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DIGEST

Microwave data from the Special - Sensor
Microwave Imager (SSM/I) were obtained for twenty-
nine map times of tropical «cyclones from the
Northwest Pacific and North Indian Ocean. Automated
analysis of 85 GHz vertical polarization (85V GHz)
Brightness Temperatures (TB's) were conducted by
calculating statistics at various radii from a
cyclone center. These statistics were correlated
against storm traits such as intensity, vortex
translation speed, central pressure changes, and

direction of vortex movement.

The aim of this research was to determine
relationships between 85V GHz data and cyclone
characteristics, which could lead to the development
of forecasting tools using SSM/I data. Anomalies in
the 85V  GHz TB fields demonstrated strong
correlations to cyclone intensification by
highlighting the positions and orientations of the
principal rain Dbands. Such anomalies reveal
asymmetries of convection associated with spiraling

rainbands and convective eyewalls.




A This research demonstrated that SSM/I derived
TB fields can show patterns of high correlations in
the anomalies, as well as portray processes
associated with intensification that occur in a
tropical cyclone. Since these results were achieved
through automatic methods, it is possible to develop
forecast nomograms that 1link SSM/I TB data to
cyclone traits. Such tools would be useful in the

prediction of tropical cyclones.
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CHAPTER I. INTRODUCTION

Each year hurricanes and typhoons cause vast
amounts of damage and a large number of deaths and
injuries. The damage can be especially devastating
in the tropics where many small countries and
islands are often in the direct path of horrifying
cyclones. Super Typhoon Nina, for example, killed
approximately 658 people in southern Luzon (in the
Philippine Islands) just after devastating the
island of Truk (Hoffman et al., 1987). The need for
accurate forecasting of these storms is clearly of

extreme importance.

Prior to October 1987, the U.S. Air Force
routinely flew aerial reconnaissance missions to
collect weather data on western Pacific tropical
cyclones. Such data 1included latitude-longitude
fixes of the eye, measurements of winds, temperature
and pressure, and any other information needed by
operational weather forecasters to accurately
predict an impending storm's movement and
intensification. This program, however, ended 1in

1987 due to budgetary reasons, creating a void of




tropical cyclone information in the Pacific.
Attention then turned to the Special Sensor
Microwave Imager (SSM/I), a new instrument aboard a
Defense Meteorological Satellite Program (DMSP)
spacecraft, as a hopeful replacement of the valuable

cyclone data once provided by aerial reconnaissance.

Launched in June 1987, the SSM/I provides a new
type of data base from which researchers and
operational forecasters can draw. The data 1is in
the form of Brightness Temperatures (TB's) which are
derived from four different frequencies of microwave
emissions from the earth's surface and atmosphere.
The SSM/I offers global coverage of storms and
provides the opportunity to improve the prediction
of tropical cyclones. Much remains to be learned
from this relatively recent data, including its

relationship to tropical cyclone traits.

This research attempts to analyze, in a uniform
and automated fashion, the SSM/I-measured TB fields
of tropical cyclones. Such analysis will determine
to what extent relationships between TB patterns and

certain cyclone characteristics exist.




Specifically:

1) Statistics of the TB fields from 29
tropical cyclones will be stratified according to
cyclone trait. Characteristics of most importance
to the meteorological community would be future
intensity changes (i.e., changes in the maximum
sustained wind speed or central pressure), vortex

translation speed, and directional changes.

2) The TB fields and their anomalies will be
scrutinized to see if high correlations to these
traits are achieved. It is hypothesized the TB
fields will reveal asymmetries within a cyclone that
would mark areas of temperature gradients and
differences in hydrometeors. These would affect the

maturation of the typhoon.

3) A case study of one typhoon will also be
conducted in order to observe any unique patterns
emerging within the cyclone's lifecycle; a kind of

"internal stratification."*

If such relationships between cyclone traits




and patterns of TB's exist, rules can be developed
that would greatly aid the operational forecaster

having access to SSM/I data.




CHAPTER II. Review of Related Literature

Atmospheric remote sensing of microwave
emissions 1is a relatively recent endeavor. The
majority of remote sensing studies began in the late
seventies to early eighties using microwave
radiometers aboard aircraft. Specific applications
of microwave signatures to physical processes within
tropical cyclones are currently being made. The
SSM/I data afforded a new opportunity to broaden the
existing knowledge of tropical cyclones and many
other meteorological systems. It opened up a new
arena for the exploration of forecasting aides using
microwave Brightness Temperatures (TB's). Previous
research (e.g., Rhudy, 1989) has provided clues that
strong relationships exist between a cyclone's TB
field and its traits (e.g., intensity). Indeed,
many researchers have found microwave data to reveal
some characteristics of tropical «c¢yclones not

otherwise shown by conventional data.

Among the first scientists to relate satellite
Visible (VIS) and Infrared (IR) imagery to tropical

cyclone intensity change was Dvorak (1975, 1984),




who introduced a technique for determining cyclone
wind speeds from satellite data. The Dvorak
technique 1is widely used to determine cyclone
intensity, and in the present study such intensity
is correlated with the anomaly of the TB field.
Gentry et al. (1980) determined that IR measurements
of Equivalent Blackbody Temperatures (TBB) of cloud
tops over the inner core are well correlated to a
storm's future intensity (24-hour maximum winds).
Later, Steranka et al. (1986) supported these
findings by showing the average cloud top
temperature within a 222 km radius of the center to
be an excellent indicator of a cyclone's strength,
its distribution of convective elements, and latent
heat storage. Moreover, they found a lag time of 24
hours between the onset of convection and the
increase of maximum winds, which supports the
theoretical relationship between latent heat release
and generation of kinetic energy. These findings
suggest that the TBB field could be used to forecast

a storm's intensity changes.

Similar and perhaps superior capabilities exist

with the microwave data. For example, Rodgers and




Adler's (1981) microwave data, sensed by the ESMR-5
satellite, showed cyclone intensification signals
not seen in associated IR or VIS imagery.  Such
signals included an increasing rain rate as the TB
increased. Other signals highlighted inward-moving
spiral rainbands with increasing intensity, and the
earlier detection of eye formation. Such detection
is not usually feasible through VIS or IR means, and
consequently not reported. However, through
examination of the increasing curvatures of the
inward-moving rainbands (which are accompanied by a
decrease in the radius of the maximum rain rate),
the location of the eye can be discerned through

microwave data.

Both Wilheit et al. (1982) and Adler et al.
(1990) used microwave radiometers aboard aircraft to
observe tropical storm rain cells, illustrating the
relationships between the measured TB and rain rates
within a storm. They found that very low TB in the
higher frequencies (near 85 GHz) were associated
with ice scattering above the rain areas, while the
lower frequencies (near 19 GHz) responded more

readily to lower level 1liquid precipitation and




surface influences. Fig. 2.1, from the study of
Adler et al., shows the behavior of several
frequencies along two aircraft tracks. Note the

dramatic response in the microwave frequencies to
storm parameters as compared to the 11 micrometer IR

plot.

The most recent research used SSM/I data to
support the idea that microwave imagery is a viable
candidate for serving as a typhoon intensity
predictor. Holliday and Waters (1989), for example,
showed how SSM/I data could be used to detect gale
force winds in rain-free areas. These areas can
extend well beyond the rain areas, and are an
intensity indicator. Furthermore, Rao et al. (1989)
determined that SSM/I data compared well with
observed winds, and supported Rodgers and Adler's
latent heat estimates. They found that rain drops
impacting the ocean surface, however, can cause
SSM/I derived winds to be overestimated. As wind
speed increases, though, the influence of rain
impaction becomes secondary to the affect of wind-
induced sea roughness, illustrating the benefit of

the higher 1level SSM/I 85 GHz channel. Lee and
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Fig. 2.1. Two aircraft flight legs of TB
measurements over a thunderstorm complex. Various
microwave fequencies and one IR frequency, 11

micrometers, are shown (after Adler et al., 1990).
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Caughey (1989) called attentior to the ability of
the 85 GHz frequency in improving the Dvorak
technique by depicting the formation of an eye where
other data sources lacked such capability. Lee and
Caughey also concluded that 85 GHz was preferred in
portraying convective areas as well as the
asymmetries of convection in the eyewall region of a

tropical cyclone.

Such asymmetries have been shown to Dbe
important in developing cyclones. For example,
Burpee and Black (1989) found higher rain rates in
conjunction with asymmetric eyewalls than with
concentric eyewalls, which occur in the later stages
of a cyclone. Merrill (1988) found open streamlines
to occur in hurricanes that were intensifying, while
non-intensifying cyclones had constricted, or closed
streamlines. Other studies showed that anomalies in
the 85 GHz TB pattern had good correlations to
future (24-hour) intensity (Rhudy, 1989). Fiorino
and Elsberry (1989) 1illustrated the presence of
cyclonic gyres to the west of cyclone centers, and
anticyclonic gyres to the east. TB anomalies may

reveal this effect as well.
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Many studies showed SSM/I data to be capable of
depicting not only intensification processes, but a
variety of storm characteristics as well. Spencer
and Hood (1989) found high correlations between
microwave imagery at 85 GHz (corrected for
polarization) and rain gauge data from a long-lived
squall line, thus supporting the studies of Wilheit
et al. (1982). The work of Glass and Felde (1989),
as well as Lee and Caughey (1989), illustrated how
the SSM/I data, especially the 85 GHz channel,
provided important storm information where the IR
and VIS data fell short. Such information included
a distinct delineation of rain areas from non-rain
areas. Ferraro et al. (1989) also suggest that 85
GHz gives the most information relative to

precipitation areas.

Vortex translation speed and direction of
motion have also been depicted in microwave studies.
The studies of Burpee and Black (1989) indicated
that translation speed was one of several factors
that would influence asymmetrical rain patterns

within the eyewall region. Moreover, Shapiro (1983)
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found that storms moving at 10 m/s had their maximum
rain rates to the right of the storm track. TB
asymmetries in the inner regions of a cyclone,
therefore, may reflect such patterns when compared

to intensity and translation speed.

Additionally, Fiorino and Elsberry (1989), have
suggested that the outer regions of a tropical
cyclone (beyond 300 km radius) are more related to
speed of mc.ement than are the inner regions. This
is related to the idea of an effective radius which
describes an inner envelope through which a cyclone
maintains its identity from the outer environment.
The movement of the cyclone is dependent upon its
interaction with the environment at some unique
radius from the eye (Holland, 1983). Carr and
Elsberry (1990), however, point out that many other
processes may be 1involved in cyclone propagation.
Such processes 1included sea surface temperature,
dynamic processes occurring in the core itself, and
"self advection" of the cyclone, induced by
asymmetrical flow as described by the cyclonic and

anticyclonic gyres (Fiorino and Elsberry, 1989).
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Willoughby et al. 1984 and Willoughby, 1988
describe many of the processes that take place
within and around the tropical cyclone core. As
indicated above, motion and even intensification,
resulting from asymmetries within the cyclone core
are still poorly understood. Willoughby showed how
asymmetrical rainbands, which may be Rossby or
internal gravity waves, act as asymptotes that
separate outer environmental air from inner cyclone
flow. These bands, which are 5 to 50 km thick,
cover the inner 100 to 300 km radius and spiral

inward toward the center.

Some cyclones have stationary bands, while
others rotating. Stationary bands have been shown
to be related to deviations in movement of the
center, and are a result of asymmetric forcings.
Shapiro (1983) described the asymmetric
configuration of these bands as being related to
vortex translation and environmental flow
interactions, which result in boundary 1layer

convergence in areas beneath the rainbands.

Willoughby's (1988) research also supports some
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of the findings of Rodgers and Adler (1981)
mentioned earlier. Specifically, as a cyclone
intensifies, the bands move inward and encircle the
eye. The resulting outer eyewalls then replace
existing inner eyewalls at the maximum intensity
stage of the cyclone. Since the rainbands contain
convective elements that move through the large
stratiform rain area (Powell, 1990), SSM/I TB should
depict the orientation of the bands and their

changing patterns with intensity.

From the research discussed above, it is
apparent the SSM/I data <can be a wvaluable
forecasting tool by depicting certain physical
processes within a cyclone. This research further
developed the 1ideas expressed earlier by Rhudy
(1989), by expanding the data base, examining TB
signatures in greater depth, and automating the
entire analysis operation. Many of the processes
and phenomena discussed above were evident in the
patterns of the SSM/I TB field found in the present

research, as were other features of <cyclone

intensification.




CHAPTER III. THE MICROWAVE IMAGER AND DATA

a. The Special Sensor Microwave Imager

The SSM/I, housed aboard the DMSP spacecraft
F8, passively measures microwave emissions from the
surface and atmosphere as it traverses the earth in
an ascending sun synchronous polar orbit. The
phrase "ascending sun-synchronous" refers to the
satellite crossing the equator (traveling from south
to north) at the same local time each day. 1In this
case that time is 0612L. As shown in Fig. 3.1, the
satellite travels at 6.58 km/sec at an altitude of
833 km above the earth. This gives an orbital
period of 102 minutes, resulting in 14.1 revolutions
of the satellite around the earth each day. Fig.
3.2 shows the coverage of the SSM/I over a 24-h
period. Such global coverage offers a great
opportunity to study weather phenomena in a manner

not previously available.
The SSM/I instrument faces aft (with respect to

the satellite's direction of travel), and senses

downward at an angle of 45 degrees (Fig. 3.1). As
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the satellite orbits the earth, the SSM/I rotates at
31.6 rpm (from left to right when 1looking aft),
parallel to the local vertical of the satellite.
This produces a scan swath of 1394 km (or a 102.4
degree scan angle) about the satellite subtrack (the
subtrack is defined as the path along the earth's
surface directly below the satellite). Between each
SSM/I rotation, the satellite travels a subtrack
distance of 12.5 km. This results in a 12.5 km
separation between each scan, which is referred to

as the resolution.

During each scan, the SSM/I measures radiation
emitted by the earth-atmosphere system at four
microwave frequencies: 19.35, 22.235, 37.0, and 85.5
GHz. Except for 22 GHz, the SSM/I measures two
polarizations (vertical and horizontal) for each
frequency. At 22 GHz only vertical polarization is
used, which results in seven channels sensed by the
SSM/I. Due to the look-down angle of the
instrument, vertical polarization refers to the 45
degree plane, while the horizontal polarization is
perpendicular to that. With vertical polarization,

the SSM/I senses more emitted radiation from the




19

atmosphere, while more surface features are sensed

through the horizontal.

Along the 1394 km swath, a scan at 85 GHz
collects radiation from 128 pixel points (at 12.5 km
resolution). For the remaining channels, however,
the instrument only collects data on every other
scan, resulting in 64 pixels of data. This provides
a 25 km resolution for all frequencies except 85
GHz. Fig. 3.1 depicts these two types of scans as
A (all channels) and B (85 GHz only). Each
frequency also has a different sized footprint, as
shown in Fig. 3.3. Note that 85 GHz has the best
resolution and the smallest footprint (15x13 km),
while 19 GHz has the largest (69x43 km). The imager
actually senses an average emission within a given
footprint. Hollinger et al. (1987) offer a more

detailed explanation of these SSM/I parameters.

b. The data

When a sensor collects data, it is measuring
radiation emitted from the earth-atmosphere system

and space. Such emission 1is converted into
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Brightness Temperature by applying Planck's law. 1In
radiative transfer theory, the term "blackbody" is
used to describe a theoretical body that emits (and
absorbs) radiation perfectly and equally in all
directions. The intensity of that radiation (B) is
related to the physical temperature (T) of the
object by the Planck function (in the frequency

domain):
B,(T) = 2hv’/[c* (e"/KT - 1)] (1)

where h is Plank's constant, K 1is Boltzmann's
constant, c is the velocity of light, and v is the

frequency.

In the microwave regime, however, hv /KT <<1.

Therefore, (1) can be approximated as follows:
By(T)& (2Kv'/c )T (2)

This describes a linear relationship of
radiance to temperature, which is referred to as the
Rayleigh-Jeans law (Liou, 1980). However, this is

for a perfect blackbody, which does not exist. 1In
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applying this theory to actual measurements of the

earth, the following expression is used:

I, = (2Kvy'/c*)TB(V) (3)

where I, denotes non-blackbody radiance at frequency
v and TB(y ) refers to the Equivalent Brightness
Temperature at the same frequency. Since a
blackbody emits perfectly and a non-blackbody does
not, the difference between T and TB above is
therefore a matter of emmissivity, € . From (2) and

(3),

I, TB
€ = ---—- oOor ----- (4)
B, T
therefore,
™ = €T (5)

Emmissivity varies greatly depending upon the
surface type, polarization, and frequency used.
Since € 1is always between 0 and 1 (€ = 1 for a

blackbody), (5) shows that the Brightness
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Temperature will always be less than the physical

temperature of the emitter.

The arrival at TB values from the actual
measurements at the SSM/I antenna reflector is
accomplished by calibrating the raw input against
near-blackbody and cold space references. This is
done for each scan, through which an antenna
temperature (TA) is achieved. The TA reflects the
temperature sensed at the antenna, but contains
spurious affects from the antenna side lobes and
other undesirable intluences. An antenna pattern
correction is then applied which results in the
Equivalent Brightness Temperature. The TB's are
stored in the form of Sensor Data Records (SDR)
which are the values used in this research. From
the SDR's available at each pixel point the
Environmental Data Records (EDR's) are derived.
Such environmental parameters include wind speed,
rainfall, <cloud water, etc. Hollinger et al.
(1987) provide a detailed discussion of the above

processes.

c. Microwave radiative transfer properties




24

Microwave emissions sensed by the SSM/I are
affected by atmospheric and surface attributes.
These emissions can originate from a combination of
atmosphere, surface, or reflected radiation as
illustrated in Fig. 3.4. Moreover, these attributes
affect  each frequency differently through
attenuation processes such as absorption and
scattering. In order to correctly interpret SSM/I
TB data, it is therefore necessary to understand how
these emissions are influenced between the emitting

source and the sensor.

The principle atmospheric properties affecting
microwave radiation are water vapor, liquid
precipitation, ice and oxygen. The magnitude of the
influence depends on such parameters as drop size
distribution, cloud thickness, rain rate, and the
presence of ice particles. Precipitation and water
vapor do not affect the longer wavelengths of
microwave radiation in the same manner as they do
the infrared (IR) spectrum. In fact, clouds and
rain increase microwave emission while obscurring IR

emission. This leads to one of the advantages of
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microwave over IR; much of the latter is absorbed by
water vapor, providing imagery of only cloud tops.
Much of the microwave emissions, on the other hand,
radiate through and from cloud water wvapor
(depending on the frequency), allowing views of

atmospheric features not otherwise seen.

As microwave frequency increases, cioud water,
ice and 1liquid precipitation influences generally
increase. This means the longer wavelengths or the
lower frequencies are able to penetrate more
atmosphere before attenuation occurs. In effect,
the SSM/I radiometer can observe deeper into the
atmosphere at lower frequencies, while higher
frequencies portray higher elevations. The latter
occurs due to absorption and reemission at cloud
height, resulting in lower TB values. Fig. 3.5
illnstrates this by a general decline in
transmittance with increasing frequency (except for
water vapor absorption bands at 22.235 GHz and 183
GHz, and oxygen absorption bands near 60 and 120
GHz). However, this is greatly complicated by the
effects of the constituents of the target area being

sensed and the underlying surface properties.
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Moreover, each frequency reacts differently to these

influences.

Understanding the surface components is very
important when interpreting TB data. Due to the low
emmissivity of water and to its highly reflective
nature,'the ocean is radiometrically cold. Land, on
the other hand, generally has higher emmissivities
(depending upon soil content and vegetation), which
result in warmer TB's. The TB values measured at

the different SSM/I channels, therefore, vary

depending upon ocean versus land backgrounds. This
research concentrates on over-ocean tropical
cyclones, discarding any cyclone whose TB

measurements are contaminated by land emmissivities.

The presence of water vapor and cloud droplets
over an ocean surface causes increased microwave
emmissions and therefore warm TB's. The presence of
rain causes TB's to increase even further, as the
water absorbs and re-emits radiation from below.
The lower frequencies, however, respond more readily

to liquid precipitation than they do to the presence

of cloud droplets. Higher frequencies, on the other
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hand, respond more quickly to scattering processes
through the presence of large non-spherical rain
drops and ice. Fig. 3.6, for example, depicts the
greater sensitivity of 85 GHz to the presence of ice

as compared to 19 GHz (Spencer et al., 1989).

Therefore, as the rain rate within a target
area increases, all frequencies respond with
increasing TB wvalues, but more so at lower
frequencies. Wilheit (1977), however, showed that
as the rain rate increased there was an increase in
the frequency of larger rain drops. Beyond a
critical rain rate, therefore, the intrusion of
larger rain drops and ice scatter away the upwelling
radiation. This results in a drop in TB value,
especially at higher frequencies as explained above.
Such behavior is illustrated in Fig. 3.7. Within a
tropical cylcone eye region, however, warmer TB's
would be expected at higher frequencies due to high

water vapor and fewer scattering hydrometeors.

As shown by Spencer and Hood (1989), there is
an inverse relationship between 19 and 85 GHz. 1In

the presence of heavy rain, as the 19 GHz values
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rise, the 85 GHz TB's decrease. This is caused by
two factors: 1) the higher frequencies (85 GHz)
respond much more readily to scattering hydrometers
than do the lower <channels. 2) The lower
frequencies, especially 19 GHz, react to the
emmissivity of the surface. 1In the latter case, the
churned up seas within a tropical cyclone would
greatly enhance emmission, and thereby raise TB
values. Rain impaction would also cause greater
emmissions at 19 GHz, but as Rao et al. (1989)
indicate, roughness caused by high winds is of
primary importance. These effects were illustrated
in the present research as well, and will be shown

in Chapter V.

The dual polarization capability in the SSM/I
is also important 1in analyzing the TB data at
different frequencies. For example, <cold TB
measurements at 85 GHz can result from a dry
atmosphere, as well as from a highly convective rain
area containing scattering hydrometeors. Since TB
resulting from ocean reflection is polarized and TB
values resulting from scattering effects are not,

the vertical and horizontal polarizations can be
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used to determine oceanic influence (Wilheit et al.,
1982 and Spencer and Hood, 1989). In the present
research, vertical polarization was chosen for 85
GHz, while horizontal was chosen for 19 GHz. The
former provides more .nformation about the
atmosphere, and the latter reveals the surface

properties.

It is therefore evident that higher microwave
frequencies would depict, by TB depression, the
convective regions of tropical cyclones and respond
inversely to increasing rain rates (due to the
expected presence of large rain drops and possibly
ice). 1Indeed, this has been shown 1in earlier
studies, and was examined in this research with 85
GHz. The behavior of the SSM/I-measured 85 GHz
emissions, as discussed above, reveals certain
properties of tropical cyclones. This is especially
true when these results are compared to lower
frequencies (19 GHz in this study), and when both

vertical and horizontal polarizations are applied.




CHAPTER IV. THE PROCEDURE/METHODOLOGY

a. Data collection

The SSM/I data used in this study were obtained
from the archives of the Naval Research Laboratory
in Washington, D.C., through the Air Force
Geophysics Laboratory (AFGL), at Hanscom Air Force
Base, MA. The data, in the form of Sensor Data
Records (SDR's), were loaded on magnetic tape and
shipped to St. Louis University for SSM/I research.
The SDR's were organized by polar orbit flown by the
satellite F8. For example, orbit number 1692
provided the first map time over typhoon Lynn, while
number 1698 was the next orbit passing over that

cyclone.

The desired orbits, however, had to be
determined in order to request the correct data.
Using the Annual Tropical Cyclone Report (Hoffman,
et al., 1987 and Plante and McMorrow, 1988), all
tropical cyclones (reaching at least tropical storm
status) from the Northwest Pacific and North Indian

Oceans during 1987 and 1988 were plotted on a polar
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stereographic chart. This time period was chosen
because of the abundance of available data, and

over-ocean tropical storms were desired for study.

Next, with the aide of SSM/I ascending nodal
crossing data (Conway, 1989), an orbit wheel was
constructed on the chart to enable identification of
which satellite orbits, and at what precise point of
the orbit, passage over a storm occurred. The
segment of the orbit covering the cyclone was then
calculated as seconds into the day (UTC). This
calculated time period would be used to download the
precise data segment from magnetic tape, and would
contain the TB distribution of the storm. Although
as many cyclone map times as possible were pursued,
only orbits having adequate sensor coverage (defined
as the satellite subtrack passing within three
degrees of the cyclone path) were used. Cyclones
contaminated by 1land were also discarded. The
resulting 29 cyclone map times used in this study,

are shown in Table 4.1.

Once the appropriate SDR's were received from

AFGL, the St. Louis University VAX/VMS computer was




NAME ORBIT DATE TIME (UTC)
Vernon 428 07,20/87 1000
Wynne 505 07/25/87 2030
Alex 506 07/25/87 2200
Alex 513 07/26/87 1030
Cary 788 08/14/87 2115
Dinah 929 08/24/87 2100
Dinah 936 08/25/87 0930
Dinah 1000 08/29/87 2141
Dinah 1007 08/30/87 1009
Holly 1104 09/06/87 0700
Freda 1106 09/06/87 0900
Holly 1147 09,/09/87 0800
Holly 1161 09/10/87 0800
Freda 1176 09/11/87 0930
Ian 1416 09,/28/87 0930
Kelly 1621 10/12/87 2100
Kelly 1635 10/13/87 2050
Kelly 1643 10/14/87 0930
04B 1651 10/15/87 0000
Lynn 1692 10/17/87 2000
Lynn 1698 10/18/87 0830
Lynn 1712 10/19/87 0820
Lynn 1748 10/21/87 2100
Lynn 1791 10/24/87 2200
Lynn 1798 10/25/87 1030
Lynn 1805 10/25/87 2200
Lynn 1812 10/26/87 1000
Nina 2200 11/22/87 2100
Susan 4912 06/01/88 2230

Table 4.1. SSM/I map times of typhoons and one
tropical cyclone (04B) used in this study.
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accessed to download the data from tape to disk.
Software provided by AFGL was used to accomplish
this, and required the time segments for each orbit
number as input. This allowed extraction from the
SDR fllesz, the desired portion of the orbits
containing SSM/1I measurements over selected
cyclones. These segments were then stored on the

VAX computer disk by orbit number.

b. Calculation of statistics

Once residing on disk, statistical analysis
could be applied to the TB distribution of each
cyclone map time. AFGL software, residing on the
St. Louis VAX computer, was once again accessed for

this task.

The first step involved converting the TB
distributions, as measured by the SSM/I, from Polar
to Mercator projection. Mercator projection would
allow for more ease in the analysis of the TB
values. The computer program loaded the data from a
given orbit file (containing the precise segment of

data collected while the satellite was over the
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cyclone) into a second disk file. This file was
organized as a matrix of grid points spaced 10 km
apart, over which each SSM/I scan was laid. Where
the data points within the scan did not match the
grid points, a replication was employed to assign an
appropriate value to the Mercator grid point. Where
a matrix grid point fell outside of the SSM/I scan,

a value of zero was assigned.

The next step involved the use of another
program that calculated the mean, maximum, minimum,
standard deviation and variance, of the TB
distribution for each map time. To do this, various
boxes were drawn centered on the eye of each storm,
and oriented to the direction of movement (see Fig.
4.1). The latitudes and longitudes of the cyclone
centers were derived from Hoffman (1987) and
Plante and McMorrow (1988), while c¢yclone heading
information was taken from the Hong Kcng Royal
Observatory (1987, 1988) manuals. The boxes varied
in size from 55 km X 55 km, to 888 km X 888 km. The
above statistics were then calculated for each half
of a box, making the variation in box size 27.5 km X

55 km, to 444 km X 888 km, for both sides of the




HEADING

444km 444km
333km 333km
LEFT RIGHT
BOX BOX

Fig. 4.1. 1Illustrating various terms used in
deriving TB anomalies: annulus geometry, right
and left boxes, and heading (not to scale).
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cyclone. Thus, as shown in Fig. 4.1, the "left 333
km box radius" would refer to a 333 km X 666 km box
on the left side of the cyclone, whose right side
intersected the eye of the storm. Such will be the

terminology used in this study.

The statistics were calculated for each left
and right box radius (27.5 km, 55 km, 111 km, 222
km, 333 km, and 444 km) for each map time shown in
Table 4.1. This was also done for two different
frequencies: 85 GHz vertical polarization, (85V GHz)
and 19 GHz horizontal polarization (19H GHz).
Emphasis will be placed on 85 GHz because of its
superior resolution and sensitivity to ice
scattering in convective clouds (Glass and Felde,

1990 and Lee and Caughey, 1989).

As discussed in the previous chapter, two
polarizations of these frequencies are available.
The reason the 85 GHz vertical polarization was
chosen over the horizontal, is because the former is
less dependent on surface features than is
horizontal polarization. Therefore, since

scattering effects at 85 GHz are independent of
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polarization, the vertical polarization will give
more information about the atmosphere, rather than

surface influeaces (Wilhiet et al., 1982).

Horizontal polarization for 19 GHz was used for
the ability to determine the amount of ice versus
rain present in the cyclones (Spencer and Hood,
1989). Since the 85V GHz measurements should react
to the ice scattering in the thick rainband clouds,
a relationship to the rain rate (and therefore
cyclone intensity) can be determined. The 19H GHz
channel can be used for comparison purposes, as will

be shown in chapter V.

c. Brightness Temperature anomalies

The main emphasis of this study involved the
use of the 85V GHz TB statistics in generating TB
anomalies for comparison to storm traits. An
anomaly is defined as the difference between the
mean TB values, as calculated above, within two
defined areas of box radii. TB anomalies (at 85V
GHz) should highlight asymmetries of convection

within tropical cyclones. As indicated in Chapter
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II, earlier studies (for example, Kidder et al.,
1978 and Gentry et al., 1980) found certain
relationships between microwave measurements,
anomalies, and cyclone intensity. The behavior of
the 85V GHz TB anomaly should reflect the changes
and distribution of the rain rates across the
cyclone. Such anomalies in the Brightness
Temperatures may reveal processes within the cyclone
that affect traits such as intensity. An attempt
was made to see if these anomalies were correlated

to storm traits, and will be discussed shortly.

This research concentrated on two types of
anomalies: 1) an "outer minus inner anomaly," and 2)
a "right minus left anomaly." The first is defined
as the mean TB in an inner box with a given radius,
subtracted from the mean TB in an outer annulus.
The annulus is defined as the area between the outer

and inner boxes, and was calculated as follows:

TB annulus = DNe TBeg - nj TBj (6)
g = 1nj

where,

ng = number of TB values in the larger (or
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exterior) box

n; = number of TB values found in the smaller (or
inner box)

TBe = mean TB in larger box

TB; = mean TB in inner box

This type of anomaly (and associated annulus)
was calculated on each side (right and left) of the
cyclone, and oriented along the cyclone heading as
shown in Fig. 4.1. Note that the annulus is
actually one of rectangular shape rather than the
conventional circle, but nevertheless, encompasses a
portion of the rain band. Here, the annulus results
from a series of concentric boxes rather than from

concentric circles.

The second type of anomaly was simply defined
as the difference in the mean TB's between the right
and left boxes of equal radii (Fig. 4.1). The sign
of the anomaly, in this case, reflects which side
has cooler TB's, indicating the probable location of
higher rain rates within a given radius. For
example, a negative TB anomaly indicates a lower

mean TB in the right box. Therefore, the left box
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contains warmer TB values and relatively less rain.
Refer to the appendix for further definitions of the

terms used in this study.

d. Analysis

The final step involved analyzing comparisons
between the TB data above, and the following storm

traits:

(1) Future Intensity - defined as intensity (maximum
sustained winds in kts) 24-hours after cyclone map

time.

(2) Current Intensity - defined as intensity
(maximum sustained winds 1in kts) at cyclone map

time.

(3) Translation Speed - defined as translation speed
(in kts) of the <cyclone vortex between two

successive fixes.

(4) Central Pressure Change - defined as the

pressure change of the center of the cyclone (mb/hr)




45

24-hours after cyclone map time.

(5) Direction - defined as cyclone heading at map

time.

The values for these traits were interpolated
from the Annual Tropical Cyclone Reports for each
map time, and loaded into a personal computer data
base along with the associated statistical data
(i.e., mean TB, TB anomaly, and variance). Through
stratifying the TB statistics by cyclone trait,
spreadsheets could be used to calculate correlation
coefficients and graphically illustrate the

relationships between TB data and cyclone trait.

Additionally, some stratifications were
combined to introduce a second dimension into the
analysis. Items (1) and (3), for example, were
combined such that a correlation coefficient was
calculated between an anomaly and future intensity,
but only for those cyclones traveling at speeds < 6
kts. Similarly, items (1) and (5) were combined,
analyzing only those map times where the direction

was in the Northwest quadrant. Likewise, for item
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(4), only map times where deepening occurred were

considered, followed by filling incidences.

Within each stratification, the box radii were
varied as shown 1in Table 4.2, and correlation
coefficients were calculated for each combination of
anomaly and storm trait. The correlation
coefficients were calculated automatically within

personal computer spreadsheets using the following

formula:
r = N§g XY - FXIY (7)
(N£X% - (2X)9)172 (NsY? - (3Y)%)17%
where,
N = number of map times considered (up to 29)

X

trait data (e.g., maximum sustained wind speed)

<
]

the statistic (e.g., a TB anomaly)

Analysis of the correlation coefficients, along
with the rest of the TB statistics, was conducted to
uncover any patterns that emerged from a particular
data stratification. Case studies were also
examined for cyclones that had an abundance of SSM/I

data (i.e., at least five orbit passes). Such




Outer-Inner Right-Left Mean TB Variance
Anomaly Anomaly
right 444-333 444 right 444 right 444
left 444-333 333 left 444 left 444
right 444-222 222 right 333 right 333
left 444-222 111 left 333 left 333
right 444-111 55 right 222 right 222
left 444-111 27.5 left 222 left 222
right 444-55 right 111 right 111
left 444-55 left 111 left 111
right 444-27.5 right 55 right 55
left 444-27.5 left 55 left 55
right 333-222 right 27.5| right 27.5
left 333-222 left 27.5| left 27.5

right 333-111
left 333-111
right 333-55
left 333-55
right 333-27.5
left 333-27.5
right 222-111
left 222-111
right 222-55
left 222-55
right 222-27.5
left 222-27.5

Table 4.2. Variations in box radii (km) used in
this study to generate anomalies and conduct
statistical analyses. Note for the outer-inner
column, the larger radius in each line indicates the
outer boundary of the annulus (see text and appendix
for definitions).
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studies examined the changes in the TB patterns over

the lifecycle of the storm.

As described above, the data analysis performed
in this study was highly automated, providing
accurate and consistent results. This is especially
true since the data collected by the sensor is also
very accurate, as discussed in the previous chapter.
A great attempt was made to collect the largest data
base feasible, and process it as uniformly as
possible. However, data describing the cyclone
traits is not as accurate as the TB data due to
interpolation of the six-hourly, or sometimes
twelve-hourly, storm observations. Moreover, the
maximum sustained wind values were estimated using
the Dvorak (1984) technique, which is not as precise
as the TB measurements. Therefore, it should be
noted that the correlations were calculated by
comparing relatively accurate data to less precise
information. The same problem was noted earlier by

Rhudy (1989).




CHAPTER V. RESULTS

a. General

The underlying hypothesis behind this research
was to determine if the SSM/I measured Brightness
Temperatures revealed asymmetries in the cyclone,
which could be related to traits such as intensity.
As discussed in the previous chapter, the TB
anomalies calculated from numerous combinations of
box sizes and then correlated to storm
characteristics, would hopefully highlight these

asymmetries.

If high correlations exist between TB anomalies
and storm traits, operational forecasting tools
involving SSM/I microwave data may be developed.
Findings from this research support the idea that
SSM/I data, including TB anomalies, reveal certain
characteristics of tropical cyclones that would
otherwise not be evident from conventional (VIS/IR)
satellite data. First, average TB's will be
examined to gain an understanding of how they behave

with intensity, and then the TB anomalies will be
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studied in detail.

b. Mean Brightness Temperatures

Fig. 5.1 illustrates a decreasing 85 GHz
vertical polarization (85V GHz) mean TB with
increasing future intensity (maximum sustained winds
24 hours after the map time of the measured TB) for
a left 55 km box. The correlation coefficient was
-0.63. When only the cyclones traveling with a
Northwest quadrant direction were considered (Fig.
5.2), the correlation improved to -0.81 for the same
box radius. Similarly, Fig. 5.3 shows the 85V GHz
mean TB in the left 27.5 km box for storms moving
less than 6 kts (slow movers). A correlation of
-0.83 was achieved. Fig. 5.4 shows the mean TB
versus future intensity for the same box, but for
the 19 GHz horizontal ©polarization (19H GHz)
channel. Note the opposite reaction of 19H GHz to

intensity.

These diagrams show that 85V GHz responds to
the gygrowing presence of scattering-causing, thick

rainbands and ice crystals which are manifested by
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Fig. 5.1. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized average Brightness Temperatures for
the left 55 km box. Correlation coefficient,
r, is -0.63.
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AVERAGE TB's vs FUTURE INTENSITY AND
NW DIRECTION IN THE LEFT 35 km BOX
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Fig. 5.2. As in Fig. 5.1 except only
cyclones with a Northwest heading (i.e.,
in the Northwest quadrant) are considered
(r=-0.81).
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AVERAGE TB's vs FUTURE INTENSITY FOR
SLOW MOVERS IN THE LEFT 27.5 km BOX
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Fig. 5.3. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized average Brightness Temperatures
for the left 27.5 km box. Only cyclones
traveling < 6 kts are considered (r=-0.83).

53




240

210

190

AVERAGE TB's vs FUTURE INTENSITY
IN THE LEFT 27.5 km BOX

|
|
1
i
i
i

! H 1 f B i ! ‘
0 20 10 60 80 100 120 110 160 ‘
FUTURE (221=1) INTENSITY (kis)

Fig. 5.4. Scatter diagram of future (24-h)
maximum winds (kts) versus 19 GHz horizontally
polarized average Brightness Temperatures for
the left 27.5 km box (r=0.67).
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rising convection and increasing rain rates. The
cooler 85V GHz (and warmer 19H GHz) values resulting
from such phenomenon was discussed in Chapter III.
Through the wuse of Spencer and Hood's (1989)
diagram, shown in Fig. 5.5, an analysis of 85 and 19
GHz TB's determined some of the typhoons to have ice
present in the inner most box radii (see Table 5.1).
Fig. 5.5 also demonstrates the inverse behavior of
the 19 and 85 GHz channels, as discussed in Chapter

III.

For the 85V GHz mean TB's, it was found that
higher correlations (against current and future
intensity) consistently appeared on the left side
for boxes less than 111 km in radius. For radii 111
km and larger, the higher correlations switched to
the right side. The highest correlations, however,
were always with the smaller boxes (< 111 km), on
the left side. The left side also demonstrated

better slopes as well.

The physical explanation for this can be
understood by examiring Fig. 5.6, which is VIS

imagery of Typhoon Wynne at 2015 UTC on 25 July
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Fig. 5.5. Scatter diagram showing relationship
between rain and ice signals (19.35H GHz vs 85.5
GHz) for Tropical Storm Greg (after Spencer and
Hood, 1989)
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CYCLONE LOWEST LOCATION CORRESPONDING

(ORBIT) 85V GHz TB 19H GHz TB
CARY (788) 227 k 55 km (left) 236 K
DINAH (936) 207 K 27.5 km (left) 255 K
FREDA (1106) 223 K 55 km (right) 248 K
HOLLY (1147) 228 K 27.5 km (left) 242 K
HOLLY (1161) 235 K 27.5 km (left) 235 K
NINA (2200) 232 K 111 km (left) 238 K
VERNON (428) 231 K 27.5 km (right) 225 K
WYNNE (505) 213 K 27.5 km (right) 257 K
Table 5.1. Cyclone map times with ice hydrometeors

as determined by Spencer and Hood (1989) methodology
(see Fig. 5.5). Note: Typhoons Alex (506) and Lynn

(1692, 1698, and 1712) had values on the diagonal
line.
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Fig. 5.6. Visible imagery of Typhoon Wynne at
2015 UTC on 25 July 1987, which is approximately
the same map time used in this study (after
Hoffman et al., 1987).
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1987. The higher clouds of the principle rainband
can clearly be seen on the left side (with respect
to direction of motion, 292 degrees) relatively near
the eye. On the right side, however, the rainband
extends further out from the eye. Thus it 1is
apparent that the correlations of the SSM/I TB's are
revealing the physical processes responsible for the
intensity. Figs. 5.7 and 5.8 portray similar
patterns in the VIS and radar depictions of Typhoon
Vernon. The same pattern occurred for the TB

anomalies as well and will be discussed later.

Correlations wusing TB variance were also
calculated in this study. Only three correlations
exceeded 0.50 with variance for all box sizes across
the data stratification. Figs. 5.9 and 5.10
illustrate two of them, and reveal a similar pattern
in the scatter diagram as described above. The
right 333 km box gave a correlation of 0.58 (Fig.
5.9), while the left 55 km box gave 0.59. The
remainder of the correlations were very poor, except
for the 1left 333 km box, which gave 0.52 (not
shown). These diagrams seem to support the pattern

described above, as variance 1is a measure of the




Fig. 5.7. Visible imagery of Typhoon Vernon
at 0143 UTC on 20 August 1987 (after Hoffman

et al., 1987).
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TB VARIANCE vs FUTURE INTENSITY IN THE
RIGHT 333 km BOX FOR SLOW MOVERS
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Fig. 5.9. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized Brightness Temperature variance for the
right 333 km box. Only cyclones traveling <6 kts
are depicted (r=0.58).
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TB VARIANCE vs FUTURE INTENSITY
IN THE LEFT 55 km BOX FOR CYCLONES
WITH NORTHWEST HEADINGS
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Fig. 5.10. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB variance for the left 55 km box.
Only cyclones traveling in a northwesterly
direction are depicted (r=0.59).
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spread of maximum and minimum TB values. It 1is
reasonable for such a spread to increase with
intensity, as Figs. 5.9 and 5.10 show. It is
interesting that the best correlations were obtained
at the radii described. The anomalies further

support this phenomena.

Cc. Brightness Temperature anomalies

In general, it was found that for the 29 map
times of typhoon cases, as intensity increased so
did the TB anomaly. This was true for nearly all
anomaly versus maximum wind and translation speed
cases, and 1s an expected result since a large
temperature gradient indicates an intense system.
When anomalies were compared to filling rates,
however, negative correlations were found. The
reason for this will be discussed later 1in this

chapter.

The increasing TB anomalies portray increasing
asymmetries of convection in the spiral rainbands as
a storm intensifies (Lee and Caughey, 1989). The

specific signatures that resulted from analyzing the
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two basic types of 85 GHz TB anomalies (the "outer
annulus-inner box anomaly", and the “"right-left

anomaly") will be discussed.

(1) Outer-inner anomalies

The outer-inner type anomaly portrays the
relationship between the interior part of the
cyclone and its outer environment. For this type of
anomaly, similar patterns of high correlations
emerged as was found with the average TB's. Fig.
5.11, for example, shows the scatter diagram of TB
anomaly versus future intensity. Here, the anomaly
is defined as the mean 85V GHz TB in a 444 km
annulus on the right side, minus the mean 85V GHz TB
in the right 222 km box. A correlation of 0.55 was
achieved, which was one of the best correlations of
the outer-inner type anomalies. The corresponding

correlation on the left was only 0.31 (not shown).

As will be presented later, the other high
correlations occurred on the left side with smaller
inner boxes, fitting the pattern described above.

The largest anomalies, as high as 58.37 K, also
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Fig. 5.11. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a right 444 km annulus
and the right 222 km interior box (r=0.55).
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tended to occur on the left for smaller interior
boxes. Most other anomalies for interior boxes

greater than 111 km, averaged closer to 10.0 K.

The predominance of positive anomaly values,
found mostly at higher intensities, indicate warmer
outer reglons and cooler inner regions of the
cyclones. This suggests the heaviest rain rates and
largest amounts of ice hydrometeors are either in
the inner portions of the principal band or eyewall
region. Points with negative TB anomalies indicate

cyclones with warm inner boxes.

The reason for this 1is the location of the
spiral rainbands the 85V GHz channel is sensing. If
the inner box is warmer, the rainband is outside the
radius of the inner box. Indeed, more negative
points were encountered as the inner box was reduced
in size, 1indicating a position of the rainband
beyond the radius in question. The warm 85V GHz TB
values near the eye also cause an 1increase in
negative values for smaller interior box radii. The
greater number of negative anomalies for less

intense storms probably indicates the fact that
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concentric eyewalls had not moved inward yet, as
discussed by Rodgers and Adler (1981). In many
cases, the location of the principal rainband is
apparent just by examining the positive and negative

TB anomalies.

Mofeover, some rainbands rotate while others
are stationary (Willoughby, 1988). Calculating the
absolute value for the anomaly would then take into
account the varied ©position of the rainband.
Slightly higher correlations were achieved when this
was accomplished. For example, with the same TB
definition as in Fig. 5.11, the correlation rose to
0.61 when the absolute value was taken. Therefore,
the 85V GHz TB data are affected by the location of
the principal rainband. Similarly, Adler et al.
(1990) found higher microwave frequencies (near 92

GHz) to depict rain boundaries rather well.

An understanding of why a pattern of higher
correlations on the right for larger interior boxes,
versus higher values on the left for smaller inner
boxes, now becomes apparent. In many of che

cyclones used in this study, the rainband spiraled
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outward from the 1inner left side of the cyclone
(with respect to direction) to the outer portions on
the right. Thus, the best correlations for
intensity occurred where the 85V GHz anomalies were
calculated in the vicinity of the principal rainband

(and, therefore, the largest rain rates).

This was not the <case, however, for the
corresponding 19H GHz measurements. The 19H GHz TB
anomalies indicated negative correlations across all
stratifications of the data. Fig. 5.12 shows a
correlation of -0.51 for the 19H GHz TB anomaly of a
right 444 km annulus and a right 222 km interior
box. Note the opposite slope as compared to Fig.
5.11. The reason for this, as discussed in Chapter
III, is the sensing of lower 1levels in the
atmosphere. Therefore, warmer inner boxes always
result, depicting the greater emissions (possibly
due to extremely rough seas and sea foam) within the
bounds of the cyclone. When the absolute value is
taken, the correlations fall instead of improve,
indicating that 19H GHz 1is not sensing the

rainbands, but features underneath.
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Fig. 5.12. As in Fig. 5.11, except for

19 GHz horizontally polarized TB (r=-0.51).
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Other stratifications were used in the anomaly
analysis as well. Keeping with the same box
parameters (444 km annuius versus 222 km box), but
this time examining only slow movers, the future
intensity correlation became 0.69 (Fig. 5.13) and
0.82 for the absolute value. Fig. 5.14 shows the
same parameters but for a larger (333 km) interior
box. The correlation was 0.82 with, and without the
absolute value (there were no negative data points).
Similarly, but for the 19H GHz channel and for the

left side, the correlation was -0.77 (Fig. 5.15).

It was noted that most cyclones used in this
study seemed to slow down significantly
approximately 12-24 hours prior to maximum
intensity. Then, as the cyclone began to subside,
the vortex translation speed increased. It was for
this reason that this "third-level" stratification
was examined. These improved correlations can best
be explained by drawing attention to the fact that
there is a better relationship when storms with
similar traits are compared. Fig. 5.16 further
illustrates this point. The parameters are the same

as above, but only storms traveling in a Northwest
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Fig. 5.13. As in Fig. 5.11, except for
cyclones traveling < 6 kts only. Note the
resulting improvement in correlation, r=0.69.
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Fig. 5.14. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a right 444 km annulus
and the right 333 km interior box. Only cyclones
traveling <6 kts are considered (r=0.82).
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Fig. 5.15. As in Fig. 5.14, except for 19 GHz
horizontal polarization and anomaly taken on
the left side (r=-0.77).
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Fig. 5.16. As in Fig. 5.11, except for
cyclones traveling in a northwesterly
direction (r=0.61).
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direction are considered. Again, a Dbetter
correlation is achieved (0.61) than with all map

times of future intensity.

It should be noted again, however, that Fiorino
and Elsberry (1989) found translation speed and
direction of motion to be related to the strength of
the flow in the outer portions of a cyclone. Burpee
and Black (1989) also found translation speed to be
one of the factors influencing the asymmetrical
precipitation patterns in the eyewall, which may
relate to intensity change. These factors may be

influencing the SSM/I data.

Continuing with the illustration of right
versus left patterns, figs. 5.17 through 5.22
examine left side TB anomalies with inner boxes 55
km and less. Fig. 5.17 shows a left 444 km annulus
and a left 55 km interior box. This TB anomaly
versus future intensity gave a 0.52 correlation.
The corresponding right side correlation was only
0.34 (not shown). Fig. 5.18 illustrates a scatter
diagram using the same parameters but for Northwest

traveling storms, giving a correlation of 0.77. The
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Fig. 5.17. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a left 444 km annulus
and the left 55 km interior box (r=0.52).
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TB ANOMALY vs FUTURE INTENSITY FOR
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Fig. 5.18. As in Fig. 5.17, except for cyclones
traveling in a northwesterly direction only
(r=0.77). Note the improvement in correlation.
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Fig. 5.19. As in Fig. 5.18, except for 19 GHz
horizontal polarization (r=-0.75).
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Fig. 5.20. Scatter diagram of f.ture (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a left 444 km annulus
and the left 27.5 km interior box. Only cyclones
traveling <6 kts are considered (r=0.81).
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Fig. 5.21. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a left 333 km annulus
and the left 55 km interior box (r=0.48).
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Fig. 5.22. Scatter diagram of future (24-h)
maximum winds (kts) versus 85 GHz vertically
polarized TB anomaly for a left 333 km annulus
and the left 27.5 km interior box. Only cyclones
traveling <6 kts are considered (r=0.77).
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right side in this case gave only 0.46. The 19H GHz
scatter diagram (for the left side) is shown in Fig.
5.19 for comparison. Here, the correlation was
-0.75. The inner box was further reduced to 27.5 km
for Fig. 5.20. 1In this case, only slow movers were
examined, and the correlation was 0.81. The right

side gave 0.29, a dramatic difference.

In addition to the inner box, the outer annulus
was also reduced in an effort to see what
correlations would result. The findings were the
same for 333 km and 222 km outer annuli, as the 444
km annulus used above. Fig. 5.21 shows a TB anomaly
defined with a left 333 km annulus and a left 55 km
inner box versus future intensity. The correlation
was 0.48. The correlation improved to 0.52 for slow
movers, and 0.73 for Northwest traveling cyclones.
The right side gave correlations of only 0.26,
-0.07, and 0.38 respectively. Fig. 5.22 shows a
correlation of 0.77 achieved with a left 27.5 km box

and slow movers.

Until now, emphasis has been placed on data

stratifications surrounding intensity simply because
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they gave the most interesting results. However,
several other types of storm traits were examined.
Twenty four hour central pressure changes were
examined to see how TB anomalies were effected.
Only two correlations reached as high as 0.50, both
occurring on the left side with inner boxes set at
55 km. The difference between these two was one had
the outer annulus fixed at 444 km, and the other at

333 km.

When only deepening cyclones were considered,
another pattern emerged. The highest correlations
were on the right side for 111 km and 222 km
interior boxes (the outer annuli were varied from
444 km to 222 km). The correlations were near 0.50,
with the best at 0.60 as shown in Fig. 5.23.
Virtually all of the remaining correlations for
deepening rates were below 0.25, highlighting a

definite pattern.

When filling rates were examined, the highest
correlations followed a consistent pattern, and all
had negative slopes. Fig. 5.24 illustrates a delta

TB defined by a 444 km left annulus and a left 333
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Fig. 5.23. Scatter diagram of future (24-h)
central pressure change (mb/hr) versus 85 GHz
vertically polarized TB anomaly for a right 333
km annulus and the right 222 km interior box.
Only deepening cyclones are considered (r=0.60).
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Fig. 5.24. Scatter diagram of future (24-h)
central pressure change (mb/hr) versus 85 GHz
vertically polarized TB anomaly for a left 444 km
annulus and the left 333 km interior box. Only
filling cyclones are considered (r=-0.65).
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km inner box. The correlation was -0.65. The
reason for such negative correlations may be due to
a more symmetric orientation of the rain bands. As
Willoughby et al. (1984) and Willoughby (1988)
discuss, the principal rain band acts as an
asymptote, separating the interior flow from the
outer environment. As it pulls inward and encircles
the eye, the storm dissipates. Therefore, the
storms filling the fastest (larger negative numbers)
may have stronger Dbarriers of thick, non-ice
rainbands providing warm 85V GHz TB's. Indeed, the
cyclones filling the fastest did not seem to have
ice present. The better correlations shift to the
right for inner boxes of 111 and 55 km, and then
back to the left for inner boxes of 27.5 km. This
illustrates the varying position of the spiraling

band.

Vortex translation speed was also examined, and
depicted a similar pattern to that of 24-h
deepening, Lkut with the best correlations on the
left rather than the right (not shown) .
Correlations near 0.50 were found at each

combination of left side TB definitions when the
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inner box was fixed at 111 km. The highest value
achieved for example, was 0.58 for a left 222 km

annulus and a left 111 km box.

This seems to support the idea of translation
speed being 1linked to the outer portions of a
cyclone as discussed above. Moreover, Dboth
translation speed correlations and 24-h deepening
correlations achieved the highest values beyond a
certain radius: between 111 km and 222 km. This is
apparently - related to the effective radius as

discussed by Holland (1983).

Another interesting feature of the translation
speed calculations, was that slower moving storms
(i.e., < 6 kts) seemed to have warmer TB's in the
smaller box radii, than did the faster moving
cyclones. For example, the average TB in the left
27.5 km box for slow moving cyclones was 261 K. For
cyclones traveling > 14 kts, the average TB in the
same box was 248 K, indicating the presence of a
more well defined eye for map times closer to
maximum intensity. Rhudy (1989) showed the

usefulness of the 85V GHz data in locating the warm
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eye of a cyclone. The case study of Lynn, later in

this chapter, will show similar results.

Current intensity was another storm
characteristic examined. Both Gentry et al. (1980)
and Rhudy (1989) achieved higher correlations when
comparisons of Brightness Temperatures were made
against future intensity rather than current
intensity. This study supports this finding, which
was why earlier emphasis was placed on future
intensity. Such predictive value embodied in the TB
data seems to relate to the lag of intensity change
to latent heat release change (Roders and Adler,
1981). However, with the larger data base and more
combinations of anomalies, this study found a few
cases where future intensity correlations did not

exceed current.

Interestingly, future intensity correlations
were better than current intensity for all box size
combinations, except when the inner box was fixed at
27.5 km on the left side (with varying outer
annuli). For example, for the anomaly defined with

a left 444 km annulus minus the left 27.5 km box,
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the correlation was 0.52 for current intensity and
0.44 for future intensity. The highest correlation
in the future intensity stratification occurred with
the inner box set at 222 km, suggesting this as the
radius offering the optimum intensity
predictability. However, this pattern did not hold
for the other stratifications described in section d
of chapter IV. Since the slow mover stratification
portrayed better correlations with a 27.5 km inner
box, translation speed affects may be more important
in these interior regions,; as discussed in Chapter

II.

(2) Right-left anomalies

Preliminary work suggested that TB anomalies,
generated by the difference in mean TB's between
right and left boxes, would be well correlated to
intensity and other characteristics, especially at
the 111 km box radius (Rao et al., 1990). Since
significant asymmetries in precipitation are often
shown in tropical cyclones, as discussed in the
previous chapter, it seems reasonable to expect a

difference in the TB fields between the left and
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right sides of a cyclone.

The outer-inner anomalies, however, gave better
results. This may be due to changes experienced by
a storm (intensity, for example) being linked to the
rainband structure, rather than physical processes
occurring only on each half of a storm. Outer-inner
anomalies may be better able to discern this

structure than can right-left anomalies.

There were few good correlations across the
several stratifications of the data for the various
right-left anomalies. In fact, the only good
correlations came at the 27.5 km radius for future
intensity with slow moving cyclones, and the 24-h
filling rate. For the slow movers, the correlation
was 0.51 with, and without the absolute value taken.
As with the ovter-inner anomalies, the delta TB's
increased with 1increasing intensity. For the
filling rate stratification, correlations of -0.53
and -0.55 were achieved with, and without the
absolute value, respectively. Here, the negative
correlation 1is believed to be due to the same

phenomena in the outer-inner anomaly versus filling
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rate discussion. The remainder of the correlations

averaged near 0.10.

An examination of the actual TB anomaly values
revealed some interesting results. There were more
occurrences of large TB anomaly values in the 27.5
km radius for intense storms than for less intense
storms (see Fig. 5.25). A small secondary maximum
occurred at 111 km for the c¢yclones with winds
greater than 90 kts. For weaker storms, the largest
anomalies were near 55 km. This illustrates, as
discussed above, the inward moving rainbands as
cyclones intensify. Moreover, the coldest mean 85V
GHz TB's (as low as 207 K) occurred for the most
intense storms in the left 27.5 km box. This seems
to support Burpee and Black's (1989) discussion of

increasing rain rates within a decreasing radius.

It is interesting to note that the left sides
of the cyclones always seem to portray the lowest TB
values (the y-axis in Fig. 5.25 contains all
positive numbers). This may be related to the fact
that environmental air flows inward around the left

side of a cyclone (with respect to direction of
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1

Fig. 5.25. 1Illustrating relationship between
radius (km) from center of cyclone and mean delta
TB (right-left anomaly).
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motion). Similar "left-side" phenomenon were

evident in the case study of Typhoon Lynn.

Also observable from Fig. 5.25 1is a notable
decrease in TB anomaly values beyond 111 km. This
seems to support the detection of an effective
radius, as mentioned earlier. It 1is therefore
apparent that the SSM/I TB fields can portray many

processes within a tropical cyclone.

d. Lynn: a case study

Many of the right-left anomaly phenomena can be
better illustrated with a detailed 1look at
individual storms. Typhoon Lynn offered the most
map times for such an analysis, and they are shown

in Table 5.2.

Figs. 5.26 through 5.30 show plots of Typhoon
Lynn's lifecycle from early stages of development,
through maximum intensity, to the dissipating stages
of the various right-left anomalies. The 24-h
central pressure plot is also shown. Except for the

27.5 km radius, the periods of intensification (the




CURRENT 24hr CENTRAL TRANSLATION

DATE/TIME INTENSITY PRESSURE SPEED
(uTeC) (kts) CHANGE (mb/hr) (m/s)

17 oct 87,2000 62 +15 (deepening) 12

18 Oct 87,0830 72 +17 (deepening) 10

19 Oct 87,0800 106 +33 (deepening) 8

21 Oct 87/2100 108 -10 (filling) 15

24 Oct 87/2200 65 -20 (filling) 4

25 Oct 87/1030 56 -7 (filling) 2

25 Oct 87/2200 45 -9 (filling) 2

26 Oct 87/1000 37 -7 (filling) 3

Table 5.2. Typhoon Lynn's lifecycle data for eight
SSM/I map times.
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ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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-15 - :
17/20 18/830 19/08 21/21 24/2

T | -30
25/1030 25/22 26/10

DATE/TIME (2)
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T 27.5 km ANOMALY —== PRESSURE CHANGE

Fig. 5.26. Plot of 85 GHz vertically polarized
TB anomaly, defined as the difference between the
right and left 27.5 km boxes, versus time for
eight map times of Typhoon Lynn. Positive
numbers indicate lower mean TB values in the left
box. Future (24-h) central pressure change
(CPC), in mb/hr, is also shown. Positive numbers
depict deepening.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.27. As in Fig. 5.26, except for the
5% km case.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE

30

— B 1)
20{ - 30
D, N - 20
E 4 .
C
L . \\\ - 10
I 0 - ~ 3 p
- - 0 ’
=10 - . C
B
-20 =
-30 —r T T R . -30

17/20 18/830 19/08 21/21 24/22 25/1030 25/22 26/10

DATE/TIME (Z)

LEGEND

—— 111 km ANOMALY —4— PRESSURE CHANGE

Fig. 5.28. As in Fig. 5.26, except for the
111 km case.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.30. As in Fig. 5.26, except for the
444 km case.
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first three map times as shown in Table 5.2)
generally show a preference for cooler TB values in
the left box. After maximum intensity, the

preference shifts to the right box.

The deviation of the 27.5 km radius from this
pattern may indicate a changing orientation of the
eyewall convection around the eye as Lynn
intensified. It is also possible that since the
27.5 km box is in close proximity to the center of
the storm, contamination resulted from subsidence

within the eye.

It seems reasonable that the lower temperatures
shifting to the right box in Figs. 5.26 through 5.30
are related to the findings of highest rain rates
located in the right quadrants of moving cyclones
(Shapiro, 1983 and Burpee and Black, 1989). Indeed,
the maximum rain rate in Typhoon Lynn occurred near

the 21 October 1987 / 2100 UTC data point.

The preference for low temperatures in the left
boxes prior to maximum intensity suggests that a

large rainband structure existed on the left side of
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Lynn during this stage. Indeed, Lynn was a very
large typhoon, and the 85V GHz data indicate that
her rainbands were rotating. A fairly " sudden
rotation, therefore, seemed to occur near maximum
intensity. This supports the findings of the outer-
inner anomalies discussed earlier. Here, the 85V
GHz anomaly is illustrating the changes, with
intensity, in the spiral rainbands that extend

outward from the eyewall region of the cyclone.

These figures also depict an increasing anomaly
through maximum intensity, followed by a decrease as
the storm subsides. Furthermore, Fig. 5.28 reflects
an apparent band of maximum winds at 111 km, where
the anomaly is the largest. The maximum rain rate
occurs at the point just prior to the beginning of
the anomaly's drastic sign change (except at 27.5
km). Also of interest in these figures is how the
anomaly plots generally coincide with the central

pressure change.

A further examination of Figs. 5.26 through
5.30 reveals the inward moving rainbands as Lynn

intensifies. Figq. 5.29 shows a decrease in TB
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anomaly at 222 km from the very early stages, while
figs. 5.27 and 5.28 depict an increase. This
reflects a movement of the spiral bands from 222 km
radius inward to 111 and 55 km. Fig. 5.31 further
supports this by illustrating a decrease, followed
by an increase, in the minimum TB through Lynn's
lifecycle. Note the radius where each minimum value
occurs. These very cold TB values are reflecting
the heavier convection and rainfall areas of the

cyclone.

Figs. 5.32 and 5.33 depict the right-left
anomaly in another fashion by examining its cross
section. Fig. 5.32 shows four of Lynn's map times
that occurred after maximum intensity. The top half
of the chart reflects map times where the left box
contained the colder TB's, while the bottom depicts
map times where the right box was colder. Note the
scattered distribution of the plots. Fig. 5.33
shows the same chart but for map times up to, and
including, the point of maximum intensity. Note the
shift of colder temperatures to the left box for all
radii except 27.5 km. Also shown is the maximum

anomalies occurring between 111 and 222 km.




MINIMUM TB's DURING LYNN'S LIFECYCLE
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Fig. 5.31. Progression of minimum TB's during
Lynn's lifecycle. The box radius containing
that TB is indicated. Star portrays maximum
intensity stage.
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TB ANOMALIES AT VARIOUS RADII FOR
TYPHOON LYNNXN
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Fig. 5.32. Behavior of Lynn's TB anomalies
(defined as difference between right and left box
mean 85 GHz vertically polarized TB's) for all
box radii. Lines shown are the map times for
which future (24-h) maximum sustained winds are
<50 kts. Positive delta TB values indicate lower
TB's on the left side of the cyclone.
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Fig. 5.33. As in Fig. 5.32, except for map
times containing winds > 50 kts. Note the
predominance of lower TB values in the left
boxes.
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An examination of typhoons Dinah and Holly
revealed the same results (not shown). This
supports the idea that as cyclones intensify, the
85V GHz TB anomalies can detect a «certain
organization of the spiral rainbands. These
rainbands seem to appear closer to the eyewall on
the left, then spiral outward so they are further

from the eye on the right.

This phenomena is dramatically evident in the
outer-inner TB anomaly of Lynn es well. Figs. 5.34
through 5.37 1illustrate this for the 111 and 55 km
box radii. Note the relatively close relationship
between the anomaly and 24-h central pressure change
in the left box, while the right box shows a large
deviation. This same pattern occurred for all

combinations of the TB anomaly.

The largest anomaly occurs for the 444 km
annulus and 111 km inner box; illustrating once
again a possible band of maximum wind at 111 km.
Note, however, that the true radius of maximum wind
couid be somewhere between 55 and 111 km, due to

the resolution of the statistical analysis. It also




TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.34. Plot of 85 GHz vertically polarized
TB anomaly (defined as the difference between
mean TB in the right 444 km annulus and mean TB
in the right 111 km box), versus time for eight
map times of Typhoon Lynn. Future (24-h) central
pressure change (CPC), in mb/hr, is also shown
where positive numbers depict deepening.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.35. As in Fig. 5.34, but for TB
anomaly defined on the left side. Note the
greater adherence of the anomaly plot to the
central pressure change.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.36.
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As in Fig. 5.34, but for anomaly
defined as the difference between mean TB in
the right 444 km annulus and mean TB in the

right 55 km box.
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TB ANOMALIES IN TYPHOON LYNN'S LIFECYCLE
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Fig. 5.37. As in Fig. 5.36, except for the
left side of the cyclone.
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seems reasonable that the large TB anomaly may be

related to the effective radius.

Finally, a cross section of Lynn's average TB's
were examined. Figs. 5.38 through 5.42 illustrate
the cross section of average 85V GHz TB's for
several map times. The same patterns of colder TB's
residing in the left box for intensifying storms is

evident here too.

Figs. 5.38, 5.39, and 5.40 depict the coldest
average TB's on the left side of the cyclone, near
55 and 111 km. Fig. 5.40 (for maximum sustained
winds of 108 kts) shows Lynn very near its maximum
intensity. Well-defined rainbands can be seen near
111 km. It is also interesting to note the presence
of a cold eye at this map time, where a warm eye was

present for earlier stages.

Warm 85V GHz TB's are expected in the vicinity
of the eye, due to the usually clear and non-
convective environment. The cold eye present in
Fig. 5.40 may be due to convective matter covering

the eye, and thus sensed by the SSM/I. This seems
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Fig. 5.38. Cross section of average 85 GHz
vertically polarized Brightness Temperatures
for Typhoon Lynn on 17 October 1987 at 2000 UTC

(early phase).

Star indicates center of storm.
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CROSS SECTION OF MEAN TR's
IN TYPHOON LYNN
18 OCT 87/0830
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Fig. 5.39. As in Fig. 5.38, but relates to

18 October 1987 at 0830 UTC. Note the formation
of cold TB eyewalls around a relatively warm eye.
Also evident are lower TB values on the left

side during this intensifying stage.
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CROSS SECTION OF MEAN TD's
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Fig. 5.40. As in Fig. 5.38, but relates to

21 October 1987 at 2100 UTC, near the time of
maximum intensity. Note the development of a
cold eye and well-formed eyewalls.
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5.41. As in Fig. 5.38, but relates to 25 October
1987 at 1030 UTC, after maximum intensity. Note
the shift of colder TB values to the right side.
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CROSS SECTION OF MEAN TB's

IN TYPHOON LYNN
26 OCT 87/1000

300

280 ?WM\——%——%

260 -

240 -

220

200

T T T * T T T S i

444 333 222 111 55 27 27 55 111 222 333
RADIUS FROM EYE (km)

Fig. 5.42. As in Fig. 5.38, but relates to
26 October 1987 at 1000 UTC, just prior to
dissipation. Note the lack of asymmetry in
the TB cross section.
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likely since at maximum intensity, the convective
bands would be pulled inward towards the eye as

discussed earlier.

Figs. 5.41 and 5.42 show the later stages of
Lynn. Again, note the switch to the right of the
coldest TB values, and the flattening out of the

temperature plot as Lynn dissipates.

Figs. 5.43 through 5.46 depict cross sections
for Lynn as defined above, but for 19H GHz. Here,
opposite results to that of 85V GHz measurements can
be clearly seen. Where 85V GHz showed cold mean
temperatures in the wvicinity of eyewalls and
rainbands, 19H GHz depicts warm values. This is due
to increased emission by the lower levels, including
the sea surface. Also evident is the switch of the
warmest (rather than coldest) TB's from left to
right as described above. Lastly, the eye is
depicted as cold rather than warm, due to the less
emission from the lower levels in the subsidence-

rich area of the cyclone eye.
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Fig. 5.43. As in Fig. 5.39, except for 19
GHz horizontal polarization. Note the inverse
pattern as compared to 85V GHz.
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Fig. 5.44. As in Fig. 5.43, but relates to
24 October 1987 at 2200 UTC.

120




W~ Z>mX

CROSS SECTION OF MEAN TB's

IN TYPHOON LYNN
25 OCT 87/1030

150

T ¥ T B e A G

444 333 222 111 55 27 27 65 111 222 333 444
RADIUS FROM EYE (km)

Fig. 5.45. As in Fig. 5.41, except for 19
GHz horizontal polarization. Comparison to
Fig. 5.41 illustrates the opposite responses
between 19H and 85V GHz.
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Fig. 5.46. As in Fig. 5.45, but relates to
25 October 1987 at 2200 UTC.

122




CHAPTER VI. CONCLUSIONS

This research undertook an automated analysis
of the SSM/I TB data to find possible relationships
to tropical cyclone intensity changes. It has shown
that microwave emissions, particularly at the 85V
GHz <channel, can effectively portray important
characteristics of a cyclone such as intensifi-
cation and covection. Possible relationships
between TB anomalies and intensification can pave
the way for the use of SSM/I data in predicting

tropical cyclone intensification.

Of particular interest was the capability of TB
anomalies in discerning rainband position and
orientation. It was shown that these anomalies
would highlight asymmetries of convection in the
vicinity of the eyewalls and spiral rain bands. The
outer-inner type anomalies depicted the difference
between the interior portions and outer environment
of a cyclone. For these, the best correlations
seemed to occur at the radii where the principal
rainbands were located. This explained the pattern

of better correlations occurring in two areas: on
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the left for small interior boxes (< 111 km), and on
the right for larger interior box radii. Therefore,
given the delta TB within a particular radius,
regression estimates similar to those shown in
Chapter V could be used operationally to determine

the 24-hour intensity.

It was found, however, that the best
correlations (near 0.80) occurred when only storms
with similar traits were considered. Therefore,
through the use of several nomograms, one for each
type of trait (i.e., similar directions of motion or
translation speeds), fairly dependable intensity
values for a 24-hour forecast period could be
obtained from a given TB anomaly. Indeed, many of
the scatter diagrams, including those not shown in

chapter V, had similar slopes for various box radii.

As was also shown, the 85V GHz TB anomalies
could portray the inward moving rain bands, and to
some extent, the formation of the <concentric
eyewalls. This, too, could be used in an
operational environment to determine the intensity

changes of a typhoon, especially since the greatest
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anomalies occurred near maximum intensity.

A case study of Typhoon Lynn illustrated that
there was a sudden shift of cold TB's to the right
half (with respect to direction of movement) at
maximum intensity. Such observation could be used

to determine when a typhoon has reached its peak.

Finally, it should be noted that SSM/I data
must be used in conjunction with other
meteorological data to obtain accurate forecasts.
For example, sea surface temperatures (SST's) play
an important role in the 1intensification and
movement of a cyclone. This research could be
expanded to include SST's as another stratification,
as well as latitude and season. As shown in earlier
research, this 1is important due to the complex
interaction of many forces influencing tropical

cyclone intensity and propagation.




APPENDIX

Definition of Terms:

Annulus -

Anomaly -

Box -

Future -
Intensity

Map Time -

The area resulting from the difference
between two concentric square boxes, one
smaller than the other, centered on the
eye of a cyclone. The thickness of such
an annulus varies, depending upon the
sizes of the two boxes.

The difference in mean TB between two
boxes. Two types are used in this
study:

(1) outer-inner: Given two
concentric square boxes sharing a
common side, the mean TB from the
interior box is subtracted from the
mean TB of the larger. The line
forming the shared box side
intersects the eye, and is oriented
in the direction of motion of the
cyclone.

(2) right-left: Consider the
division of a square box into two
rectangular halves, so that the
dividing line intersects the eye and
is oriented with respect to cyclone
heading. The anomaly is derived by
subtracting the mean TB in the left
rectangular box from the mean TB in
the right.

A rectangular area on either side of a
cyclone that has one side intersecting
the eye, oriented with respect to
cyclone heading. The radius of the
boxes vary from 27.5 km to 444 km from
the center of the cyclone.

Maximum sustained winds in kts, as
determined from the Dvorak Technique
(1984), 24 hours from cyclone map time.

The date/time the SSM/I collected data
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Radius

Slow
Movers

TB
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in orbi* ‘r a given cyclone.

The distance from cyclone center to the
far edge of a box. Such a distance is
perpendicular to the cyclone heading.

Cyclones with a translation speed of
less than 6 kts.

Equivalent Brightness Temperature: the
temperature, as measured by a
radiometer, an object would have if it
emitted as a blackbody.
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