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ABSTRACT

This paper presents an analysis of a unique radar and radiometer dataset from the National Aeronautics and
Space Administration (NASA) ER-2 high-dltitude aircraft overflying Florida thunderstorms on 5 October 1993
during the Convection and Moisture Experiment (CAMEX ). The observations represent the first ER-2 Doppler
radar (EDOP) measurements and perhaps the most comprehensive multispectral precipitation measurements
collected from a single aircraft. The objectives of this paper are to 1) examine the relation of the vertical radar
reflectivity structure to the radiometric responses over a wide range of remote sensing frequencies, 2) examine
the limitations of rain estimation schemes over land and ocean backgrounds based on the observed vertical
reflectivity structures and brightness temperatures, and 3) assess the usefulness of scattering-based microwave
frequencies (86 GHz and above) to provide information on vertical structure in the ice region. Analysis focused
on two types of convection: a small group of thunderstorms over the Florida Straits and sea-breeze-initiated
convection along the Florida Atlantic coast.

Various radiometric datasets are synthesized including visible, infrared (IR), and microwave (10—220 GHz).
The rain cores observed over an ocean background by EDOP, compared quite well with elevated brightness
temperatures from the Advanced Microwave Precipitation Radiometer (AMPR) 10.7-GHz channel. However,
at higher microwave frequencies, which are ice-scattering based, storm evolution and vertical wind shear were
found to be important in interpretation of the radiometric observations. As found in previous studies, the ice-
scattering region was displaced significantly downshear of the convective and surface rainfall regions due to
upper-level wind advection. The ice region above the rain layer was more opaque in the IR, although the 150-
and 220-GHz brightness temperatures T, approached the IR measurements and both corresponded well with the
radar-detected ice regions. It was found that ice layer reflectivities and thicknesses were approximately 15 dBZ
and a few kilometers, respectively, for detectable ice scattering to be present at these higher microwave fre-
quencies.

The EDOP-derived rainfall rates and the simultaneous microwave T,,’s were compared with single-frequency
forward radiative transfer calculations using a family of vertical cloud and precipitation water profiles derived
from athree-dimensional cloud model. Over water backgrounds, the lower-frequency emission-based theoretical
curves agreed in a rough sense with the observed radar rainfall rate—T,, data points, in view of the uncertainties
in the measurements and the scatter of the cloud model profiles.

The characteristics of the ice regions of the thunderstorms were examined using brightness temperature dif-
ferences AT, such as T, (37 GHz) — T, (220 GHz). The AT,'s (150—-220, 89—220, and 37—-86 GHz) suggested
a possible classification of the clouds and precipitation according to convective cores, elevated ice layers, and
rain without significant ice above the melting layer. Although some qualitative classification of theiceispossible,
the quantitative connection with ice path was difficult to obtain from the present observations.
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1. Introduction

Rainfall and latent heat release are important com-
ponents of the earth’ s hydrological cycle, and they play
amgjor rolein driving the upward branches of the Had-
ley and Walker circulations in the Tropics. Conse-
guently, there has been intense interest in measuring
rainfall globally from space. Spaceborne rain measure-
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ments have had along history including use of passive
microwave (e.g., Wilheit et al. 1977; Spencer 1986;
Simpson et a. 1988) and infrared (IR) approaches
(Adler and Negri 1988). Passive microwave-based
precipitation agorithms have been greatly advanced
since 1987 with the launch of the Defense Meteorol og-
ical Satellite Program (DMSP) polar-orbiting satellite
series, which include the Special Sensor Microwave/
Imager (SSM /1) with frequencies from 19 to 86 GHz.
Microwave-based agorithms have been developed
ranging from simple (Adler et a. 1993) to more so-
phisticated microwave rain retrievals (Kummerow et
a. 1989; Smith et al. 1994; Olson 1989) . Theseretriev-
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als use the different scattering and emission character-
istics of microwaves at frequenciesfrom 6.6 to 86 GHz
to retrieve rainfall rate and vertical precipitation struc-
ture. The first satellite mission dedicated to measure
tropical and subtropical rainfall using passive micro-
wave, IR, and radar remote sensorsisthe Tropical Rain
Measuring Mission (TRMM) to be launched in 1997.
TRMM is focused on global monthly rain estimates
over 5° X 5° regions with measurement accuracies to
within 10%, and vertical rain structure to be used in
estimating latent heating profiles. While satellite rain
estimation has focused on the global scale, the impor-
tance of precipitation measurements on smaller scales
ranging from the mesoscale down to the convective
scale has been recognized. The individual convective
cloud elements with space and timescales less than 10
km and a few hours, respectively, provide the building
blocks of mesoscale systems, which can be composed
of convective and stratiform precipitation regions
(Houze 1977).

Observational and theoretical understanding of
spaceborne remote sensing of precipitation can be im-
proved using aircraft instrumented with high-resolution
radiometers and radars. Measuring precipitation from
space requires a comprehensive set of algorithms that
relate passive microwave, IR, and radar measurements
to rainfall (Simpson 1988). Satellite radiometric mea-
surements are inherently difficult to interpret in terms
of vertical structure. Presently there are no spaceborne
precipitation radars, and thus *‘ ground truth’’ using air-
craft or ground-based radars along with aircraft radio-
metric measurements is essential for validating future
spaceborne radar and radiometer algorithms. Previous
aircraft campaigns have provided an important means
to validate passive microwave and visible—IR radio-
metric measurements from the National Aeronautics
and Space Administration (NASA) ER-2 aircraft
(Heymsfield and Fulton 1988; Spencer et al. 1989; Ad-
ler et a. 1990; Vivekanandan et al. 1989; Smith et al.
1994) and radar and passive microwave measurements
from the DC-8 aircraft (Wang et a. 1994; Durden et
al. 1994). The aircraft have provided high-resolution
measurements of convection, which have improved the
understanding of cloud microphysics (Fulton and
Heymsfield 1991; Vivekanandan et a. 1993).

The ER-2 carries a comprehensive payload of pas-
sive and active instruments that provide information on
microphysical and radiative properties of clouds
(Kakar 1993). The passive instruments cover a wide
range of frequencies from the visible to high-frequency
microwave. The ER-2, which flies higher than the DC-
8 (20 kmvs 12 km), provides higher-frequency micro-
wave measurements and cross-track scanned radiomet-
ric measurements from all channels compared to fixed
nadir and off-nadir measurements for the DC-8. Air-
craft measurements using the ER-2 have provided in-
sight into the interpretation of top-of-atmosphere
(TOA) microwave and IR brightness temperatures at
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frequencies ranging from 18 to 183 GHz (Hakkarinen
and Adler 1988; Heymsfield and Fulton 1988; Spencer
et a. 1989; Adler et a. 1990; Vivekanandan et al.
1993) . These studies have shown the dominance of ice
scattering at the higher microwave frequencies and
emission/absorption processes at lower frequencies.

In previous studies, the ER-2 observations have pro-
vided valuable information on convective events with
small time and space scales and the structure of rain
when used jointly with ground-based Doppler and mul-
tiparameter radars (e.g., Fulton and Heymsfield 1991,
Vivekanandan et a. 1993). These comparisons with
ground-based radars are, however, limited by difficul-
ties in coregistering the airborne and ground-based
datasets. Often in tropical convective events, a few
minutestime and/ or afew kilometerslocation error can
produce significant differences in the inferred vertica
precipitation structure. Therefore, itisdesirableto have
simultaneous aircraft radar and radiometer measure-
ments to reduce uncertainties in the registration of the
datasets. Aircraft datasets that have simultaneous and
coincident radar and radiometer data are scarce, and
only recently have joint radar and passive microwave
measurements been available using the NASA DC-8
aircraft (Wang et al. 1994). Wang et al. recently re-
ported 10-GHz radar and 10—92-GHz radiometer ob-
servations from passes over Typhoon Flo in the North
Pacific. They examined the relationship between mea-
sured brightness temperatures and radar estimated rain-
fall rate.

In oceanic regions, space-based measurements are
the only means to measure mesoscale convective sys-
tems (MCS) on a routine basis, while over land re-
gions, satellite measurements can augment conven-
tional radar measurements, which provide detailed
internal structure information. However, the space-
borne measurements with coarse resolution, measure
MCS characteristics indirectly. Often the interpreta-
tions are dependent on understanding of the micro-
physical structure of clouds—that is, the distributions
of hydrometeors both spatially and vertically. The im-
portance of vertical profiles of hydrometeors on TOA
microwave temperatures has been addressed using for-
ward radiative transfer models (e.g., Adler et a. 1990)
and the retrieval methods described earlier. The micro-
wave emission and scattering processes are dependent
on hydrometeor types, shapes, sizes, and their vertical
distribution. Modeling effortsin general are limited by
thelack of knowledge of various microphysical aspects
such asice particle characteristics (shapes, sizes, water
coating, etc.). The microphysics depends in a compli-
cated fashion on thermodynamical aspects, vertical mo-
tion fields, storm evolution, and electrification. Radia-
tive transfer modeling of the ice phase region is partic-
ularly difficult to validate because of the lack of
detailed microphysical information.

During September and October 1993, an experiment
called the Convection and Atmospheric Moisture Ex-
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periment (CAMEX) was conducted at the NASA Wal-
lops Flight Facility (Griffin et al. 1994). This experi-
ment was aimed at 1) measurements of temperature,
water vapor, clouds, precipitation and electrical fields;
2) radiometric signatures at high incidence angles; and
3) providing validation for the Special Sensor Micro-
wave/ Temperature-2 (SSM/T2) moisture sounding
DMSP instrument, which has channels covering the
183-GHz water vapor line. Part of the CAMEX objec-
tives were to provide further opportunity to meet mois-
ture sounding objectives not met during the Tropical
Ocean Global Atmosphere Coupled Ocean—Atmo-
sphere Response Experiment (TOGA COARE). The
ER-2 was the principal instrument platform of the ex-
periment and several ground-based lidar sounders were
situated near Wallops. Along with microwave and vis-
ible/IR radiometers, the ER-2 Doppler radar (EDOP)
was included in the experiment with the objective to
perform extended engineering flights and to collect sci-
entific data.

This paper presents an analysis of the first joint ra-
dar—adiometer dataset from the ER-2, which was col-
lected on 5 October 1993 during CAMEX. EDOP took
measurements on the 5 October 1993 flight to southern
Florida, when convective and stratiform precipitation
regions over ocean and land backgrounds were over-
flown. These ER-2 data will be presented along with
the passive radiometer data and other supporting ob-
servations from the WSR-88D radars at Melbourne and
Miami, Florida, and conventional upper-air and surface
data. These data are perhaps the most complete radar
and radiometer dataset collected from a single aircraft.
At present, there are no satellites until the launch of
TRMM which contain the diversity of instruments that
are presently on the ER-2 aircraft. The objectives of
this paper are to 1) examine the relation of the vertical
radar reflectivity structure to the radiometric responses
over a wide range of remote sensing frequencies, 2)
examine the limitations of rain estimation schemes over
land and ocean backgrounds based on the observed ver-
tical structure observations and brightness tempera-
tures, and 3) assess the usefulness of scattering-based
microwave frequencies (86 GHz and above) to provide
information on vertical structure in the ice region. The
EDOP data provide crucia information on vertical hy-
drometeor structure—that is, the definition of the melt-
ing level, the convective core locations and heights, the
relative amounts of ice aoft, rainfall rates, and the
freezing level. The microwave radiometer data from
convective regions, when analyzed in isolation, some-
times leads to confusing interpretations because of a
lack of detailed knowledge of the ice and liquid micro-
physics. Section 2 includes a description of the remote
sensing instrumentation flown during CAMEX. Sec-
tion 3 provides abrief discussion of EDOP flight tracks
on 5 October 1993 and the environmental conditions
present during the data collection period. Section 4 pre-
sents the combined radar—radiometer observations
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over ocean and land, and section 5 provides a discus-
sion of the radar and radiometer observations and their
implications for spaceborne precipitation measure-
ments. Section 6 provides a discussion of the structure
of theice region using the higher-frequency microwave
measurements.

2. ER-2 instrumentation during CAMEX
a. Description of ER-2 instruments

Rain measurements with microwave radiometersfall
into absorption/emission and scattering-based regimes
(e.g., Wilheit 1986). Emission-based measurements
are generally made below the 22-GHz water vapor line
and are primarily applicable over ocean backgrounds.
These low-frequency measurements represent obser-
vations of the liquid hydrometeors themselves, and the
theory relating attenuation to rainfall is direct and can
be based on first principles. The scattering-based mea-
surements are generally taken above the 60-GHz oxy-
gen band and can be used over land and ocean back-
grounds. These measurements are based on ice scatter-
ing in upper portions of precipitation regions and
represent an indirect measure of the rainfall near the
surface. A high degree of correlation exists between
low brightness temperatures in the 86-GHz SSM/I
measurements and surface rainfall (Adler et al. 1993),
since generally rain regions have associated ice regions
aoft. These ice particles are sufficiently large to fall
through the freezing level and turn to rain. The bright-
ness temperatures observed at these higher frequencies
depend in a complicated manner on details of the ice
layer such as particle sizes, orientations, and shapes. In
the intermediate frequency region between about 25
and 50 GHz, both scattering and emission approaches
must be considered. Finally, infrared radiometric ap-
proaches infer rainfall indirectly by associating cloud
top heightswith rainfall amounts (e.g., Adler and Negri
1988).

The ER-2 payload consisted of sensors capable of
measuring various aspects of the cloud and precipi-
tation structure, moisture and temperature profiling,
and cloud electrification. The specific instruments ap-
plicable to precipitation measurements consisted of
the Advanced Microwave Precipitation Radiometer
(AMPR) the Multispectral Atmospheric Mapping
Sensor (MAMS), the Millimeter-Wave Imaging Ra-
diometer (MIR) and EDOP. These instruments are de-
scribed briefly as to their purpose and characteristics.
The EDOP instrument will be described in the next
subsection.

The AMPR instrument was developed primarily for
investigation of the internal structure of rain systems
with various applications in atmospheric and land pro-
cesses (Vivekanandan et al. 1993; Spencer et al. 1994).
AMPR is a total-power passive radiometer with chan-
nels at frequencies of 10.7, 19.35, 37.1, and 85.5 GHz.
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The lower frequencies respond to emission from rain-
drops, while the higher frequencies respond primarily
to scattering from ice particles. The instrument is lo-
cated in the Q-bay (lower fuselage behind pilot) of the
ER-2 and scans 50 points cross-track +45° at approx-
imately 3 sintervals; the sampling pattern is such that
measurements are obtained at 0.6-km intervals both
cross- and along-track. The beamwidths of the AMPR
are 1.8° at 85.5 GHz, 4.2° at 37.1 GHz, and 8 at 19.35
and 10.7 GHz, and the corresponding surface footprints
range from approximately 0.6 km at 85.5 GHz to 2.8
km at 10.7 GHz. Theinstrument measures only asingle
polarization state from a dual-polarized feed horn.
Since scanning is achieved by rotating a splash plate,
the polarization state changes from fully horizontally
polarized at —45° on the left side of the ER-2 to fully
vertically polarized at +45° on the right side; the po-
larization state is 45° at nadir. During CAMEX, the
EDOP backscattered signal produced some interfer-
ence on the AMPR 10.7-GHz channel between ap-
proximately +=12° in scan angle (the AMPR antenna
main and side lobes convolved with the EDOP back-
scattered return) . Checks on the data during the EDOP
transmission period indicated the brightness tempera-
tures were elevated by 0—15 K depending on the back-
ground radiometric signal; in rain regions typical bias
valueswere lessthan 5 K. We have taken some caution
in the subsequent quantitative use of the 10.7-GHz
data

The MIR is a total-power passive microwave radi-
ometer with channels at frequencies of 89, 150, 183.3
+1,183.3 + 3,183.3 = 7, 220, and 325 GHz, and it
is used for measurements of atmospheric water vapor
and precipitation (Racette et al. 1996). For cloud and
precipitation regions, the channels on this instrument
respond primarily to scattering from ice regions of
clouds, with the lower frequencies penetrating progres-
sively farther into the cloud (e.g., Gasiewski 1992).
The 183-GHz channels respond to water vapor absorp-
tion and will not be discussed in this paper. The 183-
GHz and lower-frequency channels on MIR are cur-
rently flown on the SSM/I and SSM/T2 spaceborne
instruments. The MIR instrument is located in the right
ER-2 wing superpod and scans 57 points cross-track
+50° (each scan cycle takes about 2.9 s). All channels
have a beamwidth of approximately 3.3° resulting in a
spot size of about 0.5 km at a 10-km altitude typical of
the ice scattering region in thunderstorms. The polar-
izetion state of the measurements rotates with scan an-
gle such that at nadir, the electric field is perpendicular
to the direction of flight.

The MAMS has eight visible/near-IR channels to
measure reflected radiation from the surface and
clouds, and four IR channels to measure thermal emis-
sion from water vapor, clouds, and the surface. The
instrument is a cross-track scanning ( +43°) radiometer
with channels ranging from 0.485 to 12.56 um (Jed-
lovec et al. 1989). During CAMEX, its primary func-
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tion was to measure water vapor using the 6.5-um
channel. The MAMS data of interest in this paper are
the 0.63-um visible and 11.12-ym IR data, which are
useful for providing cloud top structure and heights and
insightson IR rain estimation schemes (e.g., Adler and
Negri 1988). During CAMEX, MAMS was mounted
in the rear of the right wing superpod on the ER-2. Its
instantaneous resolution at the surface from 20-km al-
titude is approximately 100 m at nadir, which combined
with a scan rate of 6.25 rpsand 717 samplesin a scan,
provides oversampling with scan lines spaced at 32-m
intervals along-track. The instrument had limited dy-
namic range because the data system provided only 8-
bit digitization; thus for the window channel IR, two
separate 11.12-ym channels with different dynamic
ranges suitable for background (warm) and cloud
(cold) features were utilized (Jedlovec et al. 1989).
The raw aircraft data were processed through a multi-
step procedure to provide calibrated radiances and
brightness temperatures (Gumley et al. 1994).

b. EDOP instrument description and characteristics

A new Doppler radar system (Heymsfield et al.
1993; Caylor et al. 1994) has been installed in the
ER-2 to measure the vertical reflectivity structure and
hydrometeor motions simultaneous with the radiomet-
ric measurements. EDOP is an X-band (9.72 GHz)
Doppler radar located in the nose of the ER-2. The
composite system generates a nadir oriented beam with
acopolarized receiver and a 30° forward-directed beam
with co- and cross-polarized receivers. The system
characteristics are given in the appendix. The first
EDORP flights during CAMEX focused on obtaining re-
flectivity measurements, with Doppler measurements
planned for the next flight series. In this paper, only the
nadir measurements are presented. The ER-2 on a par-
ticular mission generally flies straight flight lines for as
long as afew hundred kilometers. EDOP thus maps out
high-resolution time-height sections of nadir reflectiv-
ity in the CAMEX flights. The antennas have a 3°
beamwidth and a spot size of about 1.2 km at the sur-
face (assuming a 20-km aircraft altitude). EDOP has
been designed as a turn-key system (i.e.,, no human
intervention during flight) with real-time processing
onboard the aircraft. During CAMEX, the system was
configured for 150-m gate spacing and a pulse repeti-
tion frequency of 2200 Hz. On the 5 October flight,
raw (unprocessed) reflectivity returnswere recorded at
areduced rate (16 pulses per second rather than at the
pulse repetition frequency of EDOP), and post-flight
averaging was performed over 2-s intervals. Calibra-
tion of the EDOP data from CAMEX is described in
Caylor et a. (1994). This post-processing has resulted
in excellent vertical time—height images of reflectivity
but with reduced sensitivity because of the reduced
number of samples used in the averaging. Reflectivities
have been thresholded to just above the noise level of
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the averaged, nonrange corrected data. This resulted in
minimum detectable reflectivities of approximately 10
dBZ at 10-km altitude and 16 dBZ at the surface; these
values are more than 10-dBZ higher than present ob-
servations with the instrument but still are extremely
useful for the present study.

3. Background of ER-2 flight on 5 October 1993
a. ER-2 flight tracks on 5 October 1993

The ER-2 objective on 5 October 1993 was to study
convection in the south Florida region (Griffin et al.
1994). The aircraft took off from Wallops Island, Vir-
ginia, at 1600 UTC? for a 7-h flight. It flew along the
east coast of the United States, reached the Florida pen-
insula at about 1800, and was then sent to a region of
active thunderstorms south of Key West, arriving there
at 1820. The segment of the ER-2 flight in the vicinity
of southern Florida during which EDOP was operating
is shown superimposed on radar imagesin Fig. 1. The
ER-2 made two passes over a group of thunderstorms
over the Straits of Florida during flight lines 2 (FL2)
and 3 (FL3). (Hereafter FL x denotes flight line x, as
shown in Fig. 1.) As these thunderstorms dissipated,
the ER-2 overflew convection along the east coast of
Florida (FL4a and FL4b). FL4a began as the ER-2
traversed Florida Bay and progressed northward inland
along the Florida coast. FL4b was mostly over land,
except at the very end of the flight line when the ER-
2 progressed northeastward over the Atlantic Ocean.
EDOP was switched off after 1920 to eliminate inter-
ference with the AMPR 10.7-GHz channel.

b. Meteorological conditions associated with ER-2
flight tracks

The synoptic-scale conditions on 5 October 1993 in
the Florida region were a typical summer pattern with
the 500-mb flow generally southerly as high pressure
was building in the western Atlantic. A small upper-
level low was located over the northwestern portion of
the Gulf of Mexico. Visible satellite images from Geo-
stationary Operational Environmental Satellite
(GOES) at 1200 (not shown) indicated an area of thun-
derstorms south of Key West, which appeared to be
associated with a weak baroclinic zone. Surface anal-
yses indicated a prefrontal surface trough extending
from just south of the keys northeastward on 4 October
1993 at 1200.

Clouds and precipitation over the peninsulaon 5 Oc-
tober are primarily attributed to regional-scale forcing,
which resulted in a fairly complex organization of sea
and lake breeze convergence lines. A relatively unsta-

1 Times are given in universal time coordinate (UTC). Local times
aeUTC — 4 h.
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ble air masswas present at 1200 and surface dewpoints
were aready in the 23-26°C range. Surface winds
were east-northeasterly over the entire peninsula
Soundings from Key West (EYW) in Fig. 2aand West
Palm Beach (PBI) (not shown) indicated moderately
unstable air with convective available potential energy
(CAPE) values of 2309 and 1971 m? s~2, respectively.
Bulk Richardson numbers (Ri) for the EYW and Palm
Beach (PBI) soundings were 200 and 3200, respec-
tively. These conditions are favorable for the devel-
opment of multicell storms (Weisman and Klemp
1982). The EYW sounding is closest to the location of
the thunderstorms observed during FL2 and FL 3, while
the PBI sounding is nearest thunderstorms observed
during FL4aand FL4b. Further examination of the Key
West sounding reveals an equilibrium level at about 13
km (158 mb), a0°C level at about 4.7 km, and alifting
condensation level (LCL) representative of cloud base
dtitude of only 300 m. The winds were relatively
strong (>15 m s™*) above 10 km (Fig. 2b).

The radar echoes in Fig. 1 depict the genera evo-
lution of thunderstorms from 1730 to 1900 on 5 Oc-
tober 1993. The only avail able ground-based radar data
for this study were the WSR-88D level 111 low-eleva-
tion angle radar composite products (15-min intervals
and 2-km resolution), which used data from the Miami
(AMX), Melbourne (MLB), and Tampa Bay (TBW)
radars. Several lines of thunderstorms are evident: 1)
south of the keys in the Florida Straits, 2) a quasi-
stationary line of convective activity along the eastern
coastline of the peninsula, and 3) aline of convective
and dtratiform precipitation extending northeast—
southwest from just north of PBI on the eastern shore,
to the western coast of the peninsula. The line corre-
sponding to FL2 and FL3 initiated before 1630 was
quasi-stationary before 1700, then accelerated with a
northwesterly motion of about 10 m s™*, and then be-
gan dissipating during FL3 (~1845). Individual cells
that had lifetimes usually less than 30 min, were an-
chored to this line. The cells continually underwent
evolution, and were crudely tracked in the 15-min
WSR-88D composite radar data. This squall line was
oriented about 30° clockwise of the 0—6-km altitude
shear vector (Fig. 2b). The coastal convection over-
flown by the ER-2 during flight lines FL4a and FL4b
began developing at 1700 and became fairly organized
and intense by 1900.

4. General features of radar and radiometer data
a. EDOP observations of vertical rain structure

The EDOP time—height radar reflectivity sections
from FL2, FL3, FL4a, and FL4b are shown in Figs. 3
and 4. These sections have been constructed from the
EDOP beam data with 150-m vertical resolution and
2-sintervals; the heights are referenced to the nomina
altitude of the section based on the radar surface return.
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Fic. 1. Evolution of thunderstorms on 5 October 1993. WSR-88D radar composite images are
shown at 1730, 1800, 1830, and 1900 UTC. Gray shades for radar data are in 5-dBZ intervals and
range from 5 to 10 dBZ for lightest shades to 55—60 dBZ for the darkest shades. The overall flight
track of the ER-2 (thin solid curve in al panels) and superimposed flight lines FL2, FL3, FL4a,
and FL4b (bold lines in 1730 UTC panel) are indicated. Sounding locations Palm Beach (PBI)
and Key West (EY W) (lower |eft edge) and the Miami WSR-88D (AMX) are shown. Dotted lines

provide latitude, longitude grid.

A ““mirror image’’ return similar to Meneghini and At-
las (1986) existed up to 5 km below the surface for
these data but it has been omitted here to provide focus
on the basic storm structure. Because the reflectivity
thresholding was performed just above the noise level,
some noise speckles appear in the data and should be
disregarded.

The FL2 and FL3 time—height reflectivity sections
(Fig. 3) cover about 70 km of aircraft trandation, and
there is approximately a 12-min time difference be-

tween the two flight lines. The storms had multicellular
characteristics with small-scale updrafts and down-
drafts, which continually evolve over time (e.g., Y uter
and Houze 1995). Two storms have been identified
“X'and ‘'Y, where X is arelatively young storm
and Y exhibitshigh reflectivities aloft and is dissipating
with heavy rain present near the surface. A third storm
Z is approximately 20 km southeast of Y but is not
considered here since it is off-nadir. Storm X has peak
reflectivities of about 50 dBZ during FL2, and 45 dBZ
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EYW 1200 UTC 5 Oct 93
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FiG. 2. Environmental conditions associated with flight lines FL2
and FL3. Shown are (@) Key West (EYW) sounding at 1200 UTC
and (b) corresponding hodograph. Wind barbs are given in meters
per second; isotherms are given by thin solid lines, and pseudoadi-
abats are represented by thin dashed curves. EYW location is shown
inFig. 1.

during FL3. Storm Y has high reflectivities (~50 dBZ)
near the surface during FL2 and stratiform rain with a
bright band at approximately 4.4 km in FL3. During
both passes, cloud-top heights were low (~9 km) for
storm X and higher (~12 km) for storm Y. It is likely
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that the internal structure of X and Y have undergone
changes between the two overpasses of the storms, but
the storms exhibit a high degree of continuity in the
10.7-GHz passive microwave measurements shown
later in section 4. Also it is noted that during FL 3, the
ER-2 missed the center of the reflectivity cores, partly
because the ER-2 typically flies over the highest cloud
tops, which are not always collocated with the highest
reflectivity cores and the thunderstorm updrafts. An-
other feature evident in the dataisthin anvil cirrusfrom
9 to 12 km, which occurs downwind (northeast) of
storm Y during FL2 (between 1833 and 1835 on the
timeaxisin Fig. 3). Thisis mainly due to advection of
ice particles by the 10 m s™* along-track wind com-
ponent corresponding to FL2 and FL3 (see EYW wind
profilesin Fig. 5).

The EDOP vertical cross sections from flight lines
FL4a and FL4b in Fig. 4 are constructed from obser-
vations primarily over land along the Florida coast. The
rain cellsdepicted in the figures are associated with sea-
breeze convection. A single main cell is apparent at
1858 during FL4a (Fig. 4, top panel ) with peak reflec-
tivities of about 45 dBZ extending a few kilometers
above the freezing level (~4.6 km AGL); cloud tops
extend up to 12.5-km dltitude, and a bright band as-
sociated with decaying cells is observed downstream
of this convective cell. This cell is tilted 30° from the
vertical throughout its depth [toward the right in Fig.
4 (top panel) and in a north-northeasterly direction]
because of the strong upper-level wind component to-
ward the right in the cross section (see PBI aong-track
wind profiles in Fig. 5). The low, relatively uniform
reflectivities above the bright band are consistent with
previous results by investigators who found that above
the freezing level vertical profiles of reflectivity in trop-
ical oceanic convection drop off much quicker with
height than for continental thunderstorm profiles (e.g.,
Jorgensen and LeMone 1989).

The EDOP data from FL4b (Fig. 4, bottom panel)
yield evidence of many cells with dimensions of afew
kilometers and in varying stages of evolution. Some of
these cells are quite active: the cell observed at 1914,
for example, has a high reflectivity core extending 3
km above the melting layer with peak reflectivities of
54 dBZ at 2.5-km dtitude. This cell is likely to have
supercooled water, based on previous studies of Florida
convection (e.g., Bringi et al. 1993). The cirrus and
highest cloud-top region are located about 20 km
downstream of this intense cell (1915-1916), al-
though it is likely that much of the upper-level cirrus
is due to earlier convection. Similar to the main cell in
Fig. 4 (top panel), the cells in this section are tilted
toward the north-northeast.

Convective cells in squall lines have been shown to
undergo characteristic evolution in the Tropics (e.g.,
Houze 1977) and more recently in Florida (Y uter and
Houze 1995). Y uter and Houze have summarized typ-
ical characteristics of the evolution of Florida convec-
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km. FL2 images have been flipped about the vertical axis so that time decreases toward the right to simplify comparisons with FL3 obser-
vations. Here, “*X’" and **Y’" represent positions of storms X and Y, respectively.

tion based on radar vertical cross sections. Under ver-
tical wind shear conditions such as those present during
the 5 October 1993 CAMEX flights, new convection
typically occurs on the upshear side of the thunder-
storm complex, and decaying cellsresult in astratiform
region with a radar bright band downshear of the new
cell development. The cellsin FL2 and FL3 (Fig. 3)
fit this description quite well, with the low- and upper-
level vertical wind shear vectors pointed in the direc-

tion of the stratiform region associated with storm Y.
Note that a similar two-dimensiona analysis cannot be
made for the storms in FL4a and FL4b because they
are tied dynamically to the sea-breeze front, and the
ER-2 flew parallel to thisfront. The thunderstorm cells
studied here, which are characterized by low reflectiv-
ities above the freezing level, are consistent with warm
rain coalescence processes. Previous studies (Szoke et
al. 1986; Jorgensen and LeMone 1989) have found that
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FiG. 4. Time—height reflectivity cross sections from the EDOP nadir antenna for flight lines FL4a and FL4b; otherwise similar to Fig. 3.

tropical oceanic convection during GARP Atlantic
Tropical Experiment (GATE) and Taiwan Area Meso-
scale Experiment (TAMEX) was characterized by
weak updrafts (less than 3—5 m s™*) and vertical re-
flectivity profiles, which decreased rapidly with height
above the freezing level. Based on in situ measure-
ments and radar reflectivities, they inferred that the
rapid reduction of radar reflectivity above the freezing
level was consistent with warm rain processes where
weak updrafts allowed long residence times for rain-
drop coalescence below the 0°C level, and with rapid

conversion of cloud water to ice and graupel above the
freezing level.

b. Spatial characteristics of rain from radiometer
measurements

We now provide insight on the horizontal and ver-
tical structure of the thunderstorms by examining the
imagery provided by the passive radiometers for FL2
and FL3 (Fig. 6) and FL4a and FL4b (Fig. 7). For
each flight line, the images from the AMPR (10.7,
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winds are positive in toward the right in Figs. 3 and 4; the track-
normal component is directed into the page in Fig. 3 for the EYW
sounding, and out of the page in Fig. 4 for the PBI sounding.

19.35, and 37.1 GHz), the MIR (89, 150, and 220
GHz), and MAMS (visible 0.63 um and IR 11.12 ym)
are shown. The radiometric brightness temperatures Ty,
for these images are denoted by T,(xxx), where xxx is
the frequency of the measurement. Note that since the
AMPR and MIR instruments have nearly identical
channels at 86 and 89 GHz, the MIR channel is used
through most of the paper (except in section 6) because
the MIR instrument has better sensitivity. The AMPR,
MIR, and MAMS measurements have been gridded to
approximately the same region on the surface to facil-
itate intercomparisons between the multifrequency
T,'s. This procedure used bilinear interpolation and it
is required since the instruments have different pixel
dimensions (e.g., the MAMS data has considerably
higher resolution (10 times) than that of the microwave
radiometers). The surface scan swath width of the var-
ious instruments is approximately 40 km assuming an
aircraft atitude of 19.5 km, and 1 min of time corre-
sponds to about 12 km of aircraft translation. The nadir
scan position, shown by the dashed line through the 0°
scan angle, is where EDOP is viewing down to the
surface (into the page). Note that more rigorous off-
nadir coregistration of the images requires physica
knowledge of the heights being sensed with the differ-
ent radiometer channels. This is a difficult problem
since the surface position of features changes off-nadir
with both the scan angle and the height of the scattering
or emission associated with these features; however,
off-nadir coregistration is not critical for the interpre-
tations henceforth.

The FL2 and FL3 images (Fig. 6) provide two snap-
shots of the storms X, Y, and Z, which were over the
ocean. An ocean background provides a low micro-
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wave emissivity, relatively low T, background. In con-
trast, it iswell known theoretically and observationally
that rain emission provides arelatively high microwave
Ty, which for low rainfall rates is roughly linear with
rainfall rate (e.g., Wilheit et al. 1977). The thunder-
storm cellsfor FL2 and FL 3 are readily apparent in the
10.7-GHz imagery from the brightness temperature
maxima due to rain emission (yellow color in 10.7-
GHz panels in Fig. 6) relative to the low brightness
ocean background (blue). Three storms (X, Y, and Z)
are apparent in FL2 and two (X, Z) in FL3; storms X
and Y aong nadir were described earlier, and a third
storm Z is off-nadir, and below storm Y in the figure.
Note that the ER-2 did not pass directly over storm X
in FL3 as mentioned earlier, and that the rain emission
associated with storm Y has dissipated by the time of
FL3. Progressing to higher microwave frequencies,
storms X, Y, and Z are till identifiable at 19 and 37
GHz (red colors), which are still primarily emission
based, while ice scattering becomes more dominant
(blue colors) at 89—220 GHz. The upper-level wind
shear is directed northeast (toward the right of the fig-
ure), and, thus, the ice-scattering regionsin the higher-
frequency microwave measurements are displaced
downshear of the individua storms X, Y, and Z, con-
sistent with the radar sections presented earlier (Fig. 3,
FL2 and FL3). The visible and IR images also show a
downshear displacement of the cloud tops and upper-
level cirrus, but they do reveal the small ice cores pres-
ent in the microwave observations. The lowest IR T,'s
(<225 K) are located approximately 25 km downshear
of the very active storm X in the radar measurements.
This downshear displacement of the high-frequency
scattering region due to vertical wind shear has been
noted in previous studies (e.g., Heymsfield and Fulton
1988; Smith et al. 1994).

Previous papers have shown that low 86-GHz T,'s
are strongly correlated with radar echoesin the mid-
to upper levels (6—10 km) of deep thunderstorms
(12—-16-km tops), because both a deep layer of ice
and large ice particles are present in intense thun-
derstorms and the larger ice particles tend to be at
lower altitudes (Hakkarinen et al. 1988; Adler et al.
1991; Heymsfield and Fulton 1988). Radiative
transfer model results (e.g., Wilheit 1986) have
shown that scattering resultsin low brightness tem-
peratures for particles with diameters of afew hun-
dred microns. However, graupel and hail particles
with larger sizes lower the brightness temperatures
significantly. Fulton and Heymsfield (1991) de-
duced from multiparameter radar and aircraft ra-
diometric observations that large temperature de-
pressions occurred [ T, (89 GHz) ~ 100 K] in con-
tinental thunderstorms with centimeter-sized ice
particles. On the other hand, tropical oceanic thun-
derstorms tend to have warmer minimum T, (89
GHz)’s. For example, McGaughey et al. (1996)
have shown from aircraft observations in TOGA
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FiG. 7. ER-2 imagesfor flight lines FL4a (Ieft) and FL4b (right) similar to Fig. 6. The coastline of Floridaisdiscernable
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COARE that the 86-GHz T,'s rarely get below suggesting that the ice particles may have on the
150 K. The observations here have relatively warm average, smaller sizes as compared to continental
T, (89 GHz)'s and low radar reflectivities aloft, thunderstorms of similar heights.
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Several other interesting features are present in the
high-frequency microwave measurements. Embedded
in the ice-scattering region for off-nadir storm Z are
five or six small circular regions of lower T,’s a 89
GHz, each less than 2 km across (embedded yellow
regions at 1850 in the 89-GHz panel, Fig. 6). These
features suggest individual ice cores possibly associ-
ated with small-scale updraft pulses comprising storm
Z, which was previoudly identified in the 10.7-GHz im-
agery. Interestingly, the higher-frequency measure-
ments associated with storm Z indicate a general lack
of scattering (red shades are characteristic of atmo-
spheric absorption at frequencies of 89 GHz or larger).
Resolution is key here because the 89-GHz MIR data
(or 86-GHz AMPR data) have greater than a factor of
5 higher resolution with respect to the 10.7-GHz
AMPR measurements, which have a surface footprint
of 2.8 km. The IR data from FL3 give evidence (a-
though not discernible in reduced resolution data
shown in the figure) of small-scale cloud towers as-
sociated with storm X. We surmise from the radiomet-
ric observations that the storms are composed of many
discrete small (few kilometers) updraft elements in
varying stages of development. Small-scale updraft
pulses often go undetected in ground-based radar azi-
muthal scans but in situ measurements from aircraft
penetrations [ e.g., from TAMEX tropical convection;
Jorgensen and LeMone (1989)], have shown that up-
drafts have median diameters on the order of a kilo-
meter.

The radiometer images from FL4a and FL4b, which
are mostly over land (Fig. 7), require adifferent inter-
pretation than the oceanic thunderstorms just described.
Itiswell known (e.g., Spencer 1984) that rain emission
is difficult to detect over land because of the lack of
contrast between the warm rain emission and the high
emissivity (warm) land background (e.g., Simpson
1988). Detection of rain over land isbest accomplished
indirectly by using the higher-frequencies to sense the
ice scattering region often found above the rain region
(e.g., Adler et a. 1993). Segments of FL4a and FL4b
demonstrate the limitations of passive microwave mea-
surements over land. It should be noted that the very
beginning of FL4a and the tail end of FL4b were over
water (dark blue shades at 10.7 GHz in Fig. 7), so that
the background temperatures will be much lower in
these regions. The main cell observed during FL4a
(previously described) at 1901 was over water and the
stratiform region just to the north (to theright in figure)
was over land at nadir (cf. FL4ain Figs. 4 and 7). For
some of the high rain-rate rain regions over the land
segments, the T,'s at the lower microwave frequencies
(Fig. 7, 10.7 and 19.1 GHz) are lower than the emis-
sion from the earth’ s surface, but this background emis-
sion itself is highly variable due to varying soil mois-
ture, surface vegetation, etc. For example, an embedded
area of lower 10.7- and 19.35-GHz T,’'s is detected at
1903 (darker red shades at nadir) over the warmer
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(red/white) background. This more intenserain region
correlates with the stratiform rain and bright band re-
gion observed by the EDOP radar (FL4a in Fig. 4).
This lack of contrast between the rain and land emis-
sion indicates the difficulty in rain estimation over land
using emission-based microwave frequencies.

In contrast to the emission-based measurements, the
low Ty'sin Fig. 7 at greater than 37 GHz and the IR
temperatures (Fig. 7, low Ty'sin 11 um panel) define
the ice region associated with convective and stratiform
rain over land. However, these ice regions are down-
shear of the main convective cell at 1901 during FL4a
(see radar datain Fig. 4), similar to the oceanic con-
vection during FL2 and FL3. This is due to advection
of ice particles by the strong winds aoft indicated in
the PBI sounding (Fig. 5), which are toward the north-
east and dlightly to the right of the flight line (down in
Fig. 7). The images from FL4b (Fig. 7) show some-
what more complicated structure in the microwave
channels, with numerous small cells off-nadir and acell
just off the coastline at 1915:30. The most intense cells
in the images are off-nadir and are readily apparent
from the large amount of ice scattering at frequencies
above 37 GHz and the low IR T,’ sassociated with high
cloud tops. One interesting example is the relatively
intense cluster of cells observed between 1912 and
1914 in the EDOP observations (Fig. 4) at frequencies
above 37 GHz (Fig. 7, right panels); these cells have
no discernible low-frequency (<37 GHz) T, features
associated with them. Yet, some of the off-nadir cells
appear to be quite strong since Ty’ s are less than 200 K
at 37.1 GHz, which are too low for rain emission and,
thus, imply that ice scattering is likely present (e.g.,
Spencer et a. 1989; Smith et al. 1994). Thus, the lim-
itations of using emission-based microwave frequen-
cies over land backgrounds are clearly shown in these
observations.

5. Implications of observations on rain estimation
approaches

a. Oceanic thunderstorm
1) DiSCUSSION OF OBSERVATIONS

Over theocean, itiswell known that T, sat the lower
frequencies increase rapidly with increasing rainfall
rate up to a certain rainfall, and then decrease at higher
rainfall rates. This critical rainfall rate decreases with
increasing frequency, and results from the fact that the
rain layer becomes opaque at a lower rainfal rate as
the frequency increases (e.g., Olson 1989). Smith et
a. (1994) recently concluded from a rain retrieval
method applied to AMPR multifrequency measure-
ments that the 10-GHz channel improves the rainfall
measurements significantly because the 19-GHz chan-
nel often saturates in heavy rain. The oceanic flight
lines FL2 and FL 3 presented here provide the oppor-
tunity to validate passive microwave precipitation re-
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trieval methods such as the Kummerow and Giglio
(1994) physical approach and the scattering technique
of Adler et a. (1993), as well as combined passive—
active microwave methods such as Olson et al. (1996) .
Precipitation retrievals on this oceanic dataset will be
described in Kummerow et al. (1995) and Olson et al.
(1995). The multifrequency observations are exam-
ined here at nadir to determine their response to rain
and other features of the observations.

The nadir profiles of radiometric and radar datafrom
FL2 and FL3 are presented in Figs. 8 and 9, respec-
tively. Some of the featuresin these profiles are evident
in the images discussed in the previous section, but the
nadir profiles here provide an opportunity to relate the
radar and radiometric information directly. Similar pro-
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files have been presented in previous papers using
ER-2 radiometric and ground-based radar data
(Heymsfield and Fulton 1988; Hakkarinen et a. 1988)
and with DC-8 radar and microwave radiometric data
from 10 to 90 GHz (Wang et a. 1994). The profiles
here have been constructed from the 0° scan angle ra-
diometric measurements and from EDOP range-gated
nadir profiles. Panels (a) and (b) show the AMPR and
MIR data, respectively, while panel (c) showsthe MIR
220-GHz channel andthe MAS 11-um IR channel. The
EDOP panel (d) shows the reflectivity values in the
0.45-km range gate ( closest usable gate to the surface),
and the layer averaged reflectivities in the rain region
(0.4—4-km dtitude) and the ice region (6—10-km al-
titude). Panel (e) gives the rainfall rate calculated us-
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FiG. 9. Profiles of radiometric and radar data for flight line FL3 aong nadir
(horizontal dashed line in Fig. 6); otherwise similar to Fig. 8.

ing the Miami Z—R relation after Woodley and Hern-
don (1970), who used rain data from the Florida Area
Cumulus Experiment (FACE). This relation is given
by Z = 300 R**, where Z (mm® m3) is the radar re-
flectivity factor, R (mm h~*) israinfal rate; the WSR-
88D operational radars also use this same relation be-
cause of its general applicability. In the current study,
Zisthe 0.45-km altitude EDOP radar reflectivity factor.
Note that the data are plotted as raw unfiltered values
from each instrument. Also, the aircraft roll angles are
generally very smal (less than 1°) over the flight
tracks, and so this angle has not been factored into the
microwave brightness temperature profiles. The beam-
widths of the microwave radiometers and the EDOP
are fairly large compared to any pointing differences
between the instruments, and so roll angle is not con-

sidered to be an important factor here. However, it is
noted that the beamwidths of the microwave instru-
ments vary greatly, as described earlier. The AMPR
10.7-GHz channel has a beamwidth approximately 2.5
times that of the EDOP. This lower spatial resolution
of the AMPR causes greater filtering of small-scale fea-
tures such as convective rain regions. One beamwidth
for the lowest-resolution AMPR 10.7-GHz channel
correspondsto approximately 12 sof timeon al figures
in this paper.

The FL2 and FL3 profiles (Figs. 8 and 9) indicate
the various interrelations between the microwave and
IR signatures and vertical precipitation structure. Storm
X during FL2 has a peak reflectivity, rain rate, and T,
(10.7 GHz) of 53 dBZ, 70 mm h™*, and 235 K, re-
spectively; storm Y has corresponding peak values of
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48 dBZ, 40 mm h™*, and 225 K. The peak T,’s (10.7
GHz) for storm X and storm Y during FL2 indicate
higher T,’s are correlated with higher rainfall rates (cf.
Figs. 8a and 8e) as expected from previous radiative
transfer modeling results (e.g., Olson 1989). Also, the
Ty s at 19.35 and 37.1 GHz associated with storms X
and Y are saturated (~275 K) because of the greater
radiative opacity of rain at these frequencies. The re-
gion of peak rainfall rate associated with storm X (be-
tween 1838 and 1839 in Fig. 8) covers about 30—60 s
on the timescale, which is equivalent to a cell width of
5-10 km (1 min on the time axis corresponds to about
12 km of aircraft trandation). The smoothing out of
this rain cell is evident at 10.7 GHz, which has the
lowest resolution. The rainfal rate profilesin Figs. 8e
and 9e show the apparent weakening of storm Y de-
tected earlier in the radiometric imagery in Fig. 6, with
rainfall rate decreasing from a peak value of approxi-
mately 20 mm h~* during FL2 to lessthan 5 mm h~*
during FL3. It is obvious from these profiles that the
low-frequency (particularly 10 GHz) passive micro-
wave measurements detect the rain cells quite well. On
the other hand, the higher-frequency measurements,
which are sensitive to ice scattering, are not well cor-
related with the rain amounts from these storms. The
T, (89 GHz) minima associated with storms X and Y
during FL2 (Fig. 8b) arelocated downshear of the con-
vective regions and the EDOP-derived surface rainfall
rates (Fig. 8e). Storm Y, which haslower rainfall rates
than storm X, exhibits a T, relationship, which is the
opposite to what is expected; that is, storm Y has a
lower T, (89 GHz) than storm X. The passive mea
surements at frequencies above 37 GHz become am-
biguous because the signal comes mainly from scatter-
ing in the ice layer and not from rain near the surface
(e.g., Wilheit 1986).

SSM/I passive microwave rain retrievals over land
rely on the use of the 86-GHz channel, which responds
well to larger ice particles often found aoft in conti-
nental thunderstorms (e.g., Adler et a. 1993). The
main advantage of the scattering-based agorithms
which use the 86-GHz channel data are that the spatial
resolution of these data are significantly higher com-
pared to the low-frequency measurements (SSM/I res-
olution is approximately 40 km at 19 GHz and 12 km
at 86 GHz), and that scattering at 86 GHz yields a
greater T, contrast over land than the emission signal
at the lower microwave frequencies. The Goddard scat-
tering algorithm (GSCAT) uses the horizontally polar-
ized T, (86 GHz) to define rain intensity over land and
water (Adler et a. 1993). The approach uses the scat-
tering signal due to the presence of ice aloft in precip-
itation systems, to indirectly assign rainfall amounts.
Earlier analysis of convective cells in this paper indi-
cates that even the SSM/I 86-GHz beamwidth is rela-
tively large in comparison with the dimensions of ice
coresin thunderstorms. The GSCAT relationsare tuned
for the much lower resolution SSM/I measurements
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and not for the higher-resolution aircraft measurements
presented here.

Storm evolution in the tropical convection studied
here has important implications for the interpretation
of passive microwave measurements and the applica-
tion of rain retrieval methods. Observations presented
here are consistent with warm rain coalescence pro-
cesses asdescribed in previous literature with rapid gla-
ciation of supercooled water and a predominance of ice
hydrometeors above the freezing level (e.g., Jorgensen
and LeMone 1989). Also, weak updrafts are likely in
this case since high reflectivities do not extend much
above the freezing level. If updrafts are indeed weak,
many of the larger hydrometeors fall out of updraft
region and smaller ice particles remain aloft to be de-
trained and advected downshear of the cells by the up-
per-level winds. These observations are consistent with
earlier studies (Fulton and Heymsfield 1991) from
midlatitude convective storms, which showed that
storm evolution resulted in the surface rainfall in their
study lagging the minimum 90 GHz and IR brightness
temperatures because of the additional time it takes the
ice particlesto fall to the surface from higher altitudes.

Since the 11-um IR T.'s (Figs. 8c and 9c) are ob-
served to roughly parallel the higher frequency (>89
GHz) microwave measurements (Figs. 8b and 9b),
they are also poorly correlated with the rain regions
present in the radar images (Fig. 3) and the emission-
based brightness temperature depressions in the 10.7-
GHz microwave measurements (Figs. 8aand 9a). The
IR Ty's for FL2 (Fig. 8c) indicate roughly a 240-K
brightness temperature minimum over the weaker
storm Y, while storm X has a 250-K minimum. Quan-
titative rain estimation is difficult here using IR mea-
surements because the coldest IR T,’'s are considerably
downwind of the convection and surface rainfall. The
scattering-based Ty,'s (particularly 86 GHz) are better
than the IR for rain detection since they are less sen-
sitive to nonprecipitating clouds than the IR, although
measurements at frequencies greater than 89 GHz tend
to approach the IR data. Thisis evident in the IR mea-
surements, which have more fluctuations than the mi-
crowave measurements, particularly in the 1846—1848
period during FL3 (Fig. 9). Before 1835 in FL2 (Fig.
8), the IR profile has uniformly low T,'s, because the
IR is responding to the high cirrus layer. The micro-
wave T,'s a 86 GHz are fairly insensitive to the high-
level ice region; however, T,’s at 150 and 220 GHz
detect the cirrus since they increase in this sameregion.
Clearly, the IR responds to thin cloud layers, and in
FL3, low-level stratocumulus (see Fig. 9 between 1846
and 1848) . Thismay lead to erroneous conclusions re-
garding rain below. In contrast, results here and in pre-
vious observational studies have shown these low and
midlevel clouds produce negligible scattering and
emission at the microwave frequencies (e.g., Heyms-
field and Fulton 1988).
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2) COMPARISON OF DATA WITH RADIATIVE TRANSFER
CALCULATIONS

Previous theoretical studies have shown, based upon
radiative transfer calculations, the sensitivity of the
brightness temperature—rainfall rate relationship to
other parameters such as ocean surface wind speeds,
beam filling, fractional coverage, and rain-layer depth
(e.g., Wilheit et al. 1977; Olson 1989). Here, we are
interested in the degree to which brightness tempera-
tures correlate with rainfall rate. For this purpose, the
coincident radar and the AMPR 10.7—37 GHz and 86-
GHz MIR radiometer observations from FL2 and FL3
are used to examine single frequency T,—rainfall rate
relationships. The AMPR, MIR, MAS, and EDOP data
are sampled at different times, and they have different
spatial resolutions. Thus, a combined dataset was con-
structed by interpolating the EDOP, MIR, and MAS
datasets to the lowest spatial resolution (~2.8 km at
10.7 GHz) AMPR measurements at 3-s intervals. The
reflectivities were first thresholded at 15 dBZ (0.6
mm h~* rainfall rate) and then smoothed using a five-
point running average (12 s elapsed time or about 3
km of aircraft trandlation). The radiometer data were
smoothed using a three-point running average (6 s).
This procedure provided smoothing of the finer-scale
radar measurements and reduced small-scal e noise fluc-
tuations present in the datasets. A layer reflectivity and
rainfall rate are used here for comparison with the mi-
crowave Ty's since the lower-frequency radiometric
measurements respond mainly to the path-integrated
liquid precipitation (and, thus, the integrated rainfall
rate or reflectivity) along the radiometer line of sight.
A mean layer-rainfall rate has been calculated from the
EDORP layer-mean (0.45—4 km) reflectivities using the
Miami Z—R relation described earlier in this section.

Figure 10 presents T, versusrainfall rate for FL2 and
FL3 using the 10.7, 19.35, 37.1, and 86 GHz AMPR
brightness temperatures and the collocated EDOP layer
rainfall rates. The scatter of EDOP rainfall rates and
10.7-GHz AMPR T,'s in the FL2 data can be partly
attributed to the fact that the 10.7-GHz AMPR channel
data are relatively low resolution ( ~2.6-km footprint),
and, therefore, the radiometric signal is contaminated
by nearby high-brightness precipitation cores, whereas
the higher-resolution EDOP footprint (~1.1 km) may
be nearly rain-free. The mismatch of instrument foot-
prints has the effect of producing relatively high Ty,'s
at low reflectivities (see also Figs. 8 and 9). Although
some scatter in the plots is instrument or anaysis re-
lated, it should be noted that natural variations in hu-
midity, nonprecipitating cloud water, precipitation hor-
izontal and vertical structure, and surface wind speed
can aso contribute to scatter in the data. In spite of
some scatter, the 10.7—-37.1-GHz plots generally in-
crease monotonically with increasing rainfall rate (and
reflectivity) and then level out or even decrease slightly
beyond a given rainfall rate. Also note that the rainfall
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cloud and radiative transfer modeling calculations.

rate at which the emission signal saturates, decreases
with increasing frequency. The 10.7-GHz data satu-
rates (i.e., peaks or levels off) at about 30 mmh~?
(~45dBZz), while at 19.37 and 37.1-GHz, brightness
temperatures saturate at roughly 7mm h=* (~37 dBZ)
and 3mmh~* (~31dBZ), respectively. Wilheit et al.
(1977), Olson (1989), and others have modeled this
saturation behavior, which shows adecrease of the T,'s
above the saturation rainfall rate for certain conditions.
This saturation rainfall rate depends on the optical ex-
tinction coefficient, which is afunction of the depth of
the rain layer, the liquid water content, and the size
distributions of the raindrops. Figure 10 shows that
scattering-based T, (86 GHz) has weak dependence on
rainfall rate in part because of the horizontal displace-
ment of the ice-scattering region from the rain region;
this was attributed to vertical wind shear earlier in the
discussion.
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The experimental data are now compared to theo-
retical curves plotted in Fig. 10 based on numerical
cloud and radiative transfer models. The Goddard cu-
mulus ensemble (GCE) model was utilized to provide
microphysical inputs to a microwave radiative transfer
model. Previous simulations from tropical environ-
ments observed during the GATE and the TOGA
Coupled Ocean—Atmosphere Response Experiment
are used for this purpose. The reader is referred to nu-
merical modeling results by Tao and Simpson (1989)
and W.-K. Tao (1995, NASA/Goddard Space Flight
Center, personal communication) for detailed descrip-
tions of the GATE and TOGA COARE simulations,
respectively. These smulations are used here because
the microphysical parameterizations have been studied
in detail and the environments from the GATE and
TOGA COARE simulations share similarities, al-
though are not identical to the CAMEX observations.
The grid resolution of the GATE simulation was 1500
m in the horizontal, and between 230 and 1000 m in
the vertical; for TOGA COARE the resolution was
1000 m in the horizontal and similar to the GATE res-
olution in the vertical. The three-dimensional cloud wa-
ter and precipitation fields are provided at five different
times (126, 138, 174, 210, and 234 min) in the GATE
simulation and at eight different times (30, 60, 90, 120,
150, 180, 210, and 240 min) in the TOGA COARE
simulation.

A radiative model, based upon Eddington’s second
approximation (Weinman and Davies 1978), is used
here to calculate the brightness temperatures upwelling
from the vertical profile of hydrometeors provided by
the cloud model at each horizontal gridpoint. Thus, a
large ensemble of high-resolution (~1 km) nadir-look
brightness temperaturesis obtained for both the GATE
and TOGA COARE simulations. Nadir-look brightness
temperatures are calculated for each of the microwave
frequencies (10.7, 19, 37, and 86 GHz). Similarly, re-
flectivities at the EDOP frequency of 9.72 GHz, in-
cluding the two-way path attenuation from the ER-2
atitude and the precipitation target, are simulated based
upon the precipitation distributions produced by the
cloud model. The simulated rainfall rates are vertically
integrated up to 4.5-km altitude to create mean rainfall
rates comparable to the ones plotted in Fig. 10.

To create the curves in Fig. 10, the brightness tem-
perature smulations from both GATE and TOGA
COARE were subdivided into 21 0.11 g m™2 precipitat-
ing liquid water intervals between 0.0 and 2.3 g m 3 to
provide a representative average of brightness temper-
atures within each interval without atering the shape of
the T,—rainfall rate curve. The brightness temperatures
and rainfall rates corresponding to the cloud model pro-
filesin each interval were averaged and plotted. Curves
are then drawn to connect the plotted points.

It may be noted from the figure that there is arough
correspondence between the aircraft-observed bright-
ness temperature data and the theoretical curves. A sig-
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nificant scatter of data about the curvesis aso evident,
but it should be recognized that the theoretical curves
represent mean relationships between the brightness
temperatures and rainfall rate, and that individual cloud
model profiles can produce significantly different
brightness temperatures for a given rainfal rate. The
systematically lower GATE brightness temperatures
reflect the generally larger proportion of ice precipita-
tion (snow and graupel ) with respect to rainfall in the
GATE simulation. The reason for thisisthat the GATE
simulation produces deep, nearly vertical convective
cells, while the TOGA COARE simulation yields cells
with significant tilt and relatively low cloud tops.? It
may be noted from Fig. 3 that the precipitation cells
from FL2 and FL 3 have significant tilt, with significant
precipitation mainly limited to atitudes below 9 km.
Therefore, there is a greater similarity between the ob-
served cells and those simulated for the TOGA
COARE environment.

b. Thunderstorms and stratiform rain over land

Animportant question for satellite rain estimation by
passive microwave techniques is how well rain can be
detected and estimated over land. FL4a and FL4b are
typical of Florida sea-breeze convection and provide a
unique opportunity to examine the remote sensing as-
pects of these primarily land-based thunderstorms. The
availability of simultaneous collocated radar measure-
ments greatly enhances this analysis. Figure 11 shows
FL4a profiles that cover the convective region (about
10 km across at 1900—1901) and thetrailing stratiform
region discussed previously (these are both identified
in Fig. 11a). The precipitation for this line spans from
over ocean to over land and shows the ambiguities in-
troduced in the interpretation of microwave T,’s in
these transition regions. The convective region, which
is mainly over the ocean, has peak rainfall rates of 35
mm h~* and peak reflectivities of 48 dBZ at the surface
and in the lower troposphere. The corresponding T,
(10.7 GHz) in Fig. 11ais approximately 250 K, which
is very strong rain emission compared with the low-
emissivity ocean background (surface emissionin clear
air T, ~ 140 K). Smith et al. (1994) have observed T,
(10.7 GHz)'s due to rain emission of similar magni-
tude (~260 K) during flights over deep convection in
the northeastern waters of the Gulf of Mexico. On the
other hand, the stratiform region shows relatively level
T,'s (10.7-37.1 GHz) with 5-10-K variations after

2 These differences may be due to the use of different initialization
and boundary conditions between the smulations. The GATE sim-
ulation was made using an older version of the GCE model with
periodic boundary conditions and deep tropospheric lifting, whereas
the COARE convection was simulated using an updated version of
the model with open lateral boundary conditions and much less ver-
tical ascent.
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Fic. 11. Profiles of radiometric and radar data for flight line FL4a along nadir
(horizontal dashed line in Fig. 7); otherwise similar to Fig. 8.

1902, suggesting the difficulties of rain estimation over
land. Variable surface emissivity resulting from vege-
tation and soil moisture rather than rain could be re-
sponsible in part for the T, variability of the aircraft
measurements over land. Some of these surface effects
can be reduced using polarization measurements at
lower frequencies (<19 GHz), which unfortunately
were unavailable during these flights. Wet soil actssim-
ilar to an ocean surface, causing large polarization dif-
ferences between the horizontal and vertical polarized
channels, whereas highly vegetated regionstend to pro-
duce much lower polarization differences (e.g., Spen-
cer et al. 1989; Heymsfield and Fulton 1992).

Ice scattering is evident in the T,'s at 89 GHz and
higher frequencies throughout the stratiform region
(i.e., the cloud-free T, s are somewhat warmer than the

T, s observed here), but this ice region is displaced
considerably from the surface rain region. The 89-GHz
minimum of approximately 215 K associated with the
convective region (1900—-1901 in Fig. 11b) is dis-
placed 4 km (or 20 s on the time axis) downwind of
it; the higher-frequency features (140 K at 220 GHz)
are displaced progressively farther downwind in accord
with the tilt of the reflectivity corein Fig. 4. Unlike the
microwave observations, the T, (11 pm) identify the
convective core similar to the 220-GHz observations,
but they are fairly constant (~250 K) over the strati-
form region. The IR Ty’ s represent near cloud-top tem-
peratures due to the strong absorption by the ice par-
ticles at this short wavelength. The high-frequency mi-
crowave data are sensitive to ice scattering from much
larger ice particles and consequently penetrate farther
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into the cloud. However, while both IR and higher-
frequency microwave measurements identify the con-
vective region in the difficult land—ocean transition re-
gion (although displaced from the surface rainfall),
neither perform well in the stratiform region. For ex-
ample, the region with the most prominent bright band
(1902—-1905) and the radar-estimated rainfall rates of
5 mm h™*, do not correlate particularly well with any
of the radiometric measurements.

Similar ambiguities are observed from the FL4b pro-
files (Fig. 12), which are characteristic of typica mid-
afternoon sea-breeze-generated convection just inland
of the coast. The rainfall-rate profiles (Fig. 12e) indi-
cate two regions of land-based thunderstorms at ap-
proximately 1909-1911 and 1912-1915 with peak
rainfall rates of about 18 and 45 mm h~*, respectively.
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These regions are approximately 12 and 36 km across,
respectively. As noted earlier, each of these regionsis
composed of smaller cells approximately 3 km across.
The most intense cell is at 1914 just before the land—
ocean transition. The two intense rain regions have rel-
atively poor responsein thelow microwave frequencies
again because of a lack of contrast between rain and
surface emission. There is 25-K lowering of the T,
(10.7 GHz)’s in the convective regions (about 1909
and 1914), and 10 K of T, (10.7 GHz) lowering in the
stratiform region (1910—1912). FL4b profiles again
show T,'s at 37 GHz and greater which are displaced
downshear 20 km from the radar measured rain areas
(Figs. 12a and 12b). Thisis not surprising in view of
the apparent lack of ice above the rain layer (FL4b at
about 1913 in Fig. 17).
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FiG. 12. Profiles of radiometric and radar data for flight line FL4b along nadir
(horizontal dashed line in Fig. 7); otherwise similar to Fig. 8.
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The general lack of correlation between the micro-
wave T,'s and the rainfall rates over land is demon-
strated by Fig. 13, which presentsa T,—rainfall rate plot
for the FL4a and FL4b land-based flight lines. Over
land, the surface emissivity is close to unity and often
there is little contrast between the emission from rain
at lower frequencies and the land background (e.g.,
Wilheit 1986). Unless the storms have significant ice
to provide strong scattering, rain can aso remain un-
detected at the higher frequencies. This is indeed the
casein Fig. 13, where the T,/ s are nearly constant with
rainfall rate. Note also the effect of the variable surface
emission for the points at low rainfall rates. The scatter
for low rainfall rates at all frequencies is 40—60 K.
Many of these points have been correlated with a
swampy area, which is part of the Everglades. Previous
studies (Heymsfield and Fulton 1992) have shown that
during and after rainfall, increased soil moisture and/
or standing water can produce significant lowering of
the T,'s, particularly if there is sparse vegetation. Ex-
cept in situations where the rainfall rates are extremely
high, brightness temperature depressions due to rain
from land-based Florida thunderstorms can be lost in
the highly variable background T,'s.

6. Structure of theice region from higher-frequency
passive measur ements

Determining properties of the ice region from the
radiometric measurementsis complicated by the known
dependence of the ice-scattering mechanism on the de-
tails of the vertical distributions of ice microphysical
properties (particle bulk densities, size distributions,
shapes, etc.). Only very simple ice crystals (horizon-
tally oriented hexagonal plates, columns, and needles)
have been modeled with radiative transfer calculations
(Wu and Weinman 1984; Evans and Vivekanandan
1990); actual clouds are much more complex, partic-
ularly in convective regions. Their results show that ice
particle shape is important for radiometry at high fre-
guencies. Also, supercooled water, which often occurs
in thunderstorms, can complicate the retrieval of prop-
erties from the ice phase region. The purpose hereisto
study the general characteristics of the ice layer by ex-
amining the relations between the various AT,'s be-
tween 37 and 220 GHz to determine whether they can
be related to characteristics of the ice layer obtained
from the EDOP reflectivity measurements.

The bulk properties of the ice and mixed phase re-
gion of thunderstorms have been examined by Vivek-
anandan et a. (1991) using radiative transfer calcula-
tions to simulate spaceborne T,'s for layers of precip-
itation-sized hydrometeors of variable bulk density and
ice water content. Bulk properties are simpler to ex-
amine because of the difficulties in specifying the ice
particle characteristics necessary for modeling the ice
region. Results from Vivekanandan et a. show that the
integrated ice path (1P) can be estimated from the tem-
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perature difference AT, (37-85) = T, (37 GHz) — T,
(85 GHz). The parameter IP = [ IWC(z)dz, where
IWC istheicewater content and theintegration istaken
over the depth of the ice layer. The relation between IP
and AT, (37-85) depends on various factorsincluding
the bulk ice density and the presence of supercooled
water and the underlying rain layer. According to Vi-
vekanandan et al., the 37—-85-GHz difference is not
strongly affected by the underlying rain region since
the 37- and 85-GHz channels saturate at low rainfall
rates. Not only are we interested in exploring the AT,
(37-85) relation to IP suggested by Vivekanandan et
a. (1991), but also the apparent sensitivity of the fre-
guencies above 85 GHz to ice in the anvil regions of
thunderstorms. Also from a satellite retrieval perspec-
tive, the higher frequencies are of intrinsic interest
since they provide somewhat better resolution (i.e., the
footprint scalesin inverse proportion to frequency). As
the frequency is increased, the Mie scattering becomes
more effective for smaller ice particles according to the
well-known size parameter 7D/\ > 1, where D is par-
ticle diameter and \ is wavelength. Is there any evi-
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dence of size dependence on the higher-frequency mi-
crowave measurements and can they alone provide use-
ful information about cloud classification?

Figures 14—17 show several microwave AT,'s (37—
86 GHz, 89—220 GHz, and 150—220 GHz), ice-layer
thickness, mean ice-layer reflectivity, and cloud height
for each flight line as a function of time; the AT, (89—
150 GHz) curves, which fall between AT, (89-220
GHz) and AT, (37-86 GHz), are not presented for
clarity of the figure. These sections cover the sametime
periods as the profiles plotted previously in Figs. 8, 9,
11, and 12. The AT,'s were obtained from the inter-
polated combined fields described previously, and the
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cloud heights were taken from the highest radar range
gates with data above the noise threshold. Note that the
AMPR 85.5-GHz channel (indicated by 86 GHz) is
used in the 37—-86-GHz difference in order to mitigate
errors resulting from interpolation of MIR and AMPR
AT,'s to common time intervals. The ice-layer thick-
nesses obtained from the EDOP data are calculated
from the number of 150-m range gates between theice-
layer base (i.e., freezing level at 4.6 km) and cloud top
based on reflectivity. This thickness can be less than
the difference between cloud top and the freezing level
(e.q., see Fig. 3 for FL2 at 1836), and it does not ac-
count for the possibility that supercooled water may
exist above the freezing level.

General characteristics from the four flight lines in
Figs. 14—17 have been summarized in Table 1. The
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TaBLE 1. Typical magnitudes of AT, under various conditions.

AT, (37-86 GHz)

AT, (89-220 GH2) AT, (150—220 GHz)

Convective core 40 K
Thin anvil ice layer —-70K
Rain (no ice layer) ~0K
Clear ocean background —-70K

20K ~0K
40 K 40 K
~0K ~0K
—-20K ~0K

table suggests that scattering-based radiometric obser-
vations from 37 to 220 GHz can provide useful infor-
mation on distinguishing thin ice layers from ice in
convective cores, and from rain layers without over-
lying ice. The plots are summarized in general termsin
the following.

a. Convective regions with a deep ice layer and
underlying rain

The AT, (37—-86 GHz)'s have the largest positive
values associated with convective cores, which have
high reflectivities near the surface and aoft. The AT,
(37—86) are generally correlated with the higher re-
flectivity cores present above the freezing level, partic-
ularly for storm Y during FL2 (Fig. 14 at 1836:30),
and for convective storms during FL4a (Fig. 16 at
1901) and FL4b (Fig. 17 at 1915:30). These values
range from a peak of 80 K (storm Y during FL2) to
more typical values of 40 K in convective cells during
the other flight lines. The general range of values here
are consistent with those calculated by Vivekanandan
et al. (1991). However, storm X and Y points are on
the high end of the Vivekanandan et al. curves (Figs.
1 and 2 in their paper). Interestingly, the AT, (37—86)
> 0 are well correlated with ice-layer reflectivities
greater than about 23 dBZ, and there is no obvious
correlation with ice-layer thickness.

The higher-frequency measurements show that AT,
(89—220 GHz) islargein both the convective and strat-
iform regions, and AT, (150—220 GHz) parallels the
AT, (89—220 GHz)'s, but with lower magnitudes. The
positive values indicate that the T, (220 GHz)'s are
more sensitive to scattering from the ice than the T, (86
GHz)’'s. Comparison of the ice-layer thicknesses and
reflectivities with the ATy’ s indicate that they must be
greater than about 3 km and 15 dBZ, respectively, for
the AT, s to be much larger than zero as present in the
stratiform and convective regions.

b. Thin anvil ice layers without underlying rain

The AT, (89—220 GHz) and AT, (150-220 GHz)
are both greater than zero and of similar magnitude since
only the T, (220 GHz) is responding to the ice layer,
and the layer is fairly transparent to the 86- and 150-
GHz channels. Thisis evident for FL2 after 1835 (Fig.
14) where the elevated cirrus layer is greater than 5 km
thick and the reflectivities are about 15 dBZ; for con-

vective regions in 1) above, ice-layer thicknesses were
thinner (~3 km thick). Also note that AT, (37-86
GHz) is much less than zero since neither the 37- or 86-
GHz frequencies detect the ice layer and the 37-GHz
emission provides a lower T, than at 86 GHz. This
clearly shows the sensitivity of the 220-GHz T,’s to a
thunderstorm-generated cirrus layer and possibly pro-
vides amethod for determining bulk properties of cirrus
layers. Note that the ice particles in this layer are likely
to be larger than typical for cirrus clouds since the re-
flectivities here are greater than for cirrus. Atlas et al.
(1995) have shown that typical cirrusreflectivitiesrange
from roughly —50 dBZ up to +10 dBZ. Cirrusice par-
ticles have a wide range of mean sizes (i.e., 25—1000
um). For the 15-dBZ reflectivities observed here, plots
in Atlas et a. paper indicate high IWC are present and
that mean ice particle dimensions are likely to be on the
high end for cirrus clouds (i.e., 500—1000 pzm).

¢. Rain region without a significant ice layer aloft

In regions without adeep ice layer overlying therain
below the freezing level, all the ATy's approach 0 K
(Fig. 17 at 1913—-1914). Lowering of the T,'s by ice
scattering appears to require reflectivities greater than
about 15 dBZ and ice-layer thicknesses greater than a
few kilometers. Note that none of the microwave T,’'s
in Fig. 12 indicate with any certainty the presence of
rain or ice over the land background. The Table 1 en-
tries indicate that a rain layer (over land in this case)
without a few-kilometer-thick ice layer aloft may be
easily identifiable in a qualitative sense from other
types of precipitation.

d. Ocean background without clouds

The AT, (37—86 GHz) and AT, (89—220 GHz) are
much less than zero because the attenuation coefficient
for water vapor increases with increasing frequency
(except for water vapor windows such as at 183 GHz)
(Waters 1976) . Thisis apparent for FL2 between 1839
and 1840 (Fig. 14), FL3 before 1848 (Fig. 15), FL4a
before 1859 (Fig. 16), and FL4b after 1915 (Fig. 17).
Also note the AT, (150—-220 GHz) is dlightly larger
than 0 K in these regions because of the greater water
vapor absorption at 220 GHz (and hence lower T,) than
at 150 GHz; these channels saturate as aresult of water
vapor absorption well above the surface.
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The AT, observations above suggest a correlation
with the ice-layer reflectivities and the ice-layer thick-
nesses, both of which arerelated to the | P. Examination
of the relationship of the AT, sto IP such as performed
by Vivekanandan et al. (1991) is only possible in very
crude terms here since the calculation of IP requires
knowledge of the IWC. Rough estimates of IWC were
made for the four flight line datasets presented in this
paper using a Z—IWC relation. The Z—IWC relations
can vary considerably with altitude, temperature, lo-
cation, etc. (Atlas et a. 1995). Most of the Z—IWC
relations in the literature are based on cirrus measure-
ments and are not suitable for the larger convective and
stratiform reflectivities as in the present study. An at-
tempt was made to use Z—IWC relations for convective
and stratiform situations based on Pre STORM in situ
observations and other midlatitude in situ data.® These
relations were used to calculate IP from the EDOP-
derived ice-layer reflectivity. The plots of AT, versus
IP are not presented here since they showed a high
degree of scatter with a poor fit to a linear curve. The
lack of awell-defined relationship between AT,'s and
IP is partly due to the large uncertainty in the IWC
estimates and the large differences in the vertical and
horizontal ice structure during the different flight lines.
Also, the presence of supercooled water above the
freezing level would have the effect of masking the
scattering signal, and thereby warming the T,’' s to pro-
duce a smaler temperature difference. Nevertheless,
there appearsto be some useful qualitative and possibly
quantitative information on the relative amounts of ice
present in the convective cores. There have been pro-
posals to place high-frequency microwave radiometers
on future geostationary satellites. These results suggest
that qualitative classification of the precipitating and
nonprecipitating clouds can be made using scattering-
based frequencies of 86 GHz and above.

7. Summary and conclusions

This paper provides an analysis of a unique remote
sensing dataset from the NASA ER-2 high-atitude air-
craft overflying Florida thunderstorms on 5 October
1993 during CAMEX. For the first time during CA-
MEX, downlooking radar reflectivity measurements
were obtained from the new ER-2 Doppler radar sys-
tem (EDOP). The availability of EDOP data with
simultaneous ER-2 high-frequency microwave ra-
diometric measurements greatly enhanced the inter-
pretation of the microwave and IR remote sensing mea-
surements of the thunderstorms.

The analysis focused on two types of convection: a
small group of thunderstorms over the Florida Straits
and sea-breeze-initiated convection along the Florida

3 Relations are based on discussions with Dr. A. Heymsfield, Na-
tional Center for Atmospheric Research.
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Atlantic coast. Both types of thunderstorms studied
showed reflectivities consistent with warm rain coales-
cence processes, athough the land-based convection
had higher reflectivities several kilometers above the
freezing level. The land-based radar reflectivities sug-
gested the presence of either supercooled water or
larger ice particles, possibly water coated, above the
freezing level in these cells. However, much of the con-
vective and stratiform regions lacked high reflectivities
above the freezing level, consistent with reflectivity
structures found in tropical oceanic cells (e.g., Szoke
et al. 1986; Jorgensen et al. 1989), which are charac-
terized by weak updrafts, rapidly glaciating cells, and
smaller particles aloft (less than afew millimeters).
The relation of the microwave and IR brightness
temperatures were examined in detail and related to the
vertical structure of the precipitation region determined
from the EDOP radar observations. The rain cores ob-
served over ocean by EDOP were well correlated with
elevated microwave brightness temperatures from the
AMPR 10.7-GHz channel. The microwave T,'s at fre-
guencies above 37 GHz, which are scattering based,
were not well correlated with surface rainfall rate. As
noted in previous studies, the ice-scattering regions ev-
ident in the microwave T,'s above 37 GHz, were dis-
placed significantly downshear of the convective re-
gion due to advection by upper-level winds. The IR
T, s corresponded well with the radar-observed thun-
derstorm ice regions, which were poorly correlated
with surface rainfall in the cases studied here. The ob-
servations clearly show that the interpretation of the
microwave Ty’ s depend strongly on vertical wind shear.
Rain retrieval algorithms based on 86-GHz measure-
ments alone would be in error for instantaneous looks
at clouds because they rely on the indirect association
of ice aoft with rainfal at the surface; these methods
incorporate significant averaging over space and time
and are generally used for monthly rain estimates.
The microwave and radar observations over land
were very interesting in that they clearly showed the
difficulty in detecting rain using emission-sensitive mi-
crowave channels. This well-known problem was pre-
viously difficult to illustrate using aircraft radiometric
observations without simultaneous radar observations.
On the land-based flight lines, the higher-frequency
ice-scattering signal (86 GHz) was only weakly cor-
related with low-level reflectivity and rainfall rate be-
cause the ice region was displaced downwind from the
convective rain region. The scattering-sensitive, higher
microwave channels, which have been considered to
be the main method for spaceborne rain estimation over
land, would not agree well with coincident, instanta-
neous radar estimates due to the ambiguities that can
result from the vertical wind shear. Also, the effect of
storm evolution on the microwave and IR T,'sis im-
portant as shown in previous studies such as Fulton and
Heymsfield (1991). It was not possible in the present
study to examine storm evolution due to limitations of



1760

the data. The precipitation radar (PR) employed in
TRMM will greatly help with difficulties associated
with land-based precipitation estimation using radi-
ometers.

The rainfall rates calculated from EDOP reflectivity
measurements and simultaneous microwave brightness
temperature observations have been compared to ra-
diative transfer model calculations of T,’s using afam-
ily of cloud model derived vertical profiles. Single-fre-
guency brightness temperature cal cul ations based upon
a '‘'TOGA COARE" cloud model simulation agreed
fairly well with the observed radar rainfall rate—T, data
points, while brightness temperatures computed from a
““GATE” simulation were consistently lower than
those observed. The difference between the observed
and computed brightness temperatures in the latter case
is attributed to greater rain cell vertical development
than in the GATE simulation, resulting in more radia-
tive scattering by precipitation-sized ice. Multifre-
guency rain and vertical structure retrievals have been
performed by Kummerow et al. (1995) and Olson et
a. (1995) using some of the EDOP and AMPR data
here.

The radar and radiometer datasets presented in this
paper provided the opportunity to examine the sensi-
tivity of higher-frequency passive microwave measure-
ments (89—220 GHz) to the amount of ice present. The
analyzed brightness temperature differences AT,'s
(37-86 GHz, 89—220 GHz, and 150—220 GHz) in-
dicated some correlation with theice-layer reflectivities
and thicknesses. These temperature differences pro-
vided useful information for distinguishing thinice lay-
ers from ice in convective cores, and from rain layers
without overlying ice. From the data presented, it was
found that reflectivities and ice-layer thicknesses must
be greater than about 15 dBZ and a few kilometers,
respectively, to produce significant ice scattering at fre-
guencies above 90 GHz. More radar and radiometer
datasets are now available to examine the generality of
the above findings. Possibly in the future, multifre-
guency microwave retrievals can be applied to the pre-
dominantly scattering-based channels (above 37 GHz)
to provide quantitative information regarding the ice
region. However, the ability of theretrievalsto perform
well utilizing the higher-frequency data may depend on
the correct specification of additional ice microphysical
information required in supporting radiative calcula-
tions.

Multifrequency radiometer measurements aone do
not have adequate information to obtain vertical pro-
files, and therefore profiling agorithms rely on cloud
models to provide microphysical information. Cloud
models, in turn, require validation against actual ob-
servations, particularly microphysical  information.
These datasets can only be obtained through compre-
hensive field campaigns such as TOGA COARE and
future campaigns planned for the TRMM validation.
More recent experiments have been conducted with the
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full-up EDOP system, including Doppler and polariza-
tion measurements along with other radiometers and
cloud electrification instruments. These datasets will
contribute to a better understanding of the relationships
between cloud microphysical structure, top-of-the-at-
mosphere microwave and IR brightness temperatures,
and cloud electrification. The EDOP on future flights
will possibly be able to qualitatively differentiate rain,
ice, and perhaps hail using linear depolarization mea-
surements. This will be useful in determining whether
supercooled water is present above the freezing level
in convective cells. However, the most crucial obser-
vations for future campaigns are detailed in situ micro-
physical observations throughout the cloud depth, par-
ticularly in the ice region.
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APPENDIX
EDOP Characteristics

Frequency 9.72 GHz

Wavelength 3.07 cm

Peak power (split between 20 kw

two antennas)

Pulse length 0.25, 1.0 us

PRF 2200, 4400

Antenna diameter 0.76 m

Antenna beamwidth 2.9°

Receiver dynamic range 110dB

with gain control
Number of Doppler channels 2
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Number of log reflectivity 3

channels
Integration interval 0.25,05,1s
Nadir beam
Transmit polarization Vertical
Received polarization Copolarized
Forward beam
Transmit polarization Vertical

Received polarization Copolarization and

Cross-polarization
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