MARCH 1996

COBER ET AL.

Comparisons of SSM/I Liquid Water Paths with Aircraft Measurements

STEWART G. COBER, ANDRE TREMBLAY, AND GEORGE A. IsAAC
Cloud Physics Research Division, Atmospheric Environment Service, Downsview, Ontario, Canada

(Manuscript received 28 February 1995, in final form 3 August 1995)

ABSTRACT

Comparisons have been made between in situ aircraft measurements of integrated liquid water and retrievals
of integrated liquid water path (LWP) from algorithms using SSM/I brightness temperatures. The aircraft
measurements were made over the North Atlantic Ocean during the winter of 1992. Six case studies are presented
from which trends in the LWP algorithms are discussed. SSM/! liquid water path validation has previously only
been performed through comparisons with measurements from upward-looking radiometers or with calculations
from radiative transfer models. The case studies presented here reflect an alternative technique for validation.

Aircraft-derived liquid water paths ranged from 0.01 to 0.09 kg m™? for the six cases presented. The SSM/I
algorithms investigated predicted LWP to within +0.02-0.03 kg m™2, provided one accounted for systematic
biases in the retrievals. These biases were systematic in the range +0.06 kg m™? and were presumably caused
by latitudinal and seasonal influences inherent in the algorithms. Algorithms based on radiative transfer models
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appeared to perform better than the statistically based algorithms.

1. Introduction

Considerable current research has focused on the
usefulness of satellite-based microwave measurements
in determining geophysical fields, especially over the
oceans where ground-based measurements are scarce.
In particular, the Defense Meteorological Satellite Pro-
gram Special Sensor Microwave/Imager (DMSP
SSM/I) (Hollinger et al. 1990) has been used to de-
termine sea surface winds (Goodberlet et al. 1989,
1990), total precipitable water ( Alishouse et al. 1990a;
Petty 1990; Greenwald et al. 1993), and integrated
cloud liquid water path (Alishouse et al. 1990b; Petty
1990; Liu and Curry 1993; Greenwald et al. 1993).
These algorithms all rely on brightness temperatures
from some or all of the SSM/I 19-, 22-, 37-, and 85-
GHz channels. Although algorithms for sea surface
winds can be calibrated by use of buoys, and total pre-
cipitable water can be calibrated by use of upsondes,
the calibration of integrated cloud liquid water path
(LWP) has been hampered by a lack of in situ data and
has relied on correlations with either ground-based mi-
crowave radiometers or output from radiative transfer
models.

Intercomparisons between LWP algorithms have
shown significant differences (Liu and Curry 1993;
Greenwald et al. 1993; Prigent et al. 1994). Disagree-
ments have been attributed to simplistic natures of the
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radiative transfer models, the lack of in situ data for
determining parameterizations, biases in the parame-
terizations caused by seasonal or latitudinal influences,
errors associated with failure to uncouple total precip-
itable water from integrated cloud liquid water, and
poor knowledge of cloud temperature. Each study has
pointed to the lack of in situ measurements as a limi-
tation in the verification of the algorithms. Although
measurements from research aircraft that are simulta-
neous with a satellite overpass are quite scarce (Petty
and Katsaros 1992), they might provide a valuable val-
idation technique for the LWP retrieval algorithms.
The Second Canadian Atlantic Storms Program
(CASP II) was conducted by the Atmospheric Envi-
ronment Service and Institute of Aerospace Research
of Canada. It was based out of St. John’s, Newfound-
land, and was conducted between 15 January 1992 and
15 March 1992. Although the primary objective of the
project was to investigate the mesoscale structure of
East Coast winter storms (Stewart 1991), there was an
aircraft-icing research component (Cober et al. 1995;
Patnoe et al. 1993), part of which was designed to ex-
amine the usefulness of satellite-based microwave mea-
surements in determining regions of potentially dan-
gerous aircraft icing over the ocean. Curry and Liu
(1992) and Lee et al. (1994) have suggested the use
of satellite data for this purpose. Several CASP Il
flights were conducted under F-10 and F-11 SSM/I
satellite overpasses to perform an intercomparison be-
tween LWP measured from the aircraft and LWP in-
ferred from several algorithms. Comparisons between
aircraft and satellite data for six CASP II flights are
reported here. Although the results do not allow for a
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TaBLE 1. Summary of the SSM/I geophysical algorithms used in the analysis. Colurn | includes an abbreviated name for each algorithm.
The channels required for each algorithm, as well as other specific input parameters, are listed. Here 7. is the cloud-top or mean cloud
temperature, 7, the surface temperature, and T, the mean atmospheric temperature.

SSM/ algerithm 19H 19v 22V

37TH 37v 85H 85V Other input

SWS Goodberlet

Goodberlet et al. (1989) X X
SWS modified Petty

Colton and Poe (1994) X X

TPW Petty

Petty (1990) X X X
TPW modified Petty

Colton and Poe (1994) X X
TPW Alishouse

Alishouse et al. (1990a) X X
TPW Greenwald

Greenwald et al. (1994) X X

LWP Petty

Petty (1990)

LWP modified Petty

Colton and Poe (1994)

LWP Alishouse 6

Hollinger (1991) X X X
LWP Alishouse 4h

Alishouse et al. (1990b) X X
LWP Alishouse 41

Hollinger (1991) X X
LWP Alishouse 1

Hollinger (1991)

LWP Liu and Curry 37H

Liu and Curry (1993)

LWP Liu and Curry 37V

Liu and Curry (1993)

LWP Greenwald

Greenwald et al. (1993) X X

TPW

X nonlinear 22V

T, T, SWS, LWP

SWS, TPW

T, SWS, TPW

X T.T.7,
X T.T,T,

T, T,, SWS, TPW

detailed statistical analysis and are biased in terms of
representing limited latitude and seasonal variations,
they do provide insight into the accuracy of several
SSM/I algorithms under different meteorological sit-
vations.

2. SSM/I retrieval algorithms

Summaries of geophysical field retrievals, as in-
ferred from satellite microwave measurements, have
been given by Greenwald et al. (1993) and Liu and
Curry (1993). Summaries of SSM/I retrieval algo-
rithms have been given by Hollinger (1991) and Col-
ton and Poe (1994). The LWP algorithms from Alis-
house et al. (1990b), Petty (1990), Liu and Curry
(1993), and Greenwald et al. (1993) were chosen for
comparison with the aircraft data, and a brief overview
of each is discussed below. Because surface wind speed
(SWS) and total precipitable water (TPW) algorithms
are often coupled with LWP algorithms, these retrieval
algorithms were also included in the comparisons. A
summary of the SSM/I channels required for each al-
gorithm is given in Table 1. SSM/I channels are re-
ferred to as 19H, 19V, 22V, 37H, 37V, 85H, and 85V,

where the numbers represent the channel frequencies
in gigahertz and H and V refer to horizontal or vertical
polarizations, respectively. SSM/I retrievals presented
here were derived from quality-controlled antenna
brightness temperatures purchased from Remote Sens-
ing Systems, Inc. i

Alishouse et al. (1990b) presented a global algo-
rithm where ground-based microwave radiometer mea-
surements from San Nicolas Island and Kwajalein Is-
land were compared with linear fits of the SSM/I
brightness temperatures from four channels (Table 1).
The best fit was based on only 20 data points and was
not considered verified for LWPs close to zero. This
algorithm has been criticized by Liu and Curry (1993)
as saturating for LWPs larger than 1 kg m™> and as
possibly not being representative for latitudes and sea-
sons outside those from where the ground validation
measurements were taken. Greenwald et al. (1993)
have shown that the algorithm tends to underestimate
LWP by up to a factor of 2, presumably because it
failed to uncouple TPW (mainly water vapor) from
LWP (cloud water). This limitation has also been
noted by Petty (1990), who stated that the LWP cal-
culations of Alishouse et al. (1990b) were highly cor-
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related with TPW. Prigent et al. (1994 ) have criticized
the algorithm as not being statistically different from
zero. However, their reasoning was incorrect because
they assumed that the algorithm had an accuracy of 0.4
kg m~2, which was larger than the value of most of the
20 data points used in the original fit. In fact, Alishouse
et al. (1990b) stated that the accuracy was less than
0.04 kg m™? and that the algorithm was expected to be
most accurate for LWP around 0.14 kg m™2. Regard-
less of the criticisms, the Alishouse et al. (1990b) al-
gorithm is the only one that has been validated by direct
1:1 comparisons with ground-based LWP measure-
ments. Four separate LWP algorithms, hereafter re-
ferred to as the Alishouse 6, 4h, 41, and 1 channel al-
gorithms, which use 6, 4, and 1 SSM/I channels, re-
spectively (Table 1), have been detailed in Hollinger
(1991). The 4h algorithm uses 85-GHz data, while the
41 algorithm does not. An algorithm for TPW was given
by Alishouse et al. (1990a) and will be referred to as
the Alishouse TPW algorithm.

Petty (1990) developed a set of equations for the de-
termination of SWS, TPW, and LWP based on SSM/I
brightness temperatures. He used the statistical SWS
algorithm of Goodberlet et al. (1989) and smoothed
the wind field by averaging over a 3 X 3 pixel area.
Petty developed two LWP algorithms that used the 37-
and 85-GHz data, respectively, and showed that the
minimum rms error for zero LWP (clear sky) cases was
about 0.025 kg m~2. Liu and Curry (1993) found that
the Petty algorithms tended to work poorly in the Trop-
ics but agreed with their own in other areas for non-
precipitating clouds. Greenwald et al. (1993) found
that the 37-GHz Petty algorithm compared well with
their own, although it tended to show larger disagree-
ment at small LWP values (<0.1 kg m™?). The 37-
GHz algorithm is used in the comparisons described
here and will be referred to as the Petty algorithm. Sim-
ilarly, the SWS algorithm of Goodberlet et al. (1989)
will be referred to as the Goodberlet algorithm. Mod-
ified algorithms for SWS, TPW, and LWP have been
reported by Petty in the 1993 DMSP SSM/I Algorithm
Symposium (Colton and Poe 1994). These algorithms
were believed to be less susceptible to correlations be-
tween LWP and TPW and will be referred to here as
the modified Petty algorithms. Another difference in
the modified LWP algorithm was the inclusion of the
cloud temperature in the calculation of LWP.

Liu and Curry (1993) developed a LWP algorithm
based on a 32-stream plane-parallel radiative transfer
model with both ice and water phases and precipi-
tating and nonprecipitating clouds. They indirectly
verified their algorithm by showing that the average
LWP for clear skies was effectively zero, although
they did not discuss the standard error around zero
for clear-sky cases. The algorithm was examined for
regions in the tropical Pacific Ocean, North Atlantic
Ocean, and western Pacific Ocean. Comparisons of
their algorithm were made with those of Petty
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(1990), Alishouse et al. (1990b), and Greenwald et
al. (1993), and they concluded that it seemed to work
well in clear-sky cases, cases with liquid and mixed-
phase clouds, and cases with precipitating clouds. Al-
though their algorithm could be used to determine
LWP using any one of the 19- or 37-GHz vertically
or horizontally polarized channels, they preferred the
37H channel for determining LWP from nonprecip-
itating clouds.

Greenwald et al. (1993) developed a plane-paral-
lel radiative transfer model that allowed LWP and
TPW to be inferred from the 19- and 37-GHz chan-
nels of the SSM/I. Their model was based on a non-
precipitating single cloud layer. They validated their
algorithm by performing an extensive comparison
with ground-based microwave radiometer measure-
ments from locations in the North Sea, western Pa-
cific, and off the California coast and showed that the
minimum rms error for clear-sky cases was 0.016
kg m~>. They concluded that reasonably accurate
measurements of LWP could be derived from
SSM/I observations of nonprecipitating cloud sys-
tems, particularly in areas of persistent stratocumulus
clouds. They also applied their algorithm to deter-
mine the average cloud liquid water path over the
oceans. This algorithm was criticized by Liu and
Curry as not being applicable to precipitating clouds
or systems in which more than one layer existed. Liu
and Curry (1993) found that the Greenwald et al.
(1993) algorithm gave results close to their own,
provided that a realistic cloud temperature was used.
This algorithm will be referred to as the Greenwald
algorithm.

3. Aircraft and instrumentation

The primary research aircraft used during CASP II
was a Convair-580, which was fully instrumented for
cloud microphysics measurements. Table 2 summa-~
rizes the onboard instrumentation applicable to this in-
vestigation. A summary of the calibrations, errors, and
limitations of these instruments is detailed in Cober et
al. (1995), although a brief summary will be discussed
below.

Liquid water content (LWC) was measured by two
Particle Measuring Systems (PMS) King probes to
within +15%, while temperature was measured to
within 1°C by two Rosemount temperature probes and
a reverse flow temperature probe. Dewpoint was mea-
sured by a Cambridge dewpoint hydrometer to +1°C.
Latitude and longitude were measured with GPS, INS,
and Loran navigation systems and were considered ac-
curate to within 5 km. The instruments used during the
project were well calibrated, with extensive quality
control analysis performed on the data (Cober et al.
1995).

Ice crystals were measured with three Particle Mea-
suring Systems 2D probes (Table 2). Ice crystal con-
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TABLE 2. Summary of instruments mounted on the Convair-580
during CASP 1I that were applicable to this investigation. PMS
indicates instruments made by Particle Measuring Systems.

Instrument Notes

PMS King probe
PMS King probe

Short-wire version
Long-wire version
Range selections to

PMS FSSP 100X extended range 5-95 um
PMS 2DC mono 25-800 um
PMS 2DC gray 25-1600 pm
PMS 2DP mono 200-6400 um

Pitot static pressure tubes
Rosemount 858 gust probe
Cambridge dewpoint hygrometer
Rosemount temperature sensor
Reverse flow temperature sensor
GPS, INS, Loran navigation systems
Lightweight Loran Digital
Dropsonde system

two Sensors

two sensors

centrations reported in this paper refer to combinations
of measurements from all three probes and reflect con-
centrations for ice crystals between 0.1 and 6.4 mm in
size. Crystals smaller than 100 ym are not included in
the concentrations because of large depth of field errors
in the first two to four channels of the three 2D probes.
The aircraft-based LWC and LWP measurements re-
ported here do not include contributions from ice par-
ticles.

On some flights a Lightweight Loran Digital Drop-
sonde (L2D2) system developed by NCAR was em-
ployed to provide additional information about the at-
mosphere below the aircraft. These soundings were
useful for verifying cloud top altitude, cloud tempera-
ture, and surface wind speeds. Dropsonde measure-
ments had the following accuracy and ranges: pressure
#+0.2 kPa between 20 and 105 kPa; temperature +0.5°C
between —55° and 40°C; humidity +5%—13% between
5% and 100%, depending on temperature; and wind
speed =1 ms~'. Dropsondes also provided useful
measurements of the TPW below the aircraft.

4. Comparison methodology

The majority of the LWP retrieval algorithms rely
mainly on measurements from the SSM/I 37-GHz
channel. This channel has a pixel size of approximately
28 km X 37 km, with satellite retrievals of LWP rep-
resenting an average over a volume. Assuming a single-
layer cloud with a thickness of 1 km, a satellite-derived
LWP from a single pixel would represent 700 km® of
cloud. Conversely, aircraft measurements were 1-s av-
erages, representing 100-m segments through a cloud.
A 5-min average would represent 30 km, which is sim-
ilar to the length of the 37-GHz SSM/I pixel. Conse-
quently, aircraft measurements of LWC taken during
-several 5-min passes, each at a different altitude in the
same cloud, would allow characterization of the cloud
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LWC along a horizontal —vertical plane on the scale of
an SSM/T pixel. Assuming the cloud was relatively ho-
mogeneous over a 30 km X 30 km area, the LWC pro-
file measured by the aircraft along the horizontal —ver-
tical plane should be representative of the cloud volume
through which the horizontal —vertical plane intersects.
This was the methodology behind the comparison be-
tween the aircraft and satellite measurements.

The aircraft measurements were generally along a
straight flight track between 50 and 200 km in length.
These gave good horizontal characterizations of the
cloud on the scale of several SSM/I pixels. Multiple
passes at different altitudes and vertical profiles were
performed to ensure sufficient vertical characterization
of the clouds. Data over a 25-km flight segment was
rarely sufficient to characterize the cloud and allow a
direct comparison between aircraft and satellite mea-
surements for a single and coincident SSM/I pixel. For
example, a 25-km flight segment might have only had
aircraft data across two altitudes and no vertical pro-
files, while a 100-km segment may have had data at
four altitudes and two full vertical profiles. This would
allow more confidence in the 100-km characterization
than in the 25-km characterization, although it would
require that the assumption of homogeneous clouds be
valid over a correspondingly larger region. Obviously,
the LWP derived from satellite measurements would
need to be averaged over all pixels that the aircraft
crossed in the 100-km flight track. This actually eases
the aircraft—satellite comparison because it reduces the
problem of determining aircraft satellite spacial coin-
cidence on 25-km scales, which can be difficult given
the errors in aircraft navigation and satellite geoloca-
tion. Averages of SSM/I data over several pixels also
reduce the errors caused by radiometer noise.

The most important assumption with this technique
is that the clouds are relatively homogeneous over the
area being averaged. The variability of the aircraft and
SSM/I measurements are potential indicators of the va-
lidity of this assumption. Homogeneous clouds in the
unmeasured plane were assumed if satellite photo-
graphs showed wide regions of stratus clouds that ap-
peared unchanged over several hours.

For each flight, all 1-s LWC measurements were av-
eraged into altitude bins of 100 m. The LWP was cal-
culated by integrating the average LWCs over all alti-
tude bins from cloud base to cloud top. Errors in air-
craft-derived LWP were based on integrating the LWC
variability (standard deviation) over all altitude bins.
There was no difference in the LWP calculations using
altitude bins of 10 or 400 m. The standard deviation of
LWC for a single-altitude bin was a measure of the
horizontal variability of the cloud at that altitude. The
errors listed for LWP measurements derived from
SSM/I data are the standard deviations of average val-
ues taken over several pixels and physically represent
the horizontal variability of the SSM/I measurements.
Such errors were sometimes smaller than the estimated









