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ABSTRACT

Submillimeter-wave radiometry is a new technique for determining ice water path (IWP) and particle size
in upper-tropospheric ice clouds. The first brightness temperatures images of ice clouds above 340 GHz
were measured by the Compact Scanning Submillimeter Imaging Radiometer (CoSSIR) during the Cirrus
Regional Study of Tropical Anvils and Cirrus Layers (CRYSTAL) Florida Area Cirrus Experiment
(FACE) campaign in July 2002. CoSSIR operated with 12 channels from receivers at 183, 220, 380, 487, and
640 GHz. CoSSIR and the nadir-viewing 94-GHz Cloud Radar System (CRS) flew on the NASA ER-2
airplane based out of Key West, Florida. A qualitative comparison of the CoSSIR brightness temperatures
demonstrates that the submillimeter-wave frequencies are more sensitive to anvil ice cloud particles than
are the lower frequencies. A Bayesian algorithm, with a priori microphysical information from in situ cloud
probes, is used to retrieve the IWP and median mass equivalent sphere particle diameter (D,,,.). Microwave
scattering properties of random aggregates of plates and aggregates of frozen droplets are computed with
the discrete dipole approximation (DDA) and an effective medium approximation tuned to DDA results.
As a test of the retrievals, the vertically integrated 94-GHz radar backscattering is also retrieved from the
CoSSIR data and compared with that measured by the CRS. The integrated backscattering typically agrees
within 1-2 dB for IWP from 1000 to 10 000 g m 2, and while the disagreement increases for smaller IWP,
it is typically within the Bayesian error bars. Retrievals made with only the three 183- and one 220-GHz
channel are generally as good or better than those including 380 6.2 and 640 GHz, because the CoSSIR
submillimeter-wave channels were much noisier than expected. An algorithm to retrieve profiles of ice
water content and D,,,. from CRS and CoSSIR data was developed. This Bayesian algorithm also retrieves
the coefficients of an IWC-radar reflectivity power-law relation and could be used to evaluate radar-only

ice cloud retrieval algorithms.

1. Introduction

There are no methods for the accurate global remote
sensing of ice cloud mass for climate studies (Wielicki
et al. 1995). Global measurements of vertically inte-
grated cloud ice mass [ice water path (IWP)] are im-
portant for evaluating climate model parameterizations
and studying the upper-tropospheric water budget. Vis-
ible and infrared satellite remote sensing techniques for
ice clouds (e.g., Rossow and Schiffer 1999; Stubenrauch
et al. 1999) have poor accuracy for high IWP clouds,
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which contain much of the total cloud ice mass. Ther-
mal infrared methods saturate with moderate optical
depths and can only determine particle size (and,
hence, IWP) for an effective radius below about 50 m.
Solar reflection methods cannot distinguish ice from
underlying water cloud optical depth, cannot measure
thinner clouds over bright surfaces, and can only re-
trieve particle sizes near the cloud top for optically
thicker clouds, resulting in biased IWP retrievals. Mil-
limeter-wave radar backscattering from CloudSat
(Stephens et al. 2002), when combined with visible re-
flectance measurements, will improve the IWP retrieval
accuracy; however, the radar’s nadir view provides cov-
erage that is too sparse to obtain a global climatology of
the cloud ice mass with regional-scale resolution.
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TABLE 1. CoSSIR channel characteristics.

Channel Center frequency Bandwidth System temperature NE T* (calculated) NE T** (measured)
(GHz2) (GHz) (GHz2) (K) (K) (K)
183.3 1.0 1.0 0.5 2500 0.55 0.90
1833 3.0 3.0 1.0 1390 0.23 0.61
183.3 6.6 6.6 15 1050 0.15 0.75
220 25 3.0 1760 0.16 0.84
380.2 0.8 0.75 0.7 3460 0.63 NA
380.2 1.8 1.80 1.0 8440 1.23 4.01
380.2 3.3 3.35 1.7 4820 0.55 4.25
380.2 6.2 6.20 3.6 6670 0.52 4.99
48725 0.8 0.68 0.35 4650 1.17 2.57
48725 1.2 1.19 0.48 3890 0.85 1.66
487.25 3.3 3.04 2.93 4600 0.40 2.05
640 2.5 3.0 16 000 1.33 4.90

* Calculated values based on the receiver system temperature measured in the laboratory and 50-ms integration time.
** Measured from the calibration target data on the 1 Jul flight with the same integration time.

Theoretical studies (Gasiewski 1992; Evans and
Stephens 1995b; Evans et al. 1998) have suggested that
millimeter-wave and submillimeter-wave radiometry
have the potential for accurate retrievals of cloud IWP
and characteristic ice particle size. The technology of
submillimeter-wave radiometry has lagged the theory,
and only recently have the first submillimeter measure-
ments of ice clouds been made from aircraft. The Far
Infrared Sensor for Cirrus (FIRSC), which is a Fourier
transform spectrometer with a cryogenic bolometer de-
tector (Vanek et al. 2001), made measurements from
300 to above 1000 GHz during several campaigns. The
sensitivity of FIRSC’s bolometric detector precludes
cross-track scanning, and the brightness temperature
noise is high below about 800 GHz. The submillimeter-
wave cloud —ice radiometer, developed at the Jet Pro-
pulsion Laboratory (Evans et al. 2002), has heterodyne
receivers at 183, 325, 448, and 643 GHz, but has not yet
been flown. The millimeter-wave imaging radiometer
(MIR; Racette et al. 1996) had receivers at 89, 150, 183,
and 220 GHz. Several groups have developed cloud
IWP retrieval algorithms for MIR data at 89, 150, and
220 GHz (Liu and Curry 2000; Deeter and Evans 2000;
Weng and Grody 2000). A 340-GHz channel was later
added to MIR, and significant brightness temperature
depressions were observed from Arctic cirrus (Wang et
al. 2001).

The Compact Scanning Submillimeter Imaging Ra-
diometer (CoSSIR) is a new instrument with 15 chan-
nels from 183 to 640 GHz. CoSSIR flew for the first
time on the National Aeronautics and Space Adminis-
tration (NASA) ER-2 aircraft during the Cirrus Re-
gional Study of Tropical Anvils and Cirrus Layers
(CRYSTAL) Florida Area Cirrus Experiment (FACE)
deployment out of Key West, Florida, in July 2002. One
of the objectives of CRYSTAL FACE was the im-
provement and validation of remote sensing methods
for near-tropical convective anvil ice clouds. The 94-
GHz nadir-viewing Cloud Radar System (CRS) flew
with CoSSIR on the ER-2. In this paper we describe

CoSSIR and show examples of millimeter-wave and
submillimeter-wave brightness temperature depres-
sions that are associated with convective anvils in the
south Florida region. We describe the retrieval of the
ice water path and median volume equivalent sphere
diameter (D,,.), using a Bayesian algorithm with up-
dated prior information on ice cloud microphysics. The
appendixes describe the in situ ice particle size distri-
bution analysis and the particle shape modeling that are
used in the prior distribution for the retrieval. Retriev-
als from CoSSIR of integrated radar reflectivity are
compared with CRS data to evaluate the CoSSIR re-
trievals. Last, a new algorithm is presented to retrieve
profiles of ice water content (IWC) and D, from the
combination of CoSSIR and CRS data.

2. Data

During the month of July 2002, a major field cam-
paign—CRYSTAL FACE—was conducted by NASA
over the region surrounding Florida. Six aircraft,
equipped with a variety of remote sensing instruments
and in situ probes, participated in this campaign; all of
these aircraft were stationed in Key West. The NASA
ER-2 aircraft was one of the six and was equipped with
a suite of highly sophisticated remote sensors, including
the CoSSIR and the 94-GHz CRS (Li et al. 2004) that
measures radar reflectivity profiles of cloud particles.

The CoSSIR is a new, total-power radiometer that
has a total of six receivers and 15 channels. Twelve
channels are horizontally polarized at the frequencies

of 183.3 1.0,183.3 3.0,183.3 6.6,220 2.5,380.2
0.8,380.2 1.8,380.2 3.3,380.2 6.2, 487.25
0.8,487.25 1.2,487.25 3.3,and640 2.5 GHz, and

3 channels are vertically polarized at 487.25 0.8,
487.25 1.2, and 487.25 3.3 GHz (see Table 1). All
six heterodyne receivers use highly integrated subhar-
monically pumped Schottky barrier mixers. The local
oscillators use thermally stabilized Gunn diode oscilla-
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tors followed by varactor-diode multiplier chains (ex-
cept for the 183 receiver, which just uses a Gunn diode
oscillator). Images are generated by rotating the re-
ceiver scanhead assembly on dual-axes gimbals, which
can be programmed to perform across-track scans as
well as conical scans at a fixed incidence angle. During
CRYSTAL FACE the receiver was programmed in an
across-track scan mode so that coincident measure-
ments with the CRS and Moderate Resolution Imaging
Spectroradiometer (MODIS) airborne simulator could
be made. The 3-dB beamwidth is about 4° and is fre-
guency independent; at the ER-2 aircraft cruising alti-
tude of about 20 km, the footprint at a typical ice cloud
altitude of 10 km is 600 m. The scan cycle of CoSSIR is
4.6 s. During each scan cycle the antennas view an ef-
fective angular swath of 50° (from nadir) for 2.6 s, as
well as hot (maintained at about 328 K) and cold (at an
ambient temperature of about 255 K) calibration tar-
gets for 0.5 s each. These calibration targets are closely
coupled to the antennas, and their temperatures are
each measured by eight resistive temperature sensors to
within 0.1 K. The calibration accuracy of the CoSSIR-
measured scene brightness temperatures T, is esti-
mated to be within 2 K in the T, range of 100-300 K.

Table 1 gives a comparison of the calculated and
measured noise equivalent temperature difference
(NE T) for all of the working channels; the 380.2 0.8
GHz channel and the 487-GHz horizontal polarization
receiver did not function during the entire deployment.
Clearly the measured values of NE T are 2-10 times
the calculated values. The excess noise is attributed to
inadequate grounding and the analog-to-digital conver-
sion. A modification to the signal conditioning and
grounding is required to eliminate this excess noise
source and improve the sensor performance. In addi-
tion, the local oscillator for the 380-GHz receiver ex-
hibited instability, which prevented those channels
from being used for sounding.

Table 2 lists a summary of the CoSSIR flights for this
deployment. There were a total of 11 science flights in
Florida and two transit flights between NASA Dryden
Flight Research Center at Edwards Air Base, Califor-
nia, and Key West in July 2002. CoSSIR experienced a
motion control problem for six science flights from 9
through 23 July, which was resolved by adjusting the
gain of the motion control feedback. Toward the end of
the 10th science flight on 28 July, the pilot inadvertently
turned off the power to CoSSIR before descent and the
whole system was cold soaked after landing. Only the
four lowest frequency channels (183.3 and 220 GHz)
and the 640-GHz channel remained operational after
this incident. The calibrated CoSSIR datasets along na-
dir were placed in the CRYSTAL FACE archive (avail-
able online at http://espoarchive.nasa.gov/). The imag-
ery datasets are deemed to be too large for archiving;
they will be made available by contacting one of the
authors (e.g., james.r.wang@nasa.gov).

The CRS is a new instrument operating at a 94-GHz
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TaBLE 2. Summary of CoSSIR science flights during CRYSTAL
FACE (2002).

Flight  Date Status Receivers working
Transit 1 Jul Successful 183.3, 220, 380, 487, and 640 GHz
1 3 Jul  Successful 183.3, 220, 380, and 640 GHz
2 7 Jul  Successful 183.3, 220, 380, and 640 GHz
3 9 Jul Failed
4 11 Jul  Failed
5 13 Jul Failed
6 16 Jul  Failed
7 19 Jul Failed
8 23 Jul Failed
9 26 Jul  Successful 183.3, 220, 380, and 640 GHz
10 28 Jul  Successful 183.3, 220, 380, and 640 GHz
11 29 Jul Successful 183.3, 220, and 640 GHz
Transit 30 Jul Successful 183.3, 220, and 640 GHz

frequency that was built and first flown in CRYSTAL
FACE. It is a Doppler, polarimetric radar developed
for autonomous operation on the ER-2 aircraft and
ground operation (Li et al. 2004). Its antenna beam-
width and gain are 0.6°  0.8° and 46.4 dB, respectively.
It has a noise figure of 10.0 dB, and its receiver band-
width can be varied between 1, 2, and 4 MHz. The
system transmits power in either vertical (V) or hori-
zontal (H) polarization and receives backscatter power
in both V and H polarization at the nadir direction. The
dataset that is used here has a measured sensitivity of

29 dBZe at a 10-km range, 150-m range resolution,
and 1-s averaging. The calibration of the CRS was con-
ducted by two different methods. The first one was an
intercomparison of the concurrent ground-based mea-
surements for similar cloud volumes between the CRS
and the ground-based 95-GHz Cloud Profiling Radar
System (CPRS) that is owned by the University of Mas-
sachusetts (Sekelsky and MclIntosh 1996) and has been
well maintained and calibrated over the past decade.
This comparison demonstrated consistency between
the two instruments to better than 1 dB (Li et al. 2004).
The second method was to use the ocean surface (Dur-
den et al. 1994) by estimating the scattering cross sec-
tion of the surface return  at a low incidence angle
with a quasi-specular scattering theory (Valenzuela
1978). The ER-2 aircraft dropsondes provided tem-
perature, pressure, relative humidity, and near-surface
wind conditions that were required to take into account
the effect of atmospheric absorption by water vapor
and oxygen, as well as the calculations of . The analy-
sis showed that the calculated  agreed with the other
CRS calibration results. The details of the system de-
scriptions, sensitivity, and calibration can be found in Li
et al. (2004). The CRS successfully collected scientific
data from all of the flights listed in Table 2.

Figures 1, 2, and 3 provide a glimpse of the data
acquired by the CoSSIR and CRS during CRYSTAL
FACE. Figure 1 shows an example of the pseudocolor
image of brightness temperatures for several selected
CoSSIR channels from a segment of a transit flight
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CosSIR Imagery
CRYSTAL-FACE Campaign — 07/01/2002
19:48:10—->20:43:10 UTC
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FiG. 1. Example brightness temperature images from 10 of CoSSIR’s channels.
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