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Observations of Tropical Cyclone
Structure From WindSat

F. Joseph Turk, Member, IEEE, Sabatino DiMichele, and Jeff Hawkins

Abstract—Passive microwave radiometric (PMW) observa-
tions of clouds from multichannel imaging sensors onboard low
Earth-orbiting environmental satellites are now a vital operational
dataset. The first operational passive microwave sensor was the
Special Sensor Microwave/Imager onboard the Defense Meteo-
rological Satellite Program satellites, which has been gathering
hydrological data records since 1987, and continued with the
Tropical Rainfall Measuring Mission (TRMM) and the Advanced
Microwave Scanning Radiometer onboard Aqua. These sensors
view the underlying scene with an Earth incidence angle near
53° and with a variable azimuthal angle, depending upon the
orbit direction and scan position. The WindSat sensor onboard
the Coriolis satellite, launched in January 2003, is a five-channel
polarimetric PMW radiometer designed to optimize ocean surface
wind vector retrievals. While it does not have 85-GHz channels, an
added feature is its unique fore-aft viewing capability across a por-
tion of its fore scan swath. This provides a view of the underlying
scene from two separate azimuthal directions, which provides
added information on the three-dimensional (3-D) structure of
clouds and their evolution. In this paper, we compare WindSat
and TRMM Precipiation Radar observations of tropical cyclones
(TCs) with Monte Carlo radiative transfer simulations performed
on idealized 3-D convective cloud structures. The TC 3-D structure
and possible tilt in the convective cloud structure are inferred
from the difference between the 37-GHz equivalent blackbody
brightness temperatures (Tg) from the corresponding fore and
aft view observations. The information gained from this analysis is
important since asymmetries in the cloud vertical and horizontal
structure may be an indication of upper level wind shear, which
plays a major role in influencing changes of the TC intensity.

Index Terms—Clouds, cyclone, microwave, radiation, shear,
structure, Tropical Rainfall Measuring Mission (TRMM),
WindSat.

1. INTRODUCTION

LOUDS, as well as many terrestrial surface features,
C appear different to the eye depending upon ones viewing
direction. Similarly, passive microwave radiometric (PMW)
observations of clouds gathered from moving-platform envi-
ronmental satellites are different depending upon the sensor
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viewing direction in relation to the cloud three-dimensional
(3-D) structure at the overpass time. By design, conically
scanning passive microwave observations from low Earth-or-
biting (LEO) environmental satellites are engineered to provide
observations using a nearly constant Earth incidence angle
across the scan swath. This greatly simplifies the visual and
analytical interpretation of these data over scenes of clouds
and radiometrically polarized surface features such as lakes.
The first of these operational PMW sensors was the Special
Sensor Microwave/Imager (SSM/I) onboard the Defense Me-
teorological Satellite Program (DMSP) satellites, which have
been gathering hydrological data records since 1987, followed
by the Tropical Rainfall Measuring Mission (TRMM) Mi-
crowave Imager (TMI) and the Advanced Microwave Scanning
Radiometer (AMSR-E) onboard the Earth Observing System
Aqua satellite in 1997 and 2002, respectively (a similar AMSR
on the ADEOS-II satellite gathered data for ten months in
2003).

The 3-D cloud structure affects both the visual interpreta-
tion and the quantitative use of PMW data. Since conically
scanning PMW radiometers view clouds along a slant path and
geolocation coordinates are recorded where the antenna field
of view (FOV) intersects the Earth, the imaged cloud location
may appear displaced (the displacement largely depends upon
the cloud structure and viewing direction). Bauer er al. [1]
presented a simplified means to correct for the displacement
and stretching of equivalent blackbody brightness temperatures
(Ts) distributions, noting that the effect is primarily required
for higher frequency, higher resolution channels at 37 and
85 GHz. Without accounting for this effect, the underlying
rainfall structure or tropical cyclone centering will exhibit a
certain degree of positional uncertainty. Plane-parallel radiative
transfer models cannot fully describe vertically extended clouds
with finite sizes and horizontal inhomogeneities. Haferman
et al. [2] used a 3-D radiative transfer model to examine the
effects of horizontally finite clouds upon precipitation retrieval
techniques. Physically, weaker photon interactions (photons
escaping) near the cloud edges and downwelling radiation re-
flected by the surface distort the 75 image from the underlying
rainrate distribution. Similar investigations were undertaken
by [3]-[5] and more recently by [6]. Since PMW radiometers
view clouds from a single direction, there is a certain degree of
uncertainty in PMW-based precipitation retrievals owing to the
unknown cloud geometry. Turk et al. [7] generated simulated
TMI satellite images using a mesoscale model simulation of
the 1998 Hurricane Bonnie, in order to examine the effect
of two satellite viewing directions (180° apart) on a rainfall
retrieval algorithm. They noted that the positive differences
(overestimates) tended to be spatially adjacent to the negative
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differences (underestimates), but statistically, the modeled error
bounds were consistent with the error bounds from satellite-es-
timated rainrate data.

By their very nature, moving-platform PMW satellite obser-
vations represent snapshots in time and any inferences to dy-
namical (i.e., time-changing) conditions are indirect. As empha-
sized in [8], proper interpretation of 85-GHz PMW imagery can
reveal information on tropical cyclone (TC) intensity, and with
enough PMW overpasses close together in time, an indication
of the evolutionary state can often be inferred. If the TC has ma-
tured into an eyewall structure, the shape and symmetry of the
TC eyewall may be an indication of the surrounding environ-
ment, which is known to strongly influence the direction of fur-
ther TC intensification [9]—[12]. If the synoptic state of the cloud
environment (vertical wind shear, inflow, and outflow bound-
aries, etc.) are strong enough, the combination may produce a
preferred direction of the cloud growth, which may be mani-
fested as a tilt or slope in the TC structure. Tilted cloud systems
have been investigated in the past. LeMone et al. [13] noticed
a tilt with height of 20° to 30° from the horizontal in leading
edges of convective cloud lines, with steeper tilts amongst in-
dividual cloud towers. Hong et al. [6] modeled the variability
in upwelling T'’s due to the presence of tilted convective cloud
systems, and using data from the TMI, noticed horizontal dis-
placements between 19- and 85-GHz T’p as large as 100 km. If
the underlying scene is a TC with a developed eyewall structure,
any satellite-based information that can give an indication of the
possible presence of synoptic vertical wind shear conditions is
valuable to a TC intensity forecast. In this paper, we extend the
studies initiated by Hong et al. [6] and Bauer et al. [1] to ex-
amine whether a PMW radiometer dual-view capability can re-
veal any added information on tilted cloud structures or other
asymmetries, which are not possible from single-view sensors.

In January 2003, the launch of the Coriolis satellite de-
ployed the WindSat sensor into an 833-km altitude low-Earth
orbit. WindSat is a 19-channel conically scanning PMW ra-
diometer designed by the Naval Research Laboratory (NRL)
[14]. Coriolis orbits in a sun-synchronous pattern with an
approximate 6 P.M. local time of ascending node (LTAN), close
to the crossing time of the National Aeronautics and Space
Administraiton (NASA) QuikScat satellite. The sensor has
full Stokes vector measurement capabilities at 10.7, 18.7, and
37 GHz via direct measurement of vertical (V), horizontal (H),
+45°, left hand circular (LHC) and right hand circular (RHC)
polarized radiation. The channels at 6.8 and 23.8 GHz have
V/H measurement capability only. The specifications of the
sensor are listed in Table I. The fully polarized channels were
designed for PMW-based retrievals of ocean wind vectors, in
support of a similar capability which will be available on the
National Polar-orbiting Operational Environmental Satellite
System (NPOESS) Conical Microwave Imager and Sounder
(CMIS) sensor. The wind vector retrievals perform best under
cloud-free conditions, and a rain estimation algorithm flags
rainy pixels with a quality flag. Unlike other PMW sensors,
WindSat records data on both the forward (fore) and back (aft)
side of each spin of the conically scanning feedhorn structure.
Fig. 1 depicts the conical scanning mode of WindSat. The
narrower aft scan data covers a 350-km wide swath, so across a
limited region of the fore scan the sensor gathers dual views of

TABLE 1
WINDSAT SPECIFICATIONS. EIA = EFFECTIVE INCIDENCE ANGLE,
LHC = LEFT-HAND CIRCULAR, RHC = RIGHT-HAND CIRCULAR,
IFOV = INSTANTANEOUS FIELD OF VIEW

Frequency (GHz) Channels EIA (deg) IFOV (km)

6.8 V,H 53.5 40 x 60
V, H, £45, LHC,

10.7 RHC 49.9 25x38
V, H, +45, LHC,

18.7 RHC 55.3 16x27

23.8 V,H 53.0 12x20
V, H, £45, LHC,

37.0 RHC 53.0 8x13

Ground Track or Flight Path Vector
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Swath = 1,025 Km
Left Right
40 deg 332 deg Spin
Center = 90 deg R
Spacecraft YsR Warm 270deg |
|
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170 Center = 246 deg

deg
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Swath = 350 Km

180deg
View Toward Earth Nadir

Fig. 1. WindSat scanning geometry. The on-Earth fore- and aft-viewing swath
width encompasses 1025 and 350 km, respectively, as the sensor conical scan
spins counterclockwise. A dual-view of the same pixel area is possible across
the left side of the fore swath with a time offset of approximately 4-5 min,
depending upon the across-track beam position (largest time offsets and relative
azimuth angles closer to subtrack). Figure adapted from Gaiser et al. [14].

the image scene separated in time by 4-5 min, depending upon
scan position (smaller time offset near scan edge). Away from
subtrack, the relative azimuth between the fore and aft FOVs
decreases from near 180° to a minimum of 110° at scan edge.
In this paper, we will examine WindSat overpasses of trop-
ical cyclones to determine the efficacy of its dual-viewing ca-
pability to reveal added information on the eyewall structure,
shape, and evolution, in lieu of an 85-GHz capability. Indepen-
dent data from the TRMM Precipitation Radar (PR) and geo-
stationary satellite-estimated vertical wind shear estimates are
used to illustrate situations where known shear conditions exist
in mature tropical cyclones. Using 3-D Monte Carlo passive mi-
crowave radiative transfer simulations of idealized cylindrically
shaped tropical cyclone cloud structures, we simulate how the
resultant upwelling 37-GHz Tz would appear in both the fore
and aft scan directions when a tilt is manifested in the TC eye-
wall cloud structure. Comparisons of the simulations are made
with fore and aft WindSat and TRMM PR observations of trop-
ical cyclones in the Western Pacific Ocean from late 2004. Ac-
tual PMW sensor observations provide a coarser scale depic-
tion of the underlying fine-scale cloud variability, and actual



TURK et al.: OBSERVATIONS OF TROPICAL CYCLONE STRUCTURE FROM WINDSAT 647

18 oct-04 03012 26w mOCK-TEN

(b) Across—Track Scan=6205 | |(c) Along-Track Scans=6147 6264 (2004/10/22 03:00:40-03:01:50) Ray=29

U eh B

|
(d) TMI Under PR Ray 29 2004/10/22 03012

ail i

300 T T T T T T

260
240
220
200
180

160
140
120
100 ‘
80 ! L 1 I 1 1 1

Along-Track TBH (K)
TTT T T T T T
[ R B B R

o
o
S
o
)
3
o
&
w
3
©
&
»
b=

TMI Scan Index

Fig. 2. TRMM descending overpass over tropical cyclone Nock-Ten on
October 22, 2004 near 0301 UTC. (a) Map-projected PR attenuation-corrected
reflectivity at range gate 70 (near 1-km above surface) in dBZ. Grid lines are
spaced every 2° in latitude and longitude. (b) Across-track PR reflectivity
profile at scan 6205 (satellite direction is into the paper). Approximate
dimensions are 220 km across-track by 20 km height. (c) Along-track PR
reflectivity profile between 030040-030150 UTC (satellite direction is left
to right). Approximate dimensions are 470 km along-track by 20 km height.
(d) Coincident trace of the horizontally polarized T's at 10, 19, 37, and 85 GHz
from the TMI corresponding to the along-track reflectivity profile segment
in (c).

TC cloud structures are highly inhomogeneous compared to
simplified modeled structures. Nonetheless, taken together the
fore-aft (fore minus aft) WindSat and PR observations reveal
the spatial features that were shown with the 37-GHz T’ image
simulations.

II. EVIDENCE OF TILT IN TROPICAL CYCLONES

One major factor influencing the evolution of tropical cy-
clones is the state of the local environment, including variables
such as the three-dimensional distribution of the wind speed and
direction, moisture, sea surface temperature, etc. If a tropical cy-
clone has already formed, large values of vertical wind shear can
weaken or destroy the tropical cyclone by interfering with the
internal dynamics and organization of convection [9]. Vertical
shear acts to tilt the circulation of the storm, modifying the air-
flow throughout. The launch of several key Earth environmental
remote sensing satellites in the past decade has greatly improved
our capability to monitor the lifecycle of tropical cyclones (TC)
[8]. The Precipitation Radar onboard the Tropical Rainfall Mea-
suring Mission (TRMM) satellite was the first spaceborne radar
with sufficient sensitivity and vertical and horizontal resolution
(250 m and 4 km, respectively) to enable depiction of the 3-D
structure of precipitating clouds [15]. While the PR has a small
swath and provides a limited number of tropical cyclone eye

TABLE 11
ESTIMATED SHEAR MAGNITUDE AND DIRECTION FOR FOUR TROPICAL
CYCLONES NEAREST TO THE WINDSAT OVERPASSES DEPICTED IN FIGS. 8, 9,
11, AND 13, RESPECTIVELY. MSLP = MEAN SEA LEVEL PRESSURE.
SHEAR DIRECTION IS DEFINED AS DEGREES CLOCKWISE FROM NORTH
(E.G., 0 = SHEAR Is DIRECTED FROM NORTH TO SOUTH)

TCName | Date | \ptude | Dirooton | MSLP | wWinds | Speed | Bewing
(m/s) (deg) (knots) | (knots) (deg)
I?&f;ffg)“ 2%%43;’/52 6.0 29 949 | 110 15 290
(&A]ffic) 20040928 138 240 | 967 | 75 13 45
(g’]EaAgg) 201%48%9 16.1 226 976 | 65 28 30
]\(If;,‘]',":dc‘)’l 2(:%48%]2 7.8 179 933 | 110 10 315

overpasses, analysis of long-term data can reveal quantitative
information statistically relating cloud properties to tropical cy-
clone intensity. In a recent study using seven years of PR data,
Kelley et al. [16] showed that when an eyewall tower is found
to exceed a height of 14.5 km, then there was a 71% likeli-
hood of further intensification, but if the maximum height is
10-14.5 km, there was a 46% chance.

Fig. 2 depicts a TRMM descending overpass over typhoon
Nock-Ten in the western Pacific Ocean on October 22, 2004
near 0301 UTC. At this time, the typhoon exhibited maximum
sustained winds of 100 knots and was moving along a 305°
bearing at 11 knots. The top figure depicts a plan view of the PR
map-projected attenuation-corrected reflectivity [logarithmic
power (dBZ)] at range gate 70 (near 1-km height). The eyewall
is nonsymmetric with maximum reflectivities on the left side
of the storm (relative to satellite motion), indicative of pos-
sible upper level shear. Further motivation for this reasoning
is gained by analyzing both the across-track and along-track
vertical reflectivity profiles in panels 2 and 3, respectively. The
across-track profile shows a tilt toward the south (left side of
the storm), indicative of upper level winds blowing from north
to south. The along-track profile shows a sloped inner eyewall
structure, with a more defined bright band in the east side of
the eyewall, indicative of stratiform rain conditions and weaker
vertical velocities. Further evidence of the upper level shear is
gained from analysis of the University of Wisconsin vertical
shear trend analysis [17] tabulated in Table II. These analyses
depict vertical wind shear as calculated by subtracting the
low-level layer-averaged flow (925-700 hPa) from the upper
level layer-averaged flow (300—150 hPa). The magnitude of the
vertical shear was estimated to be moderate (6 m/s) along a
29° bearing (from the north), which is in agreement with the
suggested direction of eyewall tilt.

The trace of the horizontally polarized Tz from the 10-, 19-,
37-, and 85-GHz channels of the TRMM Microwave Imager
(TMI) corresponding to the along-track reflectivity profile are
plotted in panel 4. Note that the maximum 10-GHz Tj is
offset by about three scans (approximately 45-km) ahead of the
85-GHz minimum near scan 15, but nearly aligned in the more
stratiform precipitation band near scan 27. Despite differences
in channel resolution, this example shows how differently
conically scanning PMW radiometers respond to the presence
of tall convective cloud structures at different frequencies,
introducing a certain amount of uncertainty in the geolocation
of the eyewall position [6].
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Fig. 3. Three-dimensional perspective view of the structure of the idealized

cylindrical tropical cyclone. The simulated satellite moves along the 4y axis
and views the structure along the fore (0° azimuth) and aft (180° azimuth)
directions, with a 53° satellite zenith angle. The inner and outer diameters are
100 and 200 km, respectively. A 5-km ice layer is atop a 4-km rain layer, with a
0.5-km layer of nonprecipitating cloud liquid water coexisting at the top of the
rain layer. A tropical water vapor profile is superimposed extending from the
surface up to 20 km in approximately 1-km layers.

As depicted in Fig. 1, if the storm lies on the left side of the
WindSat swath (relative to satellite motion), then the WindSat
sensor will be able to provide multiple views of the storm from
its fore and aft scans. In particular, there may be discernable dif-
ferences between the fore and aft views within the finest resolu-
tion 37-GHz Image Data Record (IDR) data (see Table I) related
to cyclone structure. In the next section, we use Monte Carlo
simulations to determine if information in the fore-aft differ-
ences can be related to cyclone eyewall tilt, and hence indicate
a change in the cyclone intensity due to the presence of vertical
shear conditions.

III. DUAL-VIEW SIMULATIONS

In order to simulate the 37-GHz fore-aft viewing observations
available from WindSat, 3-D radiative transfer computations
were performed using the backward Monte Carlo simulator
originally developed in [3] and later used in [6] and [18].
This method follows received photons backward through the
medium in a probabilistic manner, whereby photons are ei-
ther scattered or absorbed at each interaction. A simplified
Henyey—Greenstein phase function is used to determine the
direction of travel after each scattering event. The radiative
properties of all hydrometeors are computed using Mie theory
and exponential drop size distributions, and a tropical ra-
diosonde profile gathered during the 1993 TOGA-COARE
experiment is superimposed [19]. The ocean surface emissivity
is assumed to be Fresnel (smooth water surface) with a surface
temperature of 300 K. The horizontal grid dimensions are
80 x 80 with a 5-km grid spacing, and 20 1-km layers in the
vertical. Only horizontally polarized modeling was done, both
for brevity and the lower ocean surface emissivity provides a
wider 15 dynamic range for cloud scenes.

B ———
satellite movement
modeled 180° view (aft)
upwelling from top of
hydrometeor column

modeled 0° view (fore)
upwelling from top of
hydrometeor column

observed 180° view (aft)
from satellite geolocation

obhserved 0° view (fore)
from satellite geolocation

Offset between modeled and observed upwelling T, =2h tan(g)

Fig. 4. Side-view (along-track) depiction of the structure of the simulated
tilted cyclone, using a & = 45° tilt along the y axis. While radiative transfer
simulations report the upwelling 0° and 180° azimuth radiances from the same
position on TOA, a conically scanning satellite sensor observation viewing the
same TOA point (zenith angle denoted by &) is positioned further ahead along
the sensor view direction. The atmosphere height where the majority of the
radiometric signal response originates is denoted by 5.

Fig. 3 depicts the simplified cylindrical cloud structure used
to model a tropical cyclone. The 45° tilted cloud model struc-
ture described in [6] is used. The inner and outer diameters
are 100 and 200 km, respectively. A 5-km ice layer (density
= 0.9 g-cm~3) is placed atop a 4-km rain layer (rain liquid water
content = 3 g-m~3), where a 0.5-km layer of cloud liquid water
(cloud liquid water content = 0.5 g-m~?) is superimposed from
3.5 to 4 km height. The simulated satellite along-track direction
is from left to right in this figure (z axis is across-track and the
y axis is along-track). In Fig. 4, an along-track side-view depic-
tion of the tilted structure is shown, where a +45° tilt has been
applied along the y axis. The radiative transfer simulations were
first performed at 85 GHz for the nontilted and tilted structures,
in order to test and replicate the previously published results
of [6].

Fig. 4 also points out differences between model simulations
and actual satellite observations that must be taken into account
if these two datasets are to be properly compared. Radiative
transfer simulations are usually coded to report the upwelling
radiances from the top of the atmosphere (TOA), but satellite
sensor observations are geolocated at the coordinates where the
center of the (IFOV) intersects the Earth. For conically scan-
ning instruments, this introduces an geolocation offset as shown
in Fig. 4. In these cases, the radiative transfer simulations report
the upwelling 0° and 180° azimuth radiances from the same po-
sition on TOA, but a satellite sensor observation viewing along
the same azimuthal directions would have its radiances reported
as the on-Earth intersection point of the IFOV beam. This offset
will be taken into account when comparing fore-aft (fore minus
aft) modeled differences, so that the simulated two-dimensional
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Fig. 5. Simulated upwelling Tz from the nontilted cyclone structure in

Fig. 3. In all figures, azimuthal = 0° is defined as viewing from the bottom
toward the top, and azimuth = 90° is viewing from left to right. In all panels,
the latitude and longitude grid lines are spaced 1° apart. From left to right:
(a) upwelling 37-GHz horizontally polarized T's for a satellite zenith angle of
53¢ and azimuth viewing angles of 0°, (b) azimuthal viewing angle of 180°,
(c) 0° to 180° Tz difference, and (d) 0° to 90° T'p difference.

T’p images can be properly compared to WindSat images. For
the 5-km horizontal grid, a satellite zenith angle of 53° and a
9-km cloud top, this works out to an approximate four-pixel
offset between fore and aft, applied along the viewing direction.

In Fig. 5, the simulated upwelling 37-GHz T’z from the non-
tilted cyclone structure is depicted for a satellite zenith angle of
53° and azimuthal viewing angles of 0° [Fig. 5(a), left panel]
and 180° [Fig. 5(b), middle panel], and the 0° to 180° Tz dif-
ference [Fig. 5(c), right panel]. As you look at these figures,
azimuth = 0° is defined as viewing from the bottom toward the
top, and azimuth = 90° is viewing from left to right. In other
words, the simulated satellite is moving from top to bottom.
The background upwelling T’s is near 200 K owing to emission
from water vapor and cloud liquid water alone. For reference,
the eye is positioned at a location of (0°N, 0°E), and grid lines
are spaced every 1° in latitude and longitude.

For the 0° case of Fig. 5(a), the viewing direction first inter-
sects the rain layer leading to a rapid 7'z warming near 290 K
against the radiometrically cool ocean background. As the view
intersects, the ice layer and radiation from the rain and cloud
layers are scattered away from the viewing direction, the up-
welling T’z cools to a minimum of near 240 K. Near the upper
edge of the eyewall, the 7’5 cools to near 190 K over a small re-
gion (10 K cooler than the background, since the beam is inter-
secting only the ice layer, and the 200-K background radiation
is slightly reduced by scattering within the ice) before settling
to the 200-K background value. A similar process occurs on the
other side of the cyclone eyewall. Since the structure is radially
symmetric, the 0° and 180° T’z images are mirror images of
each other, and the 0° to 180° T'g difference (fore-aft) image in
panel 3 shows thin alternating positive and negative bands near
both the upper and bottom edges of the cyclone eyewall, with
differences near +40 K.

In Fig. 6, the cyclone is tilted by 45° along the direction of
the negative y axis (i.e., slanted toward the bottom in these fig-
ures). The panels are otherwise identical with Fig. 5. With this
configuration, the tilted eyewall is nearly aligned along the 0°
azimuthal view. Therefore, the 0° azimuthal view [Fig. 6(a), left
panel] intersects the ice layer first, and very quickly the T'p rises
to the same 240-K maximum as in Fig. 5(a). A separate thin
band of T =~ 230 K is evident below 1° S, which is caused
by the warm emission from the rain layer reflecting off of the
ocean surface and into the view direction. The band of radio-
metrically warm Tz =~ 290 K appears near the lower edge of
eyewall center (near 0.4° S latitude). Even though the view is
transversing a path through the high-albedo ice layer, the closer
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Fig. 6. Same as Fig. 5, but the cyclone is tilted by 45° along the direction of
the negative y axis (i.e., slanted toward the bottom in these panels).
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Fig. 7. Same tilted structure as Fig. 6, but for (a) azimuth viewing angle of
90°, (b) azimuthal viewing angle of 270°, (c) the 90° to 270° T difference,
and (d) the 180° to 270° T'p difference.

the view is to the eyewall edge, there is a greater probability for
the photons to escape into the surrounding atmosphere, which
reduces the overall probability of scattering back along the sim-
ulated FOV. Along the top (north side) of the eyewall, the ef-
fect is similar—warming due to reflection of rain emission, scat-
tering of the rain layer by the ice layer, then a weakening of the
scattering effect near the upper cloud edge allowing more of the
warm rain emission to pass through.

In Fig. 6(b), the 180° azimuthal view, similar types of expla-
nations hold, but the view now first intersects the radiometri-
cally warm rain layer for a longer distance, leading to a gradual
T warming to = 290 K, then a cooling to 240 K. The band
of 190 K is also evident (10 K cooler than the background) as
noted in Fig. 5(b), but a wider band here owing to the tilt. On the
bottom (south side), the effect is similar- the region of =~ 290 K
is smaller since it is resulting from emission inside rather than
outside of the eyewall, but the band of 190 K (below 1° S) is
wider since it is resulting from weak ice scattering along the
outer eyewall perimeter. The net result is that the 0° to 180° T'p
difference image [Fig. 6(c)] shows a more widespread, weaker
intensity (differences of only £20 K) pattern of alternating pos-
itive and negative bands near both the upper and bottom edges
of the cyclone eyewall (the “ribbon” around the inner and outer
perimeters is an artifact, owing to the fact that the offset used to
on-Earth align the 0° and 180° azimuthal view images is limited
by the horizontal grid spacing of 5 km).

In Fig. 7, we illustrate the situation of azimuth viewing angles
of 90° [Fig. 7(a), left panel] and 270° [Fig. 7(b), middle panel],
and the 90° to 270° T difference [Fig. 7(c), right panel]. In
other words, the satellite is moving from left-to-right. This sim-
ulates the situation where the eyewall is tilted to the right of the
forward viewing direction. The net result in the 90° to 270° Tz
difference image [Fig. 7(c)] appears to be a similar widespread
pattern of alternating positive and negative bands, symmetric (in
absolute value) about the y axis, with differences near +40 K.
However, the features are not symmetric about the x axis and
the T differences are larger on the side of the tilt (south side).

We also have analyzed the behavior of the 0° to 90° and
180° to 270° Ty differences (90° relative azimuth), which is
closer to the actual WindSat fore-aft azimuth difference at swath
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(a) 37H channel from the WindSat ascending overpass over typhoon Nock-Ten centered at 0821 UTC on October 22, 2004. Color scale is in Kelvin.

(b) Associated 37H-GHz T's difference between the fore- and aft-viewing scans. The scale extends from +20 K in an anamoly scale where red and blue intensities
indicate positive and negative, respectively. In all panels, the latitude and longitude grid lines are spaced 2° apart.

edge (near 110° when the scene is near the left edge of the
swath). Figs. 5(d), 6(d), and 7(d) depict these corresponding
cases, with and without tilt. The net effect is to render the T
differences less symmetric about either the 0° or 180° direction.
In Fig. 5(d), the maximum inner eyewall negative and positive
differences appear to the left of subtrack and along subtrack,
respectively. The combination of a 90° azimuthal offset and a
+45° tilt [Figs. 6(d) and 7(d)] is to spread out or “blur” the 75
structure from that of the nontilted structure.

The idealized cylindrical cloud structures used here are nec-
essary simplications of the more complex, time-evolving 3-D
shapes of tropical cyclones [20]. The magnitudes of the Tp de-
picted in these simulations are a function of the TC microphys-
ical vertical structure. While fore-aft differences appear when-
ever a cloud edge is detected, the overall pattern of the fore-aft
difference is dependent upon the direction of tilt relative to the
satellite motion. In reality, corresponding WindSat fore and aft
views maintain a near-constant zenith angle but are viewed from
a different azimuth across-track; only the pixels near subtrack
possess relative azimuth differences near 180°. Nonetheless,
the simulations show that the WindSat fore-aft data may pro-
vide some added evidence regarding the presence, strength and
direction of eyewall tilt (either across-track or along-track of
the satellite motion). In the next section, we analyze WindSat
overpasses of several tropical cyclones to observe how their
fore-aft differences compare with the theoretical calculations of
this section.

IV. COMPARISONS WITH WINDSAT OBSERVATIONS

As shown in Fig. 1, the fore-aft capability of WindSat ex-
tends over a portion of the left side of the forward scan. Scenes
near subtrack have time offsets near 5 min, and scenes cap-
tured near swath edges have smaller relative azimuth angles
(near 110° at swath edge) and time offsets, whereas the model
simulations assume a 180° azimuthal viewing difference and
no storm evolution. Therefore, when the fore and aft images

are differenced there is a slight horizontal displacement that
occurs due to natural storm advection throughout the time in-
terval between fore and aft views. In the dynamic TC environ-
ment, the displacement distance is on the order of one 37-GHz
pixel (10 km). We assume that the resulting radiometric dif-
ference is much less than that owing to the radiometric differ-
ence due to the different viewing paths. It is important to keep
in mind that unlike 85-GHz observations, 37-GHz over-ocean
T'p are dual-valued (i.e., similar T3 can result from emission
warming or scattering-induced 75 depressions), which can ap-
pear to distort the shape of the eyewall structure unless taken
into accounted. Also, if a predominant ocean surface wind di-
rection is present, a certain amount of fore-aft difference over
less optically thick clouds will be evident. However, this signal
is only several Kelvin compared to the > 10 K fore-aft signal
owing to clouds.

In Fig. 8(a), the 37H (horizontal polarization) channel image
from the 0821 UTC WindSat ascending overpass over typhoon
Nock-Ten on October 22, 2004 is shown. These data are mapped
onto a 2-km per-pixel rectangular map projection to smooth the
image representation. At this stage in its evolution Nock-Ten
was estimated to have maximum winds of 110 knots, moving
along a 290° bearing at about 15 knots. From Table II, the mag-
nitude of the vertical shear was estimated to be 6 m/s along a
29° bearing (from the north). While the corresponding TRMM
image of Fig. 2 was captured nearly 5 h earlier, a similar organ-
ization of the asymmetric eyewall structure is evident, with the
majority of the typhoon development to the south. The associ-
ated 37H-GHz T difference between the fore- and aft-viewing
scans is shown in Fig. 8(b) (anomaly scale extends between
+20 K, where red and blue indicate positive and negative dif-
ferences, respectively). The main eyewall shows magnitudes
of positive and negative differences exceeding +20 K on the
southern side, with weaker magnitudes of near £10 K on the
north side. The comparison with Figs. 5(c) and 6(c) suggests
that the eye may be tilted toward the south (as suggested by
the TRMM PR profiles of Fig. 2, with deeper, more convective



TURK et al.: OBSERVATIONS OF TROPICAL CYCLONE STRUCTURE FROM WINDSAT 651

37H (FORE) (K) 28-Sep-2004 0842Z B

4

210

28N

0 220 240 260

Fig. 9.

clouds to the south), as well as the wind shear direction estimate
provided in Table II (moderate shear from the north). However,
given inherent scale differences between model simulations and
satellite observations, and the vertical extent of the clouds, it is
difficult to conclude anything definite on the magnitude of the
tilt. The tilt appears quite small in this storm, which is at an in-
tense phase (110 knot winds) such that the shear would have to
be much stronger in order to impart any deintensification. Ad-
ditionally, the storm is close to the left edge of the swath as the
satellite ascends, so the relative azimuth between the fore and
aft scans is closer to 130°.

Fig. 9 shows another example, the WindSat ascending over-
pass over typhoon Meari centered at 0841 UTC on September
28, 2004. At this stage in its evolution, Meari had estimated
maximum winds of 75 knots, moving toward the northeast at
about 13-knots toward the southern Japanese islands. From
Table II, the magnitude of the vertical shear was estimated to
be 13.8 m/s along a 240° bearing (from the southwest toward
the northeast). The eyewall structure is asymmetric, wider in
diameter with main development on the north side, which is in
accord with these strong vertical shear estimates, indicative of
a storm being weakened by shear. The preferred cloud direc-
tion is evident in the TRMM overpass at 0852 UTC (11 min
after the WindSat overpass) in Fig. 10. The PR vertical radar
reflectivity profiles show a vertical structure oriented to the left
(relative to satellite motion) in the across-track profile and to
the right (in the direction of motion) in the along-track profile,
indicative of the northeasterly directed shear. The 85-GHz Tz
minimum is only near 220 K and occurs near TMI scan 33,
after the 10-GHz T’ has reached its maximum near TMI scan
28 (bottom panel of Fig. 10). The Windsat fore-scan views
the front edge (emission from rain layer in the tilted cloud
and lack of significant ice) first, providing positive fore-aft
differences [Fig. 9(b)] over the north side of the eyewall near
30N latitude. The north side of the eyewall exhibits mainly
widespread positive differences, smaller in magnitude than the
example in Fig. 8(b). From Fig. 6(a) and (b), the effect of the
tilt is to spread out the area of positive-negative difference and
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Same as Fig. 8, but for the WindSat ascending overpass over typhoon Meari centered at 0841 UTC on September 28, 2004.
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Fig. 10. Same as Fig. 2, but for the TRMM ascending overpass over typhoon
Meari centered at 0852 UTC on September 28, 2004 (11 min after the WindSat
overpass shown in Fig. 9).

reduce the absolute magnitude. The weaker intensity compared
to typhoon Nock-Ten (75 versus 110 knots) and the PR profiles
of Figs. 2 and 10 suggests that shear effects are stronger in this
example. We note how Fig. 9(b) contrasts with Fig. 8(b), which
was from a more intense typhoon with nearly circularly shaped
red/blue (positive and negative) areas and which, theoretically,
would indicate much less tilt. Note that the blue-red ribboning
effect at coastlines is a manifestation of the fact that the fore
and aft pixels are never exactly viewing the same scene. The
orientation of the fore and aft pixel is different, such that they
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each intersect a different amount of radiometrically cold ocean
and radiometrically warm land, leading to a positive fore-aft
difference at some pixel locations, others negative.

The final two examples are shown in Figs. 11-14, which
depict two descending WindSat overpasses and their corre-
sponding nearest time TRMM overpasses. Fig. 11 shows the
2142 UTC WindSat descending overpass over typhoon Tokage
on October 19, 2004, moving along a 30° bearing toward Japan.
The TRMM ascending overpass in Fig. 12 occurred near 2219
UTC, 37 min after this WindSat overpass. Fig. 13 is the 2222
UTC WindSat descending overpass over typhoon Nanmadol on
December 2, 2004, moving along a 315° bearing after crossing
the Philippine Islands (it would soon curve to the northeast and
move over Taiwan). The TRMM ascending overpass in Fig. 14
occurred near 2229 UTC, 7 min after this WindSat overpass.

In both of these cases, the majority of the cloud development
is on the north side of the eyewall structure. From Table II,
the shear is directed toward the northeast (Tokage) and north
(Nanmadol), which is in accord with these observations. Tokage
had the strongest vertical shear (estimated at near 16 m/s) and
weaker intensity of the two. In both Figs. 11(b) and 13(b), near
the eye the fore-aft differences are not as well defined and rather
weak. The 85-GHz AMSR-E imagery from the 1732 UTC (4 h
earlier, not shown) Aqua overpass over Tokage also show the
eyewall being sheared apart. If tilt is toward the north as these
data suggest, near the inner eyewall edge the fore-aft differences
would first be negative [inner blue area in Fig. 6(c)], since the
aft scan would be peering into the side of the tilted cloud (radio-
metrically warm emission, since the majority of the ice top has
been sheared away). The negative values are noticeable in the
north side of the eyewall in Fig. 11(b) (just touching the south-
ernmost tip of the Japanese island of Kyushu). The along-track
PR profile of Tokage in Fig. 12 shows the shear as a general
slope in the cloud structure, and the strongest 85-GHz ice scat-
tering signatures of Ts < 200 K further away from the eye.

For typhoon Nanmadol (Figs. 13 and 14), the storm is at a
stronger intensity (110 knots), and shear is moderate at 7.8 m/s,
directed from south to north (Table II), in accord with the struc-
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Same as Fig. 8, but for the WindSat descending overpass over typhoon Tokage centered at 2142 UTC on October 19, 2004.
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Fig. 12. Same as Fig. 2, but for the TRMM ascending overpass over typhoon
Tokage centered at 2219 UTC on October 19, 2004 (37 min after the WindSat
overpass shown in Fig. 11).

ture depicted in Fig. 13. This would lead one to expect mainly
negative fore-aft differences on the north side of the eyewall
with a descending WindSat overpass. For the descending pass
shown in Fig. 13(b), the negative fore-aft differences in the inner
eye are indeed noticed just above 18N latitude. The along-track
PR profile shown in Fig. 14 also shows the slanted inner eyewall
structure, which is not as dramatic as that noted from typhoon
Tokage, but expected with the smaller estimated vertical shear
of typhoon Nanmadol.
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Fig. 14.  Same as Fig. 2, but for the TRMM ascending overpass over typhoon
Nanmadol centered at 2229 UTC on December 2, 2004 (7 min after the WindSat
overpass shown in Fig. 13).

V. CONCLUSION

In this paper, we used a combination of 3-D microwave
radiative transfer simulations and WindSat and TRMM ob-
servations of tropical cyclones in an attempt to determine if
the unique fore and aft viewing capabilities of the WindSat
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e

Same as Fig. 8, but for the WindSat descending overpass over typhoon Nanmadol centered at 2222 UTC on December 2, 2004.

passive microwave radiometer could be used to characterize TC
structure, asymmetry, and tilt in eyewall structures. WindSat
lacks 85-GHz capabilities previously shown to be instrumental
for TC intensity inferences. However, it has 37-GHz capability,
and its fore and aft scans view along different directions. Pre-
vious studies have suggested that the presence of a tilt owing
to upper level shear in the surrounding environment may be in-
dicative of an ongoing change in the tropical cyclone intensity.
Using nearest time overpass data from the Precipitation Radar
onboard TRMM, we examined typhoons in the western Pacific
Ocean from late 2004 that depicted sheared eyewall structures
and compared them to independently produced vertical shear
analyses from geostationary cloud and water vapor-tracked
winds. Three-dimensional microwave radiative transfer simu-
lations were performed at 37 GHz using simplified vertical and
tilted cylindrically shaped TC structures to simulate fore and
aft sensor viewing. While the modeling is an oversimplification
of the complex cloud geometries and microphysical richness
found in various stages of TC evolution, it did reveal unique
radiometric features that differed depending upon the presence
and direction of a preferred tilt in the cloud structure.
Observations from four different typhoons of varying
state (intensity and maximum winds) were analyzed, and
the WindSat fore-aft differences were compared to the ver-
tical shear estimates, TRMM-PR observations, and with the
3-D Monte Carlo radiative transfer simulations. In all cases,
the radar vertical reflectivity profiles from the PR were in
agreement with the direction of the (independently estimated)
vertical shear estimates. The complex microphysical struc-
ture of a TC in relation to the fixed height, ideally shaped
clouds used in Section III makes quantitative model-satellite
T intercomparison difficult. In all scenes, WindSat 37-GHz
fore-aft Tz differences appear most predominantly near sharp
cloud gradients and cloud edges. Near the eyewall edges,
the position and sign (positive or negative, depending upon
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the direction of tilt relative to the satellite direction) of the
37-GHz WindSat fore-minus-aft 1’z difference demonstrated
reasonable agreement with the values that would be associated
with the direction of tilt suggested from vertical shear estimates
and nearby TRMM overpasses. While this investigation has
been of a limited nature (four examples), it does suggest that
there is potential to utilize WindSat 37-GHz fore-aft data for
analysis of cloudy scenes. In particular, the fore-aft data shows
potential to identify (at a minimum) which quadrant has the
preferred direction of tilt or shear in a tropical storm, which
could be augmented with (other) nearby-time 85-GHz data
from other satellites (TMI, AMSR-E, SSM/I) to better define
storm intensification (or deintensification) trends.

The dual-viewing capability of WindSat was originally de-
vised to improve passive radiometric ocean surface wind vector
estimates, where the presence of clouds is an obstruction to the
quality of wind vector retrievals. In this work we have showed
that the dual-viewing may be potentially useful for character-
ization of the structure of convective clouds within and sur-
rounding tropical storms. In addition to the more qualitative
aspects studied here, the dual-view capability may also assist
in establishing improved error characterization in PMW-based
precipitation retrieval algorithms owing to unknown cloud ge-
ometry variations, especially for 85-GHz observations [7], [21].
This latter work may have implications and relevance to algo-
rithm design and implementation in the future NASA Global
Precipitation Measurement mission.
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