-sky and cloud-emitted radiation neglects atmospheric attenuation within and above the
cloud. This represents a source of error in retrieved radiative temperature, but this should be minimal because
water vapor is a weak absorber of the wavelengths (thermal infrared) used in the procedure. Absorption efficiencies for ice crystals used in the procedure have small
(,10%) errors with respect to Mie theory integrations.
Scattering and reflectivity are neglected at the thermal
infrared wavelengths, which is expected to have a minimal effect. Homogeneity of particle size distribution
within the cloud is assumed, but the error introduced can
be reduced if this is set as the average size distribution
over the entire cloud. This is equivalent to stating that
the IWC at any point in the cloud is constant, so that the
IWP is simply the IWC times the depth of the cloud.
Liu and Curry (1998) state that the major uncertainties in retrieving IWP from microwave sensors are
linked to not knowing the actual particle size distribution and the possible existence of supercooled liquid
water in the cloud. Using historical size distributions
can lead to errors of as much as 650% of the retrieved
IWP. They state that simultaneous retrievals of IWP and
effective particle size may reduce this uncertainty. Errors due to supercooled liquid water in the ice cloud
layer depend on the amount and location, with larger
amounts and higher altitudes causing greater IWP underestimation. They estimate that for realistic amounts
and locations of supercooled water, the underestimation
of IWP is about 30%.
Stubenrauch et al. (1999) state that the primary causes
of uncertainty in the retrieval of cirrus emissivity at infrared wavelengths are due to corrections imposed for scattering, use of simultaneously retrieved or monthly average
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FIG. 5. Comparison of cloud-top (CT) (both GOES-8 and CPRS Ka and W band) and cloudbase (CB) height (CPRS only) for satellite imagery times on 22–23 Sep 1996 at Everglades
City. CPRS in zenith mode (dashed line) and scan mode (dotted line).

temperature and water vapor profiles, the effect of underlying liquid water clouds, and spatial resolution of the
retrievals. They found through sensitivity studies that the
scattering corrections and spatial resolution are the greatest
sources of uncertainty. Errors were as high as 610% for
scattering, especially in regions of small mean median
crystal dimension. Where cirrus emissivity was assumed
to be heterogeneous (varying pixel to pixel) over a cloud
area, as compared with homogeneous, the retrieved mean
maximum particle dimension changed by 10%.
4. Results
Figure 5 shows the comparison of CPRS and GOES
estimates of CTH for all satellite imagery times between
2015 UTC 22 September and 0045 UTC 23 September
for which the GOES imagery data were available. Also
included are cloud-base height estimates from the CPRS
time-averaged measurements. Application of the 2D-C and
the 2D-C 1 2D-P IWC, Ze relationships to radar reflectivity measurements yielded different IWC (thus different
IWP) but the same values of cloud-top and -base altitude.
Comparison of the CPRS-estimated cloud-top and -base
heights, as shown in Fig. 5, with time–height CPRS reflectivity charts obtained from the field experiment data
archive (not shown) showed good agreement of the top
and base height positions. There is a noticeable difference
in the top and base positions as detected by the Ka- and
W-band radar. At 2015–2115 UTC, the cloud layer as
depicted by the W band is much thinner than the Ka-band
depiction. The thickness are more alike at 2215 UTC, and
no cloud is seen at all by the W band at 2245 UTC as
compared with a very thin layer observed by the Ka band.
The greater sensitivity to the cirrus by the Ka-band radar
is in part due to less absorption of the signal with altitude

as noted by Sekelsky et al. (1999), by a factor of about
3 for a tropical sounding, and Hogan et al. (2001). The
time–height CPRS reflectivity charts for the Ka and W
bands confirmed that much more of the cloud cross section
was detected by the Ka-band radar. Ka-band radar is more
sensitive to the significant amount of Mie scattering by
ice particles at cirrus altitudes (Sekelsky et al. 1999), and,
thus, is a better standard against which to evaluate cirrus
retrieval or prediction methods.
Figure 5 shows that during the zenith-mode sampling
period of the 22–23 September mission period, the tendency of the GOES level-2B algorithm to underestimate
CTH decreased with time. The Ka-band cloud-top and
-base heights show the cloud layer thickening from 2015
to 2115 UTC and remaining thick, but lower, at 2215
UTC. The fact that the GOES level-2B retrieved tops
are more accurate when the actual layer is thicker makes
sense because the cloud would be less transmissive of
upwelling radiation from below. During the scan-mode
sampling period, while the cirrus layer is becoming increasingly thick, the GOES level-2B retrievals are within 2 km of the Ka-band cloud-top estimates.
Figure 6 shows a comparison of the IWP from GOES
retrievals and Ka-band radar (applying both the 2D-C
and 2D-C 1 2D-P relationships). The results for the W
band are not shown because of the aforementioned
greater sensitivity of the Ka band signal at cirrus altitudes. As expected, the CPRS (2D-C 1 2D-P) IWP is
less than the corresponding CPRS (2D-C) value at most
observation times, as are the GOES retrieval estimates.
The GOES retrievals appear to be much more steady
with time than the radar estimates. Only at 2245 UTC
is the GOES estimate of IWP greater than both the CPRS
values, which is when, according to Fig. 5, the CPRS
found the cloud layer to be very thin. There appears to
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FIG. 6. Comparison of ice water path for the minimum (Min), maximum (Max), and radar
location (Rdr Loc) of a 3 3 3 set of GOES-8 imagery pixels centered at the radar location, and
as estimated from the CPRS Ka-band reflectivities for satellite imagery times on 22–23 Sep 1996
at Everglades City. CPRS zenith mode (dashed line) and scan mode (dotted line).

be a consistency between cloud-layer thickness and IWP
magnitude in the Ka-band results. When the cloud layer
grows increasingly thicker from 2315 to 0045 UTC, the
CPRS IWP values are also steadily increasing, while
the GOES retrievals are significantly underestimated.
A likely cause of the underestimate of IWC of thick
cirrus by the satellite retrieval algorithm is the microphysical structure of the cloud layer. Smaller particle
sizes generally dominate the top of a thick cirrus layer
where temperatures are colder, while larger particle sizes
are found in the warmer temperatures near the layer
base. The smaller particles on top have a greater total
surface area, so they can effectively absorb the radiation
emitted from the larger lower particles and re-emit to
space at their colder temperature. Thus, the dominant
signal seen by the satellite is from the smaller particles
on top, leading to an underestimate of the mean particle
size of the layer and a consequent underestimate of the
IWP. Radar-derived IWP would generally act as an upper bound on the satellite-retrieved IWP. The greater the
cloud thickness, the more likely that satellite IWP ,
radar IWP. Results from the scan-mode portion of the
comparison in Fig. 6 are likely an extreme example of
this phenomenon.
5. Comparison of NWP model-predicted cirrus
with satellite retrievals
The fifth-generation Pennsylvania State University–
National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5; Dudhia 2000) was configured
with an inner domain set by the four corner latitude–

longitude coordinates of the satellite imagery region of
interest. The gridpoint spacing of the inner MM5 domain was set to the mean grid spacing of the GOES
pixels, 3.616 km. The inner domain was centrally positioned in an outer domain with 3 times the grid spacing
(10.848 km). Forty-one model sigma layers extending
from the surface to the model-top pressure (ptop) of 50
hPa were used in both domains, where sigma is defined
by (p 2 ptop )/(psfc 2 ptop ). The surface pressure (psfc )
was derived from the analysis of pressure ( p) levels
using the gridpoint terrain heights. The mixed-phase
explicit moisture scheme (option 3 in Reisner et al.
1998) parameterized the cloud and precipitation microphysical processes in both domains, while the Grell
(1993) cumulus parameterization scheme was used in
the outer domain only.
The mixed-phase microphysics scheme involves prognostic equations for cloud liquid and ice water and precipitate liquid and ice water. Only the predicted cloud ice
water is processed in this study to infer IWP, as described
below. Uncertainties in the ice cloud mixing ratio predicted
by the scheme arise from the use of historical parameters
whose applicability to all situations is unknown. According to Reisner et al. (1998), cloud ice may be generated
from water vapor by nucleation and deposition. Uncertainty in the nucleation rate results from imposing a minimum temperature to prevent excessive particle concentrations at very cold temperatures. The deposition rate
computation is limited to avoid subsaturation with respect
to ice. Cloud ice is generated from cloud liquid water by
freezing, ice multiplication, and riming. Heterogeneous
freezing uncertainty involves a specified value of the num-
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ber concentration of cloud drops, while homogeneous
freezing uncertainty is linked to setting a specified threshold temperature for occurrence. Ice multiplication is determined by using a fractional factor that is dependent on
a specified ambient temperature range. All rimed ice is
retained as cloud ice in option 3 of Reisner et al. (1998),
not allowing precipitate (graupel), which may lead to excessive cloud ice. The process of converting cloud ice
water to precipitating ice water (snow) can have an effect
on the simulated precipitation from cirrus and, thus, the
amount of ice suspended in the simulated cirrus clouds.
Initial and boundary conditions for the MM5 forecast
integration were taken from a 24-h forecast of the Eta
Model of the National Centers for Environmental Prediction, acquired from NCAR on a 48-km grid. The 48km Eta initial conditions were interpolated to the outer
MM5 domain to serve as the forecast initial state. After
6 h of integration in the outer domain, the forecast was
interpolated to the inner domain, and the forecast continued in both domains until 0000 UTC 23 September
1996. The inner domain forecast fields at 30-min intervals from 1915 to 2345 UTC were compared with the
GOES level 2B algorithm retrievals at those same times.
No attempt was made to compare MM5 CTH and IWP
with radar-derived values because of positioning errors
of thunderstorms, found even in storm-scale NWP models by Brewster (1998).
The cloud-top and -base altitudes and IWP are computed at each horizontal grid point in the MM5 forecasts.
The predicted ice water mixing ratio in each sigma layer
is multiplied by the air density to convert it to mass of
water per unit volume of air. The process finds the first
sigma layer with a bottom altitude less than 18.1 km
that has IWC greater than IWCmin 5 a(10 24 ) b , where a
and b are taken from Fig. 4 for the predicted sigma layer
temperature. The altitude of the top of this sigma layer
is designated the CTH. The process continues to search
downward until two consecutive sigma layers (having
sigma-layer-top altitudes . 6 km) are found with IWC
# IWCmin . The bottom altitude of the lowest sigma layer
above these two layers is designated cloud-base height.
The IWP is the product of the sigma-layer IWC and the
sigma-layer thickness summed over the sigma layers
between CTH and cloud-base height.
Figures 7 and 8 show the CTH and IWP of the GOES
level 2B retrievals and MM5 predictions for the first
and last comparison times, respectively. Clouds are depicted on the GOES figures only in locations where their
tops are at least 6 km in altitude (MM5 tops must be
. 6 km, as described in the previous paragraph). The
minimum and maximum values in the legends represent
the smallest and largest values of the respective quantities found in the 10 comparison times.
In the GOES-8 depictions, there was a steady eastward
march of the strong convection (marked by the highest
tops) and accompanying cirrus shields across Florida and
the Bahamas. The MM5 convection marches eastward also
in the sequence, but starts farther to the west (see Fig. 7b).

The accompanying cirrus grows much more extensive in
area (46% of grid points) than is depicted in the GOES8 figures (32%). The range of CTH is similar for GOES8 retrievals and MM5 predictions in this sequence, especially the maximum values. They compare favorably
with a tropopause altitude of approximately 16.5 km, measured in a radiosonde sounding at Everglades City that
was launched at 2207 UTC.
The retrieved and predicted IWP magnitudes shown
in the figures are mostly restricted to the lowest onefourth of the respective range of values. The MM5 figures show a number of small areas of larger IWP values,
while GOES-8 shows many fewer such areas. The maximum over the entire time sequence is almost one order
of magnitude greater for MM5 than for GOES-8. For
the cloudy points, the average IWP was 85 g m 22 for
MM5 as compared with 25 g m 22 for GOES-8. Most
of this difference was due to the greater number of small
areas of large IWP values in the MM5 predictions. Ninety-eight percent of the GOES-8 cloudy points in the
sequence had IWP values of 60 g m 22 or less, as compared with 74% for MM5. Ten percent of the MM5
points had values greater than 200 g m 22 , as compared
with 0.07% of GOES-8 grid points. The GOES IWP
retrievals seem to saturate in larger IWP conditions, as
shown in the scan-mode portion of Fig. 6. MM5 is capable of creating ice clouds of significant depth (as great
as 8 km in this sequence) comparable to those observed
by the CPRS Ka band, as seen in Fig. 5.
6. Summary and conclusions
Cirrus cloud particle probe measurements for two aircraft missions over southern Florida in September 1996
were used to compute ice water content (IWC) and radar
reflectivity (Z e ). Separate IWC–Z e relationships were
developed by 6-K ambient temperature regimes. When
applied to cloud radar reflectivity observed during the
mission periods, these temperature-dependent relationships led to an improved estimation accuracy of IWC,
as compared with the use of one relationship for all
temperatures.
The radar-inferred IWC was vertically integrated over
the depth of the radar-observed cirrus clouds for shortterm-averaging periods through the mission periods.
The resulting radar-derived cloud-top height (CTH) and
ice water path (IWP) were compared with the same
quantities retrieved from geostationary satellite imagery
by the GOES level-2B algorithm. For a 5-h period in
which cirrus of increasing thickness was over the radar
site, we found reasonable agreement (no more than
2000-m differences) between the radar- and satelliteretrieved CTHs. However, the retrieved IWP values
were smaller than the radar-derived values, especially
when the radar-observed cirrus thickness (and corresponding IWP) was greatest. We attributed this difference to the fact that thick cirrus tops are dominated by
smaller particle sizes, which with their greater collective
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FIG. 7. GOES-8 retrievals of (a) top height (m) and (c) ice water path (g m 22 ) compared with MM5 predictions of
(b) top height and (d) ice water path for 1915 UTC 22 Sep 1996. Note that the color scales of (c) and (d) are not the
same in order to highlight the difference in range between the GOES and MM5 ice water path values over the 10–30min interval comparison times.

surface area absorb radiation from the particles below
and emit to space at their own temperature. Thus, the
satellite only ‘‘sees’’ the relatively small depth of the
smaller particles on the cloud top. This shortcoming of

the satellite-based microphysical retrievals of ice clouds
at infrared wavelengths effectively limits the use of their
retrievals for quantitative evaluation of NWP model–
predicted IWP.
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FIG. 8. Same as in Fig. 7, but for 2345 UTC 22 Sep 1996. Color scales for (c) and (d) are the same as their
counterparts in Fig. 7 but are not the same as each other.

A sequence of GOES-8 ice CTH retrievals were compared with MM5-predicted ice cloud tops for a mesoscale area centered on Florida for 22 September 1996.
The areal extent of the predicted cirrus was somewhat
greater than the satellite depictions throughout the sequence. The range of cloud-top altitudes were similar.

Because of the reasonable level of reliability of satelliteretrieved CTH, as validated against cloud radar, we conclude that such depictions are a useful tool for evaluation
the distribution of cirrus, as predicted by a mesoscale
NWP model.
A different story emerged from the comparisons of
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IWP. We found that MM5 is capable of producing significantly large (.1 kg m 22 ) values of IWP, unlike the
satellite retrievals. The maximum value of MM5-predicted IWP was almost one order of magnitude greater
than the maximum satellite-retrieved value. The thickness of cirrus is a limiting factor for the passively remote-sensed IWP. Under this constraint, satellite-retrieved IWP does not appear to be a reliable tool for
evaluation of predicted IWP.
The conclusions of this study must be tempered by
the fact that they are based on a very limited case study.
However, we have demonstrated the feasibility of using
a collection of different sources of cirrus cloud information to evaluate analyzed and predicted cirrus cloud
products. Future work will involve applying these techniques to extensive time series of cloud radar and geostationary imagery, with infrequent calibration of radar
measurements with particle probe observations, as
available. In addition, we will seek to improve the quality of satellite-based cirrus property retrievals. Ultimately, a satelliteborne cloud radar may improve upon
our ability to obtain reliable mesoscale-area retrievals
of cirrus properties, which may be of significant value
in developing and validating improved cirrus prediction
models.
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