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ABSTRACT

Radiometric measurements were made by a millimeter-wave imaging radiometer (MIR) at the frequencies of
89, 150, 183.3 + 1, 183.3 + 3, 183.3 = 7, and 220 GHz aboard the NASA ER-2 aircraft at an altitude of about
20 km over two rainstorms: one in the western Pacific Ocean on 19 January 1993 and another in southern
Florida on 5 October 1993. These measurements were complemented by nearly simultaneous observations by
other sensors aboard the same aircraft and another aircraft flying along the same path. Analysis of data from
these measurements, aided by radiative transfer and radar reflectivity calculations of hydrometeor profiles, which
are generated by a general cloud ensemble model, demonstrates the utility of these frequencies for studying the
structure of frozen hydrometeors associated with storms. Particular emphasis is placed on the three water vapor
channels near 183.3 GHz. Results show that the radiometric signatures measured by these channels over the
storm-associated scattering media bear a certain resemblance to those previously observed over aclear and fairly
dry atmosphere with a cold ocean background. Both of these atmospheric conditions are characterized by a
small amount of water vapor above a cold background. Radiative transfer calculations were made at these water
vapor channels for a number of relative humidity profiles characterizing dry atmospheres over an ocean surface.
The results are compared with the measurements to infer some characteristics of the environment near the
scattering media. Furthermore, radiometric signatures from these channels display unique features for towering
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deep convective cells that could be used to identify the presence of such cells in storms.

1. Introduction

Microwave radiometric measurements of precipita-
tion have been conducted from both aircraft and satellite
platforms for nearly two decades (Wilheit et a. 1977,
1982; Rodgerset al. 1979; Prabhakaraet al. 1986; Spen-
cer 1986; Spencer et al. 1989; Adler et al. 1990; Wein-
man and Guetter 1977; Chang et al. 1993; Vivekanandan
et al. 1993). Radiative transfer calculations based on
simple hydrometeor profiles or more sophisticated pro-
files derived from general cloud ensemble models have
been made to interpret the observed radiometric sig-
natures (Wilheit et al. 1977, 1991; Smith and Mugnai
1988; Yeh et al. 1990). Furthermore, from the activities
associated with the Tropical Rainfall Measuring Mission
(TRMM) program (Simpson et al. 1988), a number of

Corresponding author address: Dr. James R. Wang, NASA/God-
dard Space Flight Center, Code 975, Greenbelt, MD 20771.
E-mail: wang@sensor.gsfc.nasa.gov

© 1997 American Meteorological Society

algorithms have been developed to retrieve the rain rate
from microwave radiometric measurements (Weinman
et al. 1990; Wilheit et al. 1991; Smith et a. 1992; Kum-
merow et al. 1989; Kummerow and Giglio 1994). Most
of these efforts emphasize using radiometric signatures
at frequencies below 90 GHz. The signatures of rain are
mainly caused by the emission of microwave radiation
by liquid hydrometeors that gives rise to warm radio-
metric brightness over a cold ocean background (Wilheit
et al. 1977). Moderate signatures caused by scattering
processes at 37 and 85 GHz are also used to estimate
rain rate over land surface (Spencer 1986; Spencer et
al. 1989; Adler et al. 1993; Negri et a. 1994).
Radiometric signatures of precipitating systemsat fre-
quencies of 90 GHz or greater have not been explored
as extensively; to the best of our knowledge, only afew
studies have been reported in the literature. Wilheit et
al. (1982), Hakkarinen and Adler (1988), and Adler et
al. (1990) have examined radiometric signatures at both
90- and 183-GHz frequencies from, respectively, Trop-
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ical Storm Cora and a deep convective storm on the
east coast of the United States. Wang et al. (1994) also
reported observations of these signatures from Super-
typhoon Flo near Okinawa, Japan. Prasad et al. (1995)
made radiative transfer calculations and compared the
results with aircraft observations at these frequencies.
Bauer and Grody (1995) combined the measurements
of the Special Sensor Microwave/lmager (SSM/I) and
the 91- and 183.3 = 7-GHz channels of the Special
Sensor Microwave Temperature Sounder-2 (SSM/T2)
aboard the Defense Meteorological Satellite Program
(DMSP) F-11 satellite to improve identification of
snowcover and precipitation. All of these studies have
contributed to our understanding of some unique fea-
tures associated with scattering of radiation near 90 and
183 GHz by frozen hydrometeors. However, the rich
information contained in these high-frequency obser-
vations over rainstorms remains to be explored fully.
This is especially true as the recently developed Mil-
limeter-wave Imaging Radiometer (MIR) provides not
only much better temperature sensitivity but two ad-
ditional channels of measurements at 150 and 220 GHz
(Racetteet al. 1996; Wang et al. 1995). A recent research
effort by Heymsfield et al. (1996) used the MIR mea-
surements at three window channels of 89, 150, and 220
GHz. They observed a correlation between the bright-
ness temperatures at these frequencies and the average
9.7-GHz EDOP radar (NASA ER-2 Doppler radar) re-
flectivity at 6-10-km altitudes over rain cells, whichwas
similar to the results reported by Wang et al. (1994).
The utility of measurements from the 183.3-GHz water
vapor channels has not been emphasized or explored by
these authors.

In this paper, we report observations by a host of
airborne microwave radiometers over two rainstorms,
one over the western Pacific Ocean near the equator and
another over southern Florida. Emphasis is placed on
measurements made by the MIR. In particular, the po-
tential of the water vapor channelsto infer the properties
of the frozen hydrometeors is examined in some detail.
The advantage of utilizing data from these water vapor
channels is illustrated by both radiative transfer calcu-
lations and measurements. The ER-2 aircraft flightsover
the region in southern Florida also include measure-
ments from EDOP that provide radar reflectivity profiles
in 2-sintervals. The relation between the measurements
of EDOP and MIR water vapor channels is explored
and discussed.

2. The measurements

Two cases of measurements were selected for this
study; both cases cover a brief period of observations
over a towering convective cell. The first case, on 19
January 1993, occurred during a period when NASA
deployed two research aircraft, DC-8 and ER-2, in the
western Pacific to make supporting measurements of
atmospheric and oceanic parameters during theintensive
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observation period of the Tropical Ocean Global At-
mosphere Coupled Ocean—Atmosphere Response Ex-
periment (TOGA COARE). Both aircraft were stationed
in Townsville, Australia. In addition to other instru-
mentation, there were several microwave radiometers
aboard these aircraft. On the DC-8 aircraft, there were
two radiometer systems: Airborne Multichannel Micro-
wave Radiometer (AMMR), an assembly of single-beam
radiometers at the frequencies of 10, 18.7, 22, 37, and
92 GHz; and Airborne Microwave Moisture Sounder
(AMMYS), afour-channel cross-track imager at the fre-
guencies of 92, 183.3 = 2, 183.3 = 5, and 183.3 = 9
GHz. A description of the operation and calibration of
AMMR and AMMS can be found in Wang et a. (1994)
and references therein. The temperature sensitivity for
each channel of AMMR, for an integration period of 1
s, is better than 1 K with calibration accuracy of about
+3 K. The sensitivity of the AMMS at an integration
period of 70 ms is about 4-5 K, with calibration ac-
curacy on the order of +2 K. These two instruments
have been flown either independently or together in var-
ious configurations and aircraft platforms for more than
a decade (Wilheit et al. 1982; Wang et al. 1983, 1994;
Kakar 1983; Lutz et al. 1991; Chang et a. 1993). Aboard
the ER-2 aircraft were two imaging radiometers. MIR,
atotal power radiometer that scans across track with an
angular swath of 100° centered at nadir (Racette et al.
1996), and Advanced Microwave Precipitation Radi-
ometer (AMPR), a cross-track scanner that measures
radiation at the frequencies of 10.7, 19.35, 37.1, and 85
GHz. A detailed description of the AMPR system can
befound in Spencer et a. (1994). MIR hassix frequency
channels at 89, 150, 183.3 + 1, 183.3 * 3, 183.3 = 7,
and 220 GHz. It has a temperature sensitivity of less
than or equal to 1 K based on a 70-ms integration time
and a measurement accuracy of =2 K or better. The
MODIS (Moderate Resolution Imaging Spectrometer)
Airborne Simulator (MAS) was also aboard the ER-2
aircraft; the data acquired by athermal infrared channel
(13 wm) of thisinstrument were included in the follow-
ing analysis. The ER-2 aircraft was flying at a nominal
altitude of 20 km, while the flight altitude of the DC-8
aircraft varied between 3 and 12 km according to spe-
cific requirements.

The flight on 19 January 1993 over a rainstorm in
the equatorial region of the western Pacific was coor-
dinated so that the ER-2 aircraft was flying ailmost di-
rectly above the DC-8 aircraft along the same path. The
speeds of the DC-8 and ER-2 aircraft are about 264 and
217 m s71, respectively. The flight segment from west
by northwest to east by southeast, as shown in Fig. 1,
indicates that the passage of the two aircraft over the
same locations differs by no more than 3-4 min. The
coincident flight paths allow a direct comparison of ra-
diometric signatures at comparable frequencies. Thefig-
ure also shows the distribution of the 5.996-GHz radar
reflectivity in gray scale at the height of 1 km obtained
by the NOAA P3 aircraft over the region during the
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Fic. 1. The flight paths of the NASA ER-2 and DC-8 aircraft on 19 January 1993
overlaying the LF composite reflectivity map generated by the NOAA P3 radar.

period of 0448-0502 UTC, in near concurrence with
the ER-2 and DC-8 aircraft flights. A few cells of strong
radar reflectivity were directly overflown by both NASA
aircraft. A dropsonde was released from the DC-8 air-
craft around 0450 UTC at the location 0.32°S, 155.29°E.
Rawinsonde observations at several locations near the
area of the aircraft flights were made around 0600 UTC.

The temperature and relative humidity profiles ob-
tained from both dropsonde and rawinsondes are plotted
in Fig. 2aand 2b, respectively. The profilesderived from
the rawinsondes are denoted by the dashed curves. They
are the averages of the profiles from two stations, R/V
Kexue (ship) at 3.95°S, 155.99°E, and Kapingamarangi
(island) at 1.07°S, 154.80°E; these are stations installed
specifically for TOGA COARE. The profiles derived
from the dropsonde are given by the dash—dotted curves;
the temperature profile from dropsonde at altitudes be-

low 10 km is nearly identical to the one derived from
the rawinsonde observations and is, therefore, not
shown. The solid curves give the averages of the 78
pairs of temperature and humidity profiles generated by
tropical cloud model, which are used asinput parameters
for radiative transfer calculations in the next section.
Over the atitude range of 0—18 km, the average model-
derived temperature profile is about 2-5 K higher than
that from observations. The relative humidity profile
from the dropsonde is quite comparable to the one gen-
erated by the tropical cloud model and assumes anearly
constant value of 85% from surface to 10-km altitude.
On the other hand, the average relative humidity profile
provided by the nearby rawinsonde stations gives a
much drier air at atitudes above 5 km.

In the second study case, only the NASA ER-2 air-
craft was involved and the measurements were made on
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FiG. 2. The temperature and relative humidity profiles observed by rawinsondes and dropsonde
near the region of aircraft flights on 19 January 1993. The solid curves are the average profiles

generated from the RAMS model.
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FiG. 3. A sketch showing the ER-2 flight path over southern Florida.
The tick marks give the beginning times of the five flight segments
over regions of precipitation.

5 October 1993 over both land and ocean surfaces in
southern Florida. The ER-2 aircraft was stationed at the
NASA Wallops Flight Facility in Wallops Island, Vir-
ginia, for the Convection and Atmospheric Moisture
Experiment (CAMEX). Aboard the aircraft were anum-
ber of instrument packages relevant to the present study
including the MIR, the EDOR, and the Multispectral
Atmospheric Mapping Sensor (MAMS). Figure 3 shows
the portion of the ER-2 aircraft flight path that includes
five segments, designated by FL2, FL3, FL4a, FL4b,
and FL5, over regions of precipitation. The timesin the
figure refer to the tick marks at the beginning of the
flight segments. The EDOP was operational only in the
first four segments; it was turned off after the completion
of the flight segment FL4b because of interference with
AMPR aboard the same aircraft. Both MIR and MAMS
functioned normally throughout the entire flight.

The rawinsonde launches at West Palm Beach and
Key West were made only at the regular times around
0000 and 1200 UTC, not close to the time of the aircraft
flight. The one acquired at 0000 UTC 6 October 1993
had missing data at high atitudes. Therefore, the more
complete temperature and relative humidity profiles
from the 1200 UTC observations on 5 October are
shown in Fig. 4. The temperature profiles from the two
stations represented by the solid curve are very close.
These temperature profiles are quite different from those
measured in the western Pacific shown in Fig. 2; at
altitudes below 12 km, the profiles from the western
Pacific give a higher temperature than those from south-
ern Florida, while at altitudes above 12 km the trend
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FiG. 4. Thetemperature and relative humidity profiles at West Palm Beach and Key West acquired
by rawinsondes at 1200 UTC 5 October 1993. The temperature profiles from both Key West and

West Palm Beach are almost identical.

reverses. The relative humidity profiles in plot (b) of
Fig. 4 show values greater than or equal to 30% at the
atitude range of 1520 km. There are no data in the
same altitude range from the rawinsondes shown in Fig.
2. If the relative humidity in that altitude range is not
significantly greater than 30% in the western Pacific,
then the upper atmosphere over southern Floridawould
hold more water vapor because of the higher temper-
atures. This appears to be the situation implied by the
observations of the MIR water vapor channels described
and discussed in the following sections.

3. Model simulation

To help gain a basic understanding of the radiometric
signatures at the MIR water vapor channels as well as
the radar reflectivities of EDOP, three-dimensional trop-
ical convective cell simulations were performed using
the University of Wisconsin version of the Regional
Atmospheric Modeling System (RAMS) (Tripoli 1992).
RAMS is a three-dimensional, time-dependent nonhy-
drostatic mesoscale cloud model incorporating explicit
microphysical processes. It is initialized with input of
the temperature and relative humidity profiles derived
from a tropical climatology model (McClatchey et al.
1972). The microphysical component of the RAMS
model isthe comprehensive phase bulk parameterization
described by Cotton et a. (1986). The RAMS model
generates ice liquid water, potential temperature, and
mixing ratios of water, rain, ice, snow, graupel, and hail.
Cloud water, water vapor, dry-air density, potential tem-

perature, and temperature are determined diagnostically
on the assumption of zero supersaturation with respect
to water and to the instantaneous growth and evapo-
ration of cloud drops in response to changes in super-
saturation (Tripoli 1992; Smith et al. 1992). A micro-
physical output from the model provides in detail the
liquid and ice water content information for cloud, rain,
ice, snow, graupel, and hail from surface to 18.5-km
atitude. A total of 78 simulated outputs of hydrometeor,
temperature, and relative humidity profiles (E. A. Smith
and X. Xiang 1994, personal communication) are gen-
erated for this study. The average values of these tem-
perature and relative humidity profiles are entered in
Fig. 2 for comparison with those from rawinsonde and
dropsonde observations.

A RAMS model-produced cross section of cloud,
rain, ice, snow, graupel, and hail is shown in Fig. 5.
This particular set is the most intense among the 78 sets
produced by the RAMS cloud model. The hail is not
present in this set. The most prominent feature is that
the graupels are updrafted and rimed together in the
atitude range of 4-14 km with a maximum ice water
content of 0.7 g m=2 in the altitude range of 6-9 km.
The snow particles are distributed in the same altitude
range with a maximum ice water content of 0.15 g m-3.
Therain profile in the 1.5-5.5-km altitude rangeis quite
moderate, peaking at about 4-km height with a water
content of 0.17 g m-3. The concentration of hydrome-
teorsin this and the remaining 77 sets of RAMS model-
produced outputs is mostly limited to altitudes below
12 km. These features of cloud microphysics have been
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Fic. 5. One of the 78 profiles of hydrometeors produced by the RAMS cloud model
(Tripoli 1992).

implied by severa authors (Adler et al. 1990; Vivek-
anandan et al. 1993).

The upwelling brightness temperature T,(v) at the fre-
guency v at the top of the atmosphere was calculated
for the MIR window channels at 89, 150, and 220 GHz,
using a radiative transfer that incorporated Eddington’s
second approximation (Wu and Weinman 1984; Kum-
merow 1993). It was found that the calculated T, (v)
values did not show as strong frequency dependence as
those observed by the MIR. To arrive at the calculated
T,(v) values comparabl e to those observed at all six MIR
freguencies would require a modification of parameters,
such as the size distribution of hydrometeors, in the
RAMS cloud model, which is beyond the scope of the
present analysis. The calculated T,(v)’s at thethree water
vapor channels, on the other hand, are quite comparable
to the observed values. Therefore, the calculated results
and the implications derived from the comparison with
observations to be described in the following are limited
to the water vapor channels. In addition, a procedure
described by Olson et al. (1995) is also employed in
the calculations of the radar reflectivities at the EDOP
frequency of 9.7 GHz, using the same 78 sets of hy-
drometeor profiles generated by the RAM S cloud model.
The results of these calculations for both T, (v)'s in the
water vapor channels and reflectivity profiles are sum-
marized in Figs. 6 and 7 and discussed below.

For convenience of discussion, the differences in
T,(v) values between two frequency channels », and v,
are defined as

ATy (v, v) = Ty(v) — Ty(2). 1)

Figure 6 shows the scatterplots of the calculated values
between AT, (183.3 = 1, 183.3 = 3) and T,(183.3 =
3), and between AT, (183.3 + 3, 183.3 = 7) and T,,(183.3
+ 7); plots (a) and (c) are for the former and plots (b)
and (d) for thelatter. To conform with the measurements,
the effect of double side bands in the water vapor chan-
nels is taken into account by averaging the calculated
values at T,(180.3) and T,(186.3) for T,(183.3 = 3).
The data points represented by asterisksin plots (a) and
(b) are values calculated by the original hydrometeor
profiles generated from the RAMS cloud model, while
those denoted by open circles are calculated values
based on the same hydrometeor profiles of cloud, rain,
ice, snow, graupel, and hail, but with relative humidity
set equal to zero at al altitudes. Plots (c) and (d) give
the results of calculations based on modified hydro-
meteor profiles in which the relative humidity profiles
remain the same, whilethe profiles of graupel, ice, snow,
cloud, and hail are extended to a higher atitude by 3
km. This modification of hydrometeor profilesis needed
to compare the calculated T,(v) valuesin the water vapor
channels with those observed over the deep convective
cells.

The calculated results in plots (a) and (b) of Fig. 6
clearly suggests that, to the first order, the responses of
all three water vapor channels to cloud, rain, ice, snow,
graupel, and hail are the same and that the increase in
AT, (183.3 = 1, 183.3 = 3) or AT,(183.3 + 3, 183.3 =
7) with the decrease in T,(183.3 = 3) or T,(183.3 = 7)
is caused by water vapor absorption. Plots (c) and (d)
of the same figure show that as the frozen hydrometeor
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Fic. 6. The scatterplots of brightness temperature difference against brightness temperature for different
pairs of water vapor channels. Plots (a) and (b) are results calculated from the original model-generated
hydrometeor profiles, while plots (c) and (d) are calculated results with the frozen hydrometeor profiles

extended upward by 3 km.

profiles are extended to higher atitudes, the AT, (183.3
+ 1, 183.3 = 3) and AT,(183.3 = 3, 183.3 £ 7) values
either level off or decrease with further decrease in
T,(183.3 = 3) and T,(183.3 £ 7). This is due to the
fact that the amount of water vapor above the hydro-
meteors is smaller in the modified profiles simulating
the strong convective updraft.

Figure 7 showsthevariationsof AT, (183.3 = 1, 183.3
+ 3) and AT,(183.3 = 3, 183.3 + 7) with the calculated
average reflectivity at the EDOP frequency and inte-
grated ice water content (IWC) over the atitude range
of 6-12 km. Only the results calculated from the original
hydrometeor profiles are presented in this figure. It is
clear from the figure that a significant correlation exists
between AT, (183.3 + 1, 183.3 + 3) or AT, (183.3 = 3,
183.3 = 7) and the average EDOP reflectivity. On the
other hand, a correlation between AT, (183.3 = 1, 183.3

+ 3) or AT,(183.3 = 3, 183.3 = 7) and IWC is found
only for 0 < IWC = 2.5 kg m=2 At IWC > 25 kg
m—2, AT,(183.3 = 1, 183.3 = 3) and AT,(183.3 = 3,
183.3 = 7) reach saturation values of approximately 40
and 25 K, respectively.

4. Results
a. The case of 19 January 1993

The data acquired from the six channels of the MIR
along the ER-2 aircraft flight path indicated in Fig. 1
are displayed as six images in gray scale in Fig. 8. The
vertical axis gives the elapsed time in minutes with re-
spect to 0448 UTC, and the 14 min of data displayed
here covers approximately a distance of 180 km. The
width of each image corresponds to the MIR swath of
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FiGc. 7. The scatterplots showing the dependence of brightness temperature difference in the water vapor
channels on average EDOP reflectivity and integrated ice water between the 6- and 12-km altitudes. All data

are model simulated.

about 45 km at the surface of the earth. The frequency
channels of the images are indicated in the bottom of
the figure. To give a better temperature resolution in the
display, the full gray scaleis assigned to cover the T,(v)
range of only 80 K, with wraparound occurring at the
T,(v) values of 200 and 120 K. The contours of the
wraparound are characterized by gradual darkening [de-
creasing T,(»)] on one side and a sudden change to light
color at even lower T,(v) values on the other side. For
example, the high T,(183.3 = 1) values are about 240 K
in the region between the elapsed times from 2 to 6 min;
the lowest T,(183.3 £ 1)’s occur inside the 200-K wrap-
around contour right after the 6-min elapsed time. At
89 GHz, the highest values are approximately 280 K
around 10-min elapsed time, and the lowest ones are
inside the 200 wraparound contour around 6-min
elapsed time. From these images one can identify three
major regions of scattering signatures characterized by

low T,(v) values at the elapsed time intervals of 0-1,
6-8, and 11-14 min. The middle one of thethreeregions
has the strongest scattering signatures with some
T,(220) values less than 120 K right after the 6-min
elapsed time.

Figure 9 shows the variations of T,(v) values at nadir
measured by the MIR and MAS aboard the ER-2 aircraft
(20-km altitude) between the period of 0446:34 and
0457:02 UTC: the top section for the 13-um channel
of the MAS and the 220 GHz of MIR,; the middle section
for the 89, 150, and 183.3 = 3 GHz of the MIR; and
bottom section for the AT, (v,, v,)’sbetween thechannels
near 183.3 GHz. There is a strong correlation among
all the MIR channels as expected, especially in the
regions of scattering characterized by low T,(v) values.
The AT, (v, v,)’s in the bottom of the figure generally
show an inverse relationship with the T, (»)'s; that is,
the lower the T,(v) values the larger the AT, (v,, v,)’s.
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FiG. 8. Images showing the brightness temperature distribution at six MIR frequencies along the flight path
indicated in Fig. 1. The elapse time along the vertical refers to 0448 UTC and the gray scale is wrapped
around at the brightness temperature intervals of 80 K. The images cover a distance of about 180 km.

The most conspicuous departure from this trend occurs
near 0454 UTC (asindicated by the vertical dashed line)
where the lowest T,(v) values in all channels are ob-
served and associated with the minimain AT (v, v,)’s.
The measurements from the 13-um channel of the MAS
give values less than or equal to 190 K in that neigh-
borhood. An examination of the P3 radar composite map
at 15-km altitude also shows significant reflectivities
near the location of the ER-2 aircraft at 0454 UTC.
These observations imply the passage of the ER-2 air-
craft over a towering convective cell with a significant
updraft of hydrometeors that cause strong scattering of
radiation at the MIR frequencies. Another distinct fea-
ture in the figure is the observation, throughout the en-
tire period, of the small change in the 13-um brightness
and thelarge variationin T,(»)'s at the MIR frequencies.
The 13-um brightness of about 210 K suggests a cloud
top at approximately 14-km altitude, with the exception
of the deep convective cell, based on the temperature
profile in Fig. 2. These observations suggest that MIR
frequencies are capable of providing a gross description

on the distribution of frozen hydrometeors below the
cloud top.

Figure 10 shows the results of observations by the
microwave radiometers aboard the DC-8 aircraft at
11-km altitude over the same region covered by the MIR
as shown in Fig. 9. The variations of T,(v)'s from the
91- and 183.3 = 5-GHz channels and the AT, (v,, V,)'s
from the water vapor channels of the AMMS are dis-
played, respectively, at the top and bottom of the figure.
The T,(v)'s measured by the AMMR at 18, 21, and 37
GHz are shown in the middle part of the figure. It can
be seen that the variations of the AMMS T,(v) values
generally track well with those from the MIR in Fig. 9.
At 90 GHz (for simplicity, a slight difference between
89 and 91 GHz of the two sensorsisignored), the T, (v)'s
from AMMS are generally higher than those from MIR
over the cells of scattering [identified by the valleys of
low T,(v)]. The T,(v)'s from the MIR could be smaller
than those of AMMS by about 20-30 K at the centers
of some scattering cells, implying the presence of a
significant number of frozen hydrometeors in the layer
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Fic. 9. Time variations of brigntness temperatures observed by
MIR and MAS aboard the ER-2 aircraft. The brightness temperature
differences from the MIR water vapor channels are also included (1
min = 13 km).

between 11- and 20-km altitudes. The signatures at the
three AMMR frequencies of 18, 21, and 37 GHz are
more dominated by the liquid hydrometeors below the
freezing level (Wilheit et al. 1982; Spencer et al. 1989).
The presence of liquid hydrometeors, or rain, is asso-
ciated with high T,(v) values at these frequencies, and
it is clear from the figure that the occurrence of rain
does not necessarily coincide with the concentration of
frozen hydrometeors above the freezing level, which are
associated with the strong depression in T,(v)'s at the
183.3-GHz channels. Like the MIR data in Fig. 8, the
AT, (v,, V,)’s from these channels again display an in-
verse relationship with the T,(v) values.

Figure 11 shows more explicitly the correlation be-
tween the AT, (v,, V,)'sand T,(v,)'s observed by the MIR
at about the 20-km altitude. The plots (a) and (b) are,
respectively, for AT, (183.3 = 1, 1833 = 3) and
T,(183.3 = 3 GHz), and for AT, (183.3 = 3, 183.3 =
7) and T,(183.3 = 7). Plot (c) is for AT,(183.3 * 7,
220) and T,(220), and plot (d) is for AT,(89, 150) and
T,(150). Under clear-sky and moderately cloudy con-
ditions, the lowest T,(v) values generally occur at 183.3
+ 1 GHz due to the absorption of atmospheric water
vapor (Schaerer and Wilheit 1979; Wang et al. 1983),
the T,(183.3 = 3)’s are higher, and the T,(183.3 = 7)’s
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Fic. 10. Time variations of brightness temperatures observed by
AMMS and AMMR aboard the DC-8 aircraft along the flight path
shown in Fig. 1. The brightness temperature differences from the
water vapor channels are also included in the figure (1 min = 16
km).

the highest among the three. These conditions corre-
spond to the regions in plots (a) and (b) where the
AT (183.3 = 1, 183.3 = 3) and AT,(183.3 = 3, 183.3
+ 7) are negative. Over the areas of precipitation with
frozen hydrometeors that strongly scatter radiation and
give rise to depression in T,(v) values at millimeter
wavelengths, these differences become positive. Thisis
due to the fact that the 183.3 + 7-GHz channel would
view deeper into the layer of scattering than the 183.3
+ 1-GHz channel. However, in both plots, the differ-
ences in T,(v)'s become smaller with a further depres-
sion in the T,(v) values. In particular, toward the lowest
T,(183.3 = 3) and T,(183.3 = 7) values of approxi-
mately 110 and 105 K, the AT,(183.3 = 1, 183.3 = 3)
and AT, (183.3 = 3, 183.3 £ 7) are only approximately
22 and 4 K, respectively. This suggests a significant
reduction in the water vapor concentration above the
scattering cell. Since it is very unlikely that the atmo-
sphere would have a water vapor hole of a few kilo-
meters in size, the scattering cell must be one with a
strong updraft of hydrometeors to the 15-16-km region
of diluted water vapor. This unique feature in the sig-
natures of the 183.3-GHz channels is consistent with
the observations of P3 radar and the 13-um channel of
the MAS around 0454 UTC (Fig. 9).

The relationship between AT, (183.3 = 7, 220) and
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Fic. 11. The scatterplot of brightness temperature difference and brightness temperature from pairs of
MIR channels.

T,(220) at the brightness range of 200—300 K displayed
in plot (c) of Fig. 11 follows the same general pattern
as that in plot (a) or (b) for a normal scattering cell.
This is expected because the 220-GHz channel belongs
to the far wing of the 183.3-GHz absorption feature.
Over the convective cell with a strong updraft, the
AT, (183.3 = 7, 220) values converge not to zero, but
to the value of about 18-20 K at the lowest T,(220) of
about 110 K. Since the amount of water vapor above
the scattering cell is small, this finite AT, (183.3 = 7,
220) value is a direct consegquence of the stronger scat-
tering at 220 GHz than at 183.3 GHz. Aswe move away
from the cell top, more and more water vapor comesin
the path between the MIR and the scattering media. Here
T,(183.3 = 7) increases faster than T,(220), and
AT, (183.3 £ 7, 220) increases with the increase in

T,(220) until a broad maximum in AT,(183.3 = 7, 220)
is reached at the T,(220) value of about 200 K. The
explanation of the observed feature in plot (d) is
straightforward. In the region dominated by scattering
with T,(150) of about 120 K, AT,(89, 150) of about 80
K again is mainly caused by stronger scattering of ra-
diation by hydrometeors at higher frequencies. As we
move away from the cell top, water vapor in the region
between MIR and the scattering cell increases. Here
T,(150) increases more rapidly than T,(89) due to the
stronger absorption at 150 than at 89 GHz, thus AT, (89,
150) decreases with T,(150).

b. The case of the 5 October 1993

Heymsfield et al. (1996) have reported the measure-
ments by EDOP, MAMS, AMPR (Spencer et al. 1994),
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Fic. 12. EDORP reflectivity profiles and contours of constant reflectivity along the flight segment FL4b in

Fig. 3 (1 min = 12 km).

and MIR over this particular rainstorm in Florida on 5
October 1993. Their analysis emphasized the response
of EDOP and AMPR to rain, athough a correlation,
similar to that reported by Wang et al. (1994), was aso
found between T,(v)’s measured at the 89- and 220-GHz
channels of the MIR and the average EDOP reflectivity
at 6-10-km altitudes. The signatures recorded by the
three water vapor channels at 183.3 = 1, 183.3 * 3,
and 183.3 = 7 GHz of the MIR were not analyzed and
reported by these authors. The radiometric signatures
measured at these water vapor channels are found to
correlate with reflectivities measured by the EDOR This

correlation is significant in studying the properties of
hydrometeors above the freezing level of the storm.
Figure 12 shows the profiles of the radar reflectivity
Z observed by the EDOP along the flight segment FL4b
indicated in Fig. 3. The top panel displays the spatial
variation of the reflectivity profilesin gray scale along
the flight path. The bottom panel gives, as viewed from
the aircraft altitude, the variations of the reflectivity con-
toursat 10 and 20 dBZ. The freezing level at the 4.5-km
height iswell defined by the bright band of the stratiform
region (top panel of Fig. 12). As so often happened in
typical rain storms, the freezing level is not well defined
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FL4b in Fig. 3. The brightness temperature differences from pairs of
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figure (1 min = 12 km).

in the convective region between 1912 and 1915 UTC,
whereZ = 30 dBZ. Intensiverain occurred in thisregion
as concluded by Heymsfield et al. (1996) in their anal-
ysis of EDOP and AMPR data. The gradient of Z at
height h > 4 km is very steep in this region, with a
typical value of 5 dBZ km~*. On the other hand, the
gradient of Z is far more gentle above the freezing level
in the stratiform region. Here a typical value of the
observed gradient is3 dBZ km~*. Thiscontrast isclearly
indicated in the bottom panel; while there is a fair
amount of separation between the 10- and 20-dBZ con-
tours in the region of stratiform rain between 1909 and
1911 UTC, the two contours are generally more crowd-
ed together in the convective region.

Figure 13 shows the spatial variations of T,(v)’s, ob-
served by the MIR at the frequencies of 89, 150, 183.3
+ 3, and 220 GHz, and by the thermal infrared channel
(~13 um) of the MAMS aong the same flight segment.
In the bottom part of the figure, the variations of
AT,(183.3 + 1, 183.3 = 3) and AT,(183.3 = 3, 183.3
+ 7) are also displayed. Severa distinct features like
those in the 19 January 1993 case (Fig. 9) are again
observed. These include the general correlation in the
To(V) variations between different channels of the MIR,
the lack of correlation between the T,(v)'s of the thermal
IR and the MIR channels, and the general tracking be-
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Fic. 14. Time variations of the brightness temperatures observed
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FL5 in Fig. 3. The brightness temperature differences from pairs of
MIR water vapor channels are also shown in the bottom of the figure
(L min = 12 km).

tween the AT, (v,, v,)’s of the water vapor channels and
the T,(v)'s at al MIR channels. There is no evidence of
a deep convective cell in this flight segment from the
examination of the MIR data. The T,(v) values at 13
pm displayed in the top of the figure are greater than
210 K. Thisis consistent with the radar reflectivity pro-
files, shown in Fig. 12, of the EDOR A comparison
between either the 10- or 20-dBZ contour in Fig. 12
with AT (183.3 = 1, 183.3 £ 3) or AT, (183.3 £ 3,
183.3 = 7) shows a certain correlation between the
EDOP- and MIR-measured parameters. This suggests a
potential of using the measurements from the water va-
por channels to delineate the distribution of frozen hy-
drometeors. The data acquired from all three sensorsin
the flight segments FL2, FL3, and FL4a basically yield
the same conclusions.

Figure 14 shows the spatia variations of T,(v)'s and
AT, (v, V,)’s observed from both MIR and MAMS dur-
ing the flight segment FL5. The T,(13 wm) from the
MAMS displays fairly sharp transitions at 2036 and
2041 UTC, implying the appearance and disappearance
of high atitude clouds. Just like the previous case, the
variations of T,(v) and AT,(v,, V,) from MIR show very
little resemblance to that of T,(13 um). For most of the
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interval between these two times, the variations of T, (13
um) are within £5 K, while excursions of the MIR
T,(v)'sexceed =50 K. In the neighborhood of 2040 UTC
(indicated by the vertical dashed line), T,(13 uwm) values
fall below 200 K, and both T,(150) and T,(220) drop
to values near 100 K. This particular convective cell
gives every indication of one with a strong updraft of
hydrometeors like the previous one displayed in Fig. 9.
The variations of AT, (183.3 = 1, 183.3 = 3) and
AT,(183.3 += 3, 183.3 = 7) at the bottom of the figure
again show a general inverse relationship with T,(v)'s
for the entire interval, with the exception of the region
at and around the cell with a strong updraft.

The scatterplots of AT, (183.3 = 1, 183.3 = 3) and
T,(183.3 = 3), and of AT (183.3 = 3, 183.3 = 7) and
T,(183.3 = 7) are displayed in Figs. 15a and 15b, re-
spectively. The data points acquired from the first four
flight segments (FL2, FL3, FL4a, and FL4b) are denoted
by stars, while those from the last flight segment (FL5),
by open circles. The distribution of data points from the
first four flight segmentsin both plots (a) and (b) clearly
follows the general pattern of the inverse relationship
between AT, (v, V,) and T.(v,) established previously
for the 19 January 1993 case. The magjority of the data
points from the flight segment FL5 also follow this gen-
eral pattern, but about 25-30 points show alevel off or,
in plot (b), even aslight decrease with afurther decrease
inT,(183.3 = 7). Thisleveling off or decreaseissimilar
to features observed in plots (@) and (b) of Fig. 11 and
is attributed to a convective cell with strong updraft of
hydrometeors. A close examination of plots (a) and (b)
in both Figs. 11 and 15 reveals a subtle difference be-

tween the two deep convective cells. While AT,(183.3
+3,1833+7) = 34K a Ty (1833 = 7) = 105 K
in plot (b) of Fig. 11, AT, (183.3 = 3, 1833 = 7) =
18 K at T,(183.3 = 7) = 105 K in plot (b) of Fig. 15.
This suggests that more water vapor is present in the
path between MIR and the deep convective cell ob-
served on 5 October 1993 over southern Florida than
that observed on 19 January 1993 over the western Pa-
cific Ocean.

Figure 16 shows the scatterplots of the AT, (v, V,)'S
and the averages of EDOP reflectivitiesin four different
combinations of altitude ranges and frequency channels:
plots (a) and (b) are for 6-12 km, and plots (c) and (d),
for 8-12 km; plots (a) and (c) are for AT,(183.3 = 1,
183.3 £ 3), and plots (b) and (d) for AT,(183.3 = 3,
183.3 = 7). Data from all four flight segments, FL2,
FL3, FL4a, and FL4b, are entered in the figure. Data
from intervals of convective regions, such as that from
1911:30 to 1914:10 UTC in Fig. 12, are excluded from
the plots. Generally, there is a large scatter in the data,
but a positive correlation between AT, (v, v,) and Z is
also noticed in all four plots. Similar scatter and cor-
relation are observed when T,(v) values at each of the
six MIR frequencies are plotted against the Z's (not
shown). The positive correlation between AT, (v,, V,)
from the water vapor channels and Z is consistent with
the results of model simulation shown in Fig. 6. The
large scatter in these plots is most likely caused by the
large variations in the atmospheric parameters such as
the particle size distribution and density in the hydro-
meteor profiles and the water vapor profiles from one
scattering cell to another.
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Fic. 16. The scatterplot of the brightness temperature difference in the MIR water vapor channels and
average reflectivity measured by EDOP over two different altitude ranges of 6-12 and 8-12 km.

5. Discussion

The strong depression in T,(v)'s experienced by all
three 183.3-GHz channel s over the precipitating systems
discussed above suggests that the atmosphere above the
scattering media is relatively dry. The radiometric sig-
natures displayed by these channels, although far more
complex, are analogous to those observed by Wang et
al. (1989) for the case of a very dry atmosphere over
a cold ocean background. These authors analyzed the
radiometric signatures of dry atmospheres through ra-
diativetransfer calculations and compared the calcul ated
results with the data acquired by the AMMS at 183.3
+ 2,183.3 = 5, and 183.3 + 9 GHz to infer the amount
of total precipitable water over an ocean surface fol-
lowing a cold-air outbreak. Similar calculations were

made at 183.3 = 1, 183.3 = 3, and 183.3 = 7 GHz for
dry atmospheres with different distributions of relative
humidity profiles; the results are plotted in Fig. 17 for
comparison with the observations. The top half of the
figure showsthe variations of T,(v)'sat thesefrequencies
with the total precipitable water W in g cm=2. The bot-
tom half of the figure gives the variations of AT, (v,, V,)
with W. Notice that at W > 0.7 g cm~2 the atmosphere
becomes opague to all three water vapor channels and
T,(v) values monotonously decrease with increasing W,
T,(183.3 = 1) assumes the lowest value because its
weighting function peaks at the highest altitude among
the three channels. The interesting features occur in the
region with W < 0.7 g cm~2 where T,(v)’s and AT, (v,,
V,)’s show more rapid changes. As W decreases, the
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183.3 = 7-GHz channel begins to see the cold surface
background, and T,(183.3 = 7) is the first to show a
decrease. This is followed in sequence by the 183.3 =
3- and the 183.3 + 1-GHz channels as W decreases
further. The 183.3 = 7-GHz curve intersects the 183.3
+ 3-GHz curve at W = 0.63 g cm~2, and then the 183.3
+ 1 curvea W = 058 g cm=2 The 183.3 = 3-GHz
curve intersects the 183.3 = 1 curve at W = 0.31 g
cm~2. This sequence of occurrences is observed by the
MIR from data collected over scattering cells.

In Fig. 18a and 18b, respectively, we plot portions of
the AT,(v,, v,) data of the 183.3-GHz channels from the
19 January and 5 October casesin more detail. Thetime
intervals are selected to include the deep convective
cells. Thetimes when the lowest T, (v) valuesin all three
channels occur are indicated by the arrows. The dotted
horizontal lines in the figure provide a reference where
AT, (v, V,)’s change sign. A close examination of the
figure reveals that, going from the quiescent to the scat-
tering media, the AT, (183.3 = 3, 183.3 * 7) curve
changes from negative to positive values first. This
crossover from negative to positive regions is followed
in sequence by the AT, (183.3 = 1, 183.3 = 7) and
AT, (183.3 = 1, 183.3 = 3) curves without exception.

VoLuME 14

This sequence of crossovers is reversed when leaving
from the scattering to the quiescent media. Even the
observed AT, (v,, V,)'s over the small and weak scatter-
ing cell at about 0453 UTC in Fig. 18a follow this
general trend. Once crossing these thresholds to the re-
gion of scattering, the atmospheric conditions corre-
spond to the region with W < 0.33 g cm=2 in Fig. 17.
The AT, (v,, Vv,)’s first increase and then decrease with the
decrease in T,(v)'s [compare Figs. 17 and 18 with plots
(a) and (b) in Figs. 11 and 15]. When AT, (v,, v,) becomes
small, like the value of AT, (183.3 £ 3, 1833 = 7) a
the lowest T,(183.3 = 7) in plot (b) of Fig. 11, thereis
very little water vapor above the scattering media. Com-
paring the trends in plots (a) and (b) of Fig. 18 [or plots
(@) and (b) in Figs. 11 and 15], one can safely infer that
there is less water vapor above the scattering media for
the deep convective cell observed on 19 January than
the one on 5 October. In addition, AT, (183.3 + 3, 183.3
* 7) has the lowest absolute values in the quiescent
region where AT (v,, V,)’'s are negative. The AT,(183.3
+ 1, 183.3 = 7) curve, after a brief crossing over with
the AT,(183.3 * 1, 183.3 = 3) curve, assumesthe highest
absolute values. These observed features are consistent
with those implied in Fig. 17.

It is emphasized that the curvesin Fig. 17 are derived
from radiative transfer calculations based on clear and
dry atmospheres over ocean with emissivity of approx-
imately 0.7 near 183 GHz. These curves are not ex-
pected to account for all the subtle features displayed
in Fig. 18. For instance, in Fig. 17 the values of
AT,(183.3 = 1, 183.3 * 3) are generally much smaller
than those of AT,(183.3 = 3, 1833 = 7) aa W < 05
g cm~2, while most of the data in Fig. 18 show, in the
positive region, the values of AT, (183.3 = 1, 183.3 =
3) either comparableto or larger than those of AT,(183.3
+ 3, 183.3 = 7). At the location of the strongest T, (V)
depression in Fig. 18a (indicated by the arrow),
AT, (183.3 + 3, 183.3 = 7) = 5 K while AT,(183.3 =
1, 183.3 + 3) = 20 K. The curvesin the bottom of Fig.
17 show that AT, (183.3 = 3, 183.3 = 7) is adways
greater than AT,(183.3 = 1, 183.3 = 3) aslong as W
< 0.5 g cm2 These deviations result from two very
different atmospheric conditions. one with a layer of
water vapor above scattering media, and the other with
a dry atmosphere over oceans. They could be corrected
by changing the parameters in the radiative transfer cal-
culations. As an example, when the surface emissivity
is changed from 0.7 to 0.3 and the small amount of
atmospheric water vapor is limited to altitudes of 9-12
km, the calculations, with W = 0.005 g cm~2, give the
values of 213.6, 188.8, and 183.2 K for T,(183.3 = 1),
T,(183.3 = 3), and T,(183.3 £ 7), respectively. At W
= 0.029 g cm~?, the calculated values for T,(183.3 =
1), T,(183.3 = 3), and T,(183.3 * 7) are 257.5, 216.0,
and 190.8 K, respectively. These calculated results give
larger AT, (183.3 = 1, 183.3 = 3) than AT, (183.3 = 3,
183.3 £ 7). In fact, at W = 0.005 g cm—2, AT, (183.3
+ 1,183.3 = 3) = 24.8 K and AT,(183.3 = 3, 183.3
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Fic. 18. The time variations of the brightness temperature differences observed from the MIR water vapor
channels on (&) 19 January 1993 and (b) 5 October 1993.

+ 7) = 5.6 K, which are comparable to those observed
at the location of lowest T,(v) depression in Fig. 18a.
The calculations above imply that the values of T,(v)
strongly depend on the background emissivity as well
as the altitude of the water vapor layer. For that matter,
the values of Win Fig. 17 cannot be taken seriously to
infer the amount of the water vapor above the scattering
media. To achieve a good agreement between the mea-
surements and calculations requires a sophisticated
cloud model that provides microphysical description of
hydrometeor profiles for a variety of storm cells, in-
cluding the towering ones reported in this paper. The

radiative transfer calculations, including scattering, will
have to be made based on these hydrometeor profiles.
One may even have to vary further the amount of water
vapor at and above the scattering mediain order to fully
understand the radiometric signatures from these water
vapor channels. The task of analyzing these signatures
is complicated and challenging. However, it is quite
possible that the radiometric signatures from these water
vapor and other channels could provide the means of
estimating the amount of water vapor aswell as mapping
the distribution of frozen hydrometeors of the storm
cells.
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6. Conclusions

Radiometric measurements from an MIR aboard the
NASA ER-2 aircraft were made from an altitude of 20
km at the frequencies of 89, 150, 183.3 + 1, 183.3 =
3, 183.3 = 7, and 220 GHz over two different storms;
one was located in the Pacific Ocean near 1°S, 156°E
on 19 January 1993 and another in southern Florida on
5 October 1993. These measurements are complemented
by observations from other sensors aboard the same
aircraft or in the NASA DC-8 aircraft flying along the
same path at alower altitude of 11 km. In the first case
on 19 January ahost of microwave radiometerscovering
afrequency range of 18-183 GHz were aboard the DC-8
aircraft, and the MODI S Airborne Simulator was aboard
the same ER-2 aircraft. In the second case on 5 October
only the ER-2 aircraft carrying a9.7-GHz Doppler radar
(EDOP) and MAMS was involved. The analysis of the
MIR data from the measurements of three water vapor
channels near 183.3 GHz was emphasized because these
channels were found to contain very useful information
and were least explored in the previous studies on rain
storms. Radiative transfer and radar reflectivity calcu-
lations based on the hydrometeor profiles generated by
the RAMS cloud model (Smith et al. 1992) were made
to help interpret the observed data. It was found from
both observations and calculations that, over the storm
cells, the differences in brightness temperatures from
pairs of water vapor channels correlated with the bright-
ness temperatures themselves. Because of the double
side-band measurements of these channels, this corre-
lation was proven to be caused by water vapor in and
over the scattering media.

From the thermal infrared channel of MASor MAMS
and the sounding data, the cloud top over the storm area
was estimated to be at an altitude of about 13-14 km
for both measurement cases. The brightness tempera-
tures of the thermal infrared channel did not show much
variation, while those from all the MIR channels were
found to vary significantly. This suggests the potential
of using these channels to map regions of frozen hy-
drometeors associated with storms. The differences in
brightness temperatures from pairs of the water vapor
channels showed a definite correlation with the average
radar reflectivity in the 6-12-km altitude range, similar
to the correlation between brightness temperatures at
millimeter wavelengths and radar reflectivity reported
from previous studies (Wang et al. 1994; Heymsfield et
al. 1996). For both cases of observations, the ER-2 air-
craft flew over a deep convective cell that was char-
acterized by MAMS (MAS) thermal infrared tempera-
tures of less than 190 K. These cells were aso char-
acterized by small differences in the MIR water vapor
channels at very low brightness temperatures.

There is an analogy between the radiometric sigha-
tures of the water vapor channels observed over the
storm-associated scattering media and those over adry
atmosphere with a cold ocean background. The ob-
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served behavior of the brightness temperature differ-
ences from these channels, when entering the scattering
cells, corresponds well to that entering the region of dry
atmosphere. The changes of these brightness tempera-
ture differences follow the same particular sequence as
the total precipitable water decreases over the ocean
background or above the scattering media. Even for the
two deep convective cells, it is possible to compare the
measured brightness temperature differences and rela-
tively infer the amount of water vapor above the scat-
tering media. However, a quantitative estimation of wa-
ter vapor above the scattering media cannot be obtained
from the analogy of radiometric signatures from these
two very different atmospheric conditions. Systematic
calculations based on a variety of model-generated hy-
drometeor and water vapor profiles, as well as more
observations, are needed to learn more about the radi-
ometric signatures from these and other millimeter-wave
channels.
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