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ABSTRACT

Digital Meteorological Radar Data Compared with
Digiial Infrared Data from a Geostationary
Meteorological Satellite. (May 1979)
Rodney Stuart Henderson, B.A.E.,
Georgia Institute of Technology

& Chairman of Advisory Committec: Dr. George Huebner

Digital 10 ¢m radar data were collected using the Texas A&M
University weather radar system, The digitzl radar data were then
compared with GOVS-East infrared imagery mapped to the digital radar
grid projection. Point values of infrared digiial count were correlated
with point values of zero-tilt reflectivity, low-level PVSZ, mid-level
PVSZ, upper-level PVSZ, and VIL for selected portions of two digital
radar tilt-sequences. Correlations also were performed using
thresholded infrared images and thresholded digital radar data.

The results indicated a positive correlation between infrared
digital count and the digital radar data. Thresholding the infrared
imagery was found to improve the correlation between infrarcd digitai

count and digital radar data. Thresholding the digital radar data pro-

duced less conclusive results.
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CHAPTLR 1

INTRODUCTION

The importance and use of weather radar as a mecans of dotect-
ing, obscrving, and forecasting severe weather phenomena is
firmly established. Meteorological satellite date, particularly
data from ge~stationary satellites, have also proved to be of great
value in detecting, observing, and forccasting severe weather
phena aena. The increasing availability of digital data from both
mstcororogical radars and geostationary satellites males 1'e§dy com-
pari- an of both types of data feasible and useful in the analysis of
severe weather phicnomena. The possihility that characteristics of
severe weather phenomena shared in common by the two types of
data can be used in the real-time analysis and forccasting of severe
wecather has made comparisons of these data attractive to both

operational and research metcorologists.

1, The Need for This Investigation
The increasing automation of systems for handling large volumcs

of mectcorological data and the proliferation of interactive systems

The citations on the following pages follow the styie of the
Journal of Applicd Meteorology.




designed to display and comparc fields of satcllite, digital radar,
and conventional surface and upper-air data have focused increased
interest on the development of procedurcs to acquire and analyze
such data on @ real-time basic for the forccasting of scvere weather
development. Interactive metecorological data handling systems are
in use at some univergities and within government agencies charged
with rescarch and development responsibilities, Interactive systems
are expected to be in use at sclected contral forecasting facilitics
within the National Wceather Service and the Air Weathor Service in
the near future. These systems must allow for rapid analysis of all
data fields and ready comparison of signilicant features in each
field of data with fcatures in the other data ficlds. Maximizing tho
usefulness of such systems in forecasting applications also requires
an undcerstanding of the significant relationships between data ficlds
such as digital satellite data and digital redar data. The large
volume of high resolution digital data available at frequent intervals
from the geostationary satellites such as the GOLES (Geostationary
Operational Environmental Satellite) spacecraft suggests that signi-
ficant relationships may be established between the satellite data
and simultaneous digital radar data which may be useful in the

development of rainfall and flood forecasting techniques.

ik




2. Present Status of Rescarch Relating to This Investigation

Comparisons of meieorological satellite imagery with radar data
have gencrally been either of a qualitative or a quantitative nature.
Qualitative comparisons began shortly after the launch of TIROS 1
(Television and Infrared Observation Satellite 1), the world's {irst
full-time metcorological satellite. Blackmer (1961) and Nagle (1963)
used TIROS 1 imagery in comparison with available radar precipita-
tion patterns to study squall line activity, Neagle and Sorebreny
(1962) compared TIROS 1 imagery with scopc photographs from ground-
based and airborne radars in studying the precipitation patterns
aésocjated with a maritime cyclone., Bouvcher (19G7) Commrod ima-
gery from several TIROS spacecraft with available radar data and
mesoscale analvses in examining the relationship of satellite-cbh-
served cirrus shiclds to the severity of thunderstorm systems.,
Boucher found that the diameter of the cirrus shicld resulting from
the integration of all anvil clouds within a thunderstorm comple: was
an indicator of storm sevcrity. Blackmer and Sercbreny (1968)
developed models of cloud and precipitation patterns associated with
maritime cyclones based on TIROS 9 imagcery, shipborne and shore-
bascd radar data, and surface and upper-air data,

Vonder Haar (1969) employed data from the geostationary catel-

lites ATS 1 (Applications Technology Satellite 1) and ATS 3 in a study




of reflected radiance applications which presented a detuiied com-
posite of a reflected radiance field and metcorclogical racar reports.
Vonder Haar and Cram (1970) also uscd ATS 3 imoagery in a short-
range forecasting study which included radar dala as well as surface
observations within a mesonetworlc, SMS/GOLS (Synchronous
Meteorological Satcllite/GOLES) imagery, raingacc data, and radar
data provided the data bese for Fujita's (1977) study of metecrologi-
cal satellite applications for army operations.

Quantitative comparisons of mcteorological radar and meteoro-
logical satellite data have been made using data from botl polar-
orbiting and geostationary satellitcs, Wexlor aind Allison (1272)
employed Nimbus 4 infrercd data and a reflecrivity map {rom the
National Severe Storms Laboeratory (NSSL) WSR-57 radar to study a
tornado outbreak that cccurred near Oklahoma City. Gruber (1973)
also used Nimbus 4 infrared data to determine arcas of deep convec-
tion and compared his findings to radar data as part of a study con-
cerned with estimating rainfall in convective arcas.

ESSA 5 (Environmental Science Services Administration 5) and
ESSA 7 satellite digital cloud mosaic filins were examined by Cerrish
(1970) to determine the cloudiness in cach element of a grid array
centered south of Miami, Florida. Gerrish used those data along

with WSR-57 radar data, raingage data, and upper-air data in




v b Ry o REWIN S 1o ger o s

examining the rclationship botween rainfall and clondiness within

the orid erca, Cerrish (1975) later used DMSP (Dufense Meteora -
logical Satellite Program) satellite visible and infrared data and
ATS 3 visible data in a similar study of cloudiness and precipitation,
Gerrish determined that radar echo area corrclated best with DRSSP
infrarcd cloud arca at 18,000 {t and at 30,000 ft and that, on the
average, radar cchoes occupied only 42 per caent of the cloud arca
at those altitudes., DMSP data also were used by Phillips (1975)
in a study that compared infrared satellite dota with digital radar
date from the NSSIL. Phillips concluded that the DMSP Imagery could
be studizd in greoter dotail whon digiticed vsing o micredensitensicr
but that detailed doterminstion of the structure of convective storm
activity did not scem possible with the infrared sensors then in use.,
Blackmer (1975) studicd the extent to which a combination of
visible and infrared data indicated the prescence and intensity of
precipitation within a cloud and concluded that departures of bright-
ness or radiance in small arcas from the average value within the
cloud cover over a large arca could be uscd to infer precipitation.,
Cheng and Rodenhuis (1977) used NOAA 2 (Nationel Oceanic and
Atmospheric Administration 2) visible and infrared imagery along with
WSR-57 radar data in comparing satellitc images with radar rainfall

rates. They found correlation coefficients between satellite data




and radar rainfall rates of from 0,23 to 0.34 for visible data and

froimn 0.17 10 0,27 {or infrarcd data,

Sikaar (1972) evaluated the relationship of rainfall patterns to
cloud bhrightness ficlds and found that all of the radar cchoes weore
included in the upper 36 to 40 per cent of the ATS 3 brightness
range f{or the two cases considered., He indicated an excellent cor-
relation between positive brightness anomaly area, radar echo srea,
and the precipitetion pattern. Reynolds and Vonder Haar (1973)

claimed that whengrowth of clouds could be detected by radar a
corrosponding increase in reflected radiance could be detected in
ATS 3 visible imagcery,. Griffith and Woodley (1873} compared re-
flected radiances with radar-measured echo heights ond found a
positive correlation between cloud brightness and cecho height.
Howoever, Negri ¢t al, (1976) reported thot brightness did not secmn
to corrclate well with any ccho parameters. Negri ¢t al. also indi-
cated that cloud arca changes led echo arca changes for the storm
they cxamined. Adler and Fenn (1977) found that duration of cloud
elements, minimum cloud-top temperature, and cold arca rate of
incrcasec scemed to be correlated with the occurrence of severe
weather,

Reynolds (1978) used an interactive computer system to evaluate

digital radar and digital GOLS data. Reynolds indicated that infrared




data show relative changoes in iop heilght which are related well to

rainfall and that moximum rainfall occurs before the coldest clond-
top teimnperature is reached. Reynolds ct @1, (1978) also considered
the use of meteorelogical satcllites in weather modification projects
and included comparisons of radar dats and geostationary satcllite
data in scelking further to explore satcllite-rainfall relationships.
Smith and Reynolds {(1978) have developed procedures to proguce
numerical compogsites of digital radar and digital satellite data for
usc in analyzing precipitation patterns.

Griffith et al, (1978) employed ATS 3 and SMS/GOLS imagery in
raiuf:;xll estimation applications using digital 1adar and raincage daia
for ground tiruth, They developed a reinfall estimation pro-
cedure bascd on the growth of radar echoes and satellite cloud arcas
and examined the procedure {or potential real-time applications and

automation.

3. Objecctives of the Investigation

The primary objective of this investigation is to compare digital
meteorological radar data with infrared imagery from a meteorological
satellite in geostationary earth orbit by determining the correlation
betwcen point values of infrared digital count and point values of
radar reflectivity and vertically integrated liquid water content (VIL).

Comparisons are made between infrared digital count from the




satelilite sensor and zero-till refloctivity, three levels of partial
vertically-summed reflectivity (PVSZ4), end VIL, for the purpose cf
determining which scts of data demonstrate the best relationship
between the satellite and radar data.

A sccondary objective of this investigation is to develop and
implemont procadures for computer precessing of GOLS imagery stored
on megnetic tape and to map the duta to points in the Texas B&M

University (TAMU) digital weather radar grid.,

4, Technigques ond Scope of the Investigation

The radar data for this investigation were obtained from ithe
digital weather radar system in the Department of Mceteorology at
TAMU. The reduction, interpolation and display of the radar data
were accomplishod on the Amdahl 470 V/6 computer at TAMU using
the technique developed by Sieland (1977) as modified by McAnclly
(1979). The digital GOES infrared data were obteained from the Man-
computer Interactive Data Access System {McIDAS) at the Space
Scicnce and Engincering Center of the University of Wisconsin in
Madison, Wisconsin. Reduction and display of the digital satellite
data also were accomplished by the Amdahl 470 V/6 computer using a
technique designed to map the satellite data to individual points in

the radar grid established by the Sicland technique.




Tilt-sequence 10-cm digital raduer dota were collected near-

simultancously with GOLS infrared imagery on 3 May 1978, The tilt-
sequence data were processed to produce point valucs of zero-tilt
reflectivity, three levels of partial vertically summed reflectivity
(PVSZ), and vertically integrated liquid water content (VIL). The
point values of the digital radar data were then tabulated along with
GOES infrarcd digital count data mapped to corresponding points.
The GOES infrared data were mapped from images at times correspond-
ing to the start of the radar tilt-sequences and the ond of the tilt-
sequences. The tabulated data were punched onto computer cards
and processed to compute correlations between cach field of radar
and satellite data,

Threec sets of radar and satellite data were processed to reduce
computer costs and meet time conestraints imposed by tabulating the
data and punching the data onto computer cards. One sci of data
was sclected during the carly development of radar echoes in the
TAMU arca and included one tilt-scquence of radar data and two
infrared images for a corresponding arca. The remaining two data
scts were selected from a time when radar echo activity in the area
appeared to be at or near its maximum intensity. The last two data
sets were taken from a single tilt-sequence and from two correspond-

ing infrared images.




CHAPTLR IT

METEOROLOGICAL RADAR DATH

Microwave radar is onc of the many tools emploevaed by meteoro-
logists in studying the atmosphere, Digitel radar syatams have made
possible quantitative comparicons of large volume: of radar data with
data from other sources including the wmeleraolegic ! satellite data
employed in this stuedy. Much of the mat i) in this clicpter
concerned with basic radar theory and the UAMU weather radar system
is extracted from Neyland (1978) that  coataing o moere complete
description of the digital radar system and the Siclaad (1277) con--

puter program.,

1. Basic Radar Theory

The basic form of the rodar cquation used by radar mctcorologists
was derived by Probert-Jones (1962). Proboert-Jones assumed a more
realistic beam shape than had been used in previous derivations and
further assumed that no significant attenuation existed betwecen the
radar antenna and the target and that the target completely filled the
spatial volume illuminated by the radar becam, With these assump-
tions, the average backscattered power, Fr (watts), received from

the target at range r (km), is given by
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Pr - C ’r’f ZO (1)
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where ¢ (w };mz m3 mm"G) is the radar constant unique to the indivi-
2 . . . . ‘
dual radar, |k* (dimensionless) is the diclectric constant from

6 —3)

scattering theory, and Zo (mm® m is the cquivalent radar reflec-

tivity factor. An exprecsion for the radar constant is given by

3Pt clne d (2)

c= L= ASCA
512 A“ 2In?

wherc Pt s the transmitted power during a radar pulse (w), G is the
antennagain {(dimensionless), h is the pulse lenagth in space of the
transmitted pulse {cm), 0 is the horizontal heamwidth (radiaya), (I*)

is the vertical beamwidth (radians), and A is the wavelength of the.

“transmitted microwave encrgy (cm). The factor 2 In 2 is the Probert-

Jones correction factor. The valuc of ¢ is 8,609 x 10711 for the
TAMU 10 cm radar and the value of Jk|? is 0.93 (Battan, 1973),

The output of the radar system is digitized velues of retured
power, Fr , which must be converted to valucs of reflectivity before
further data rcduction. The usual practice is to measure the returned
power in terms of decibels with respect to a standard reference power

level, normally 1 mw., Power levels are then expressed in units of

dBy, cither above (+) or below (=) 1 mw according to

P(dBm) = 10 log y P (watts) (3)
10“3(watts)




To determine values of Z,, Lq. (1) is solved for Zg giving

P . (4)

Taking the legarithm of Eq. (4) gives

logy g (2,) = 2log; gr + longr - logy o© [);]2 . (5

For the TAMU 10 cm radar, c is equal to 8.609 x 10721 and

logj Ocl}:i2 cquals -10.1. Substitutingthese valuesinto Eq. (3) gives

109y o2, = 2logygr + log; Py +10.1. | (6)
The digital value of Fr is converted to its dBm equivalent (always
negative) through the use of calibration data., The received power
in watts is related to the received power in dBm by

logy P, (watts) = 0.1 P (dBm) - 3.0. (7)
Substitution of Eq. (7) into Eq. (6) gives

109y g2, = 0.1 P +2 logygr +7.1. (8)

Finally, the value of Z, is given by

_ 0.1P, + 2logyar + wa)
Ze __10( T 10 c (9)
where Z; is in units of mm® m=3 and we is 7.1,

The scveral assumptions inherent in the development of Eg. (9)

include:

1) The transmitted microwave cnergy is not significantly

N
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attenuated between the radar antenna and the targclt. This assump-
tion has becen shown to be valid for redars with wavelengths ncar
10 cm (Greene, 1964),

2) The spetial volume illuminated by the radar beam is com-
pletely {illed by the target. This condition is not always met,
particularly on the periphery of a storm, with a resulting loss of
resolution of fine scale detail in such arcas (Greene, 1971). How-
ever, this effect does not significantly alfcct the major [eatures in
the digitul dota.

3) The Rayleigh approximation is used to describe the
scattering propertics of spherical liquid weter drops having diamcters
on the order of 0.04 A, where A isthe radar wavelength in cm. In
scvere storms, the large, non-spherical water drops ond hailstones
which may be present do not meect the Ravieigh criteria, However,
the enhanced reflectivity of these particles may be useful in identi-
fying such storms.

4) Each digital datum value represcents a point in the center
of the radar volumc,

5) The equivalent radar reflectivity values, Z,, obtaincd

from the digital data, are representative of a continuous scalar ficld,

2. Earth Curvature Correction

Microwave radiation propagating in {rce spacc will follow a




straightline path, However, the microwavce radiation of a radar beam
in the atmosphere does not follow a straightline path but instead
follows a curved path due to refraction., The amount of curvaturc of
the path depends on the index of refraction (n)., Under normal
atmospheric conditions where temperature and humidity decrease
with height the path of the radar beam curves slightly downward to-
ward the surface of the earth.

Ray theory may be applied to the problem if the change with

dn

height of the index of refraction, Ef;—' is small. For that case, the

exact differential equation {for a ray in a spherically stratified at-

mosph is
2 2
d%h - (2 4 Lldnydy”y Rthy2 1 4 1dn,y (10)
ds?2 R+h n dh ds R R+h n dh

where h is the height of the beam above the carth's surface at a
distance s from the transmitter, R is the certh's radius, and n is theo
index of refraction. Since g, the angle at which the beam is sent

out measured from a horizontal plane, is usually very small,

2
(gl;-) = tanze L L1, Also, since n~1 and h£Z4ZR, Lq.(10) can be

reduced to

o N
[

=

|

dn
4 ——
dh . (11)

7
wn

}
= |

In this investigation it is nccessary to consider the radar beam axis
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as a straight line so that a fictitious carth radius given by
R = —B (12)
1+ 4o
dh
must bc assumed (Battan, 1973). Since S;J}l is small and necaerly linear
dh

with a value of -4 x 1078 m'l . an earth curvature correction of

R' = 2 R is used and the resultant radar beam axig may be considered

w s

to be a straight line.

3. The TAMU Weather Radar System

The TAMU Weather Radar System consists of both a 3-cm and a
10~cin radar operating in parallel. Each of the two radar systems
has a ncarly identical makeup and consists of the {ollowing major
sub-systems: antenna, conventional analog weather radar set, di-
gital video integrator and processor (DVIT) with plan position indica-
tor (PPl) display, and a nine-track tape unit to record the buffered
digital output of the DVIP, Since only 10-cm radar data are uscd in
this study, the following discussion is limited to somce of the
characteristics of the 10-cm rodar.

The 10-cm radar was constructed at TAMU using components from
several different radars. The radar receiver is mounted in a CPS-9
consolc and uses the same synchronizing pulse gencrator used to
trigger the 3-cm radar. This, combincd with the common mounting

of the 3-and 10-cm antennas, permits simultancous scanning of the




same illuminated voluma by both radars,

The DVIP is a high speed datla acquisition, digitizing, and pro-
cessing system which continuously averages radar logarithmic video
output in range {rangc averaging) and in direction of antenna scan
(time averaging) using exponentially weighted digital integrator
techniques and synchronized by the radar system trigger. The DVIP
installation provides for real-time contoured PPI displays ond digital
recording of the digital, integrated data.

The IWIP output signal is split into two channels, thie digital
channel and the disploy channel. The displey channel provides
cither log video or contoured Jog video to the PPI scope. The digital
outpui consists of the 1-or 2-km range increment integrated video
samples, provided in a buffercd 8-bit parallel binury configuration,
Each digitel output word represaents a digital value of the intecrated
video intensity on a lincar scale over the input dynamic range of
80 dB. At the digital output therc are 215 2-km or 430 1-km digita)
samples representing the range increments from 21 through 450 km
of range, depending on the range increment selecled.

The digital output channel of the DVIP is fed into a 9-track
magnetic tape rCC(;rdjng unit. This tape drive unit records the digital
data in a format that makes it rcadily accessible by computer and

controls the azimuth increment integration of the data.




4, Data Reduction and Digplay

The digital output of the DVIP is recoided on 9-track macenetic
tape which becomes the input to the TAMU Amdahl 470 V,/6 computer,
Computer processing of the digital radar dota is performed using @
program developed by Sicland (1977) and modified by Mceanelly
(1979).

The computer program begins by transforning the spherical co-
ordinate system (r, ¢, e) of the recorded digital radar data into a
cylindrical coordinate system (r, ¢, h) with three seperate height
divisions, or partial vertically summed reflectivity (PVSZ) layers.
The data arce then transformed into a two-dimensional rectangular
coordinate system (%, y) and {ive maps arce produced, a zcro level
(zero~tilt) reflectivity map, the three PVSZ maps, and & map of
vertically-initegrated liquid water content (VIL). The conversion of
coordinate systems requires the use of two interpolation schemes,

a Lagrancian lincar or cubic interpolation scheme along cach radial

of data and a quadratic scheme for the conversion to rectangular
coordinatcs. An extensive explanation of these interpolation schemes
is contained in Sicland (1977).

The three PVSZ maps arc produced by summing the reflectivity
values in a vertical column above a given (x, y) point at the surface

into the lower layer (0~deg to 15 kft), the middle layer (15 to 35

[ PR .
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kft), and the upper Javer (35 to 50 kit). The summedvalucs of re-
flectivity in cach layer at cach (%, y) point ere divided by the numbor

of tilt angles used to produce the suni <o that a mean vaelve of the

reflectivity is produced, VIL is produced uvsinganalgorithm developed

by Creene (1971) and is based on the relationship
h.
top 4/7
Mx = 3,44 x 10~ Ze ah (13)
hbottom

where M* is the VIL in units of kg m"2 and b is the heiglit in meters,

Because of the larce amount of data procecssed and 1o reduce
computation time, the Sicland program maps only a selected rortion {
of a gnid contered on TAMU, The mapped portion is selected by
specifyina a distance cast (=) or west (+) from TAMU to the lower
loft corner of the 106 x 100 km grid, a distance north (~) or south (+)

from TAMU to the lower lcit corn-r of the 100 > 100 km grid, a

starting azimuth {or duta processing, andc; lastazimuth., Conputer
processing of the data on the 100 x 100 km grid results in a data
output spatial resolution of 2-km on a 51 x 51 output array.

The radar data uscd in this investigation were produced and re-
corded by the TAMU Weather Radar System during the evening of 2
May 1978 (3 May 1978 GMT), as an arca of light and moderate

thunderstorm activity moved through the College Station arca. Tilt-

scequence data were recorded ot iimes which would permit comparison




e el hemin e A 04 bt W M3

with GOLS sateliitc data collecicd that ¢vening at 1S-min intervae o,

This investigation used two tili-scequences of the radar data for
comparigon with COLY imagery, the firet tili-scguence beginning at
0022 GMT and the tenth tilt-scqguence beginning at 021% CMT, Thosc
tilt-sequences were processed by Mr, Ray MeAncelly to produce maps
of zero-tilt reflectivity, PVSZ in three layers, and ViL,

The maps of zero-tilt reflectivity, PVEZ, and VIL were adjusted
for ground clutter effccts by excluding all dota within o 40 m radius
of TAMU in order to avoid doto contomination and to ascure compara-
bility boiween resuelts for the cero-tilt refloctivity wmaps and the PV3Z2
and VIL maps. Doto at the outer edges of the radar maps ond along
bounding azimuths used by the Sieland procram also were esxcluded
duce to suspoected boundary intorpolation problems in the computor

program. Mter these adjustiments, the data were tabulated for

comparison with the infrared satellite dato.
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CHA{TEIR IT1

GLOSTATIONARY METECROLOGICAL SATELLITE DAL

Meteorological satellites have beon used by meteorolaniste for
both qualitative and gquantiiative investications of aimoouplioric
S 1
phenomena, Geostlationary satellites, by virtue of near-continuous

-
!

coverage of large arcasg of the carth swrface, pernait more detailed
examination of scvere weather deve lopment than o possible through
the use of polar-orhiting catellites, The on-board digitivation of the
data from the newoer geostationary sotellitos makos possibl-ﬁ 1oLy
comparison of these dote with other dicital dato fickds and is veeful ir

the analysis of severce weather occurrenaces,

1. The SMS/CQILS Spacccralt

The Synchronous Mceteorolegical Satellite/Geostationary
Operational Tnvironmental Satellite (SS./COTS) spacecraft is o
cylindrical spacccraft weighing approximately 578 kg at launch.
The spacecrafi are placed into a circalar orbit at about 35,800 km
above the earth surface. The satellites orbit the carth at @ speed

-1

¢ about 11,000 km hr . This combination of altitude and spced
permits cach satellile to remain continuously above the same point

on the carth and produces what is referred to as 8 geostationary or




geosynchronous wibit,

The spacccralt is controlled for proper ciath-imaging by an
attitude control subsystom which muintains the spin rate at 160 rom

and aligns the spacecralt spin avis parzllel to the earth's poler

axis. On-board aliitudr scensors arce uscd to determine the spin

axis orientation and a hydrazine jot system is us~d to adjust the

PP AP,

spin axis ovientation, epin rate, and oriital position as nccessery
(Corbell et al., 1976).

The primary purpose of the spacecralt is to provide carth-imaging

in the visible spectrum (0,55 to 0. 7pm) with on 0. 9-}an resolution at !
subpeint and in the infrered spectrum (10,5 to 12,6;1m) with an &-hm
resolution at subpoint. The spacecraft also npossesseg a capability i

to provide direct, quantitative mcasuvrements of solar activity and

to collect and distribute environmental data meosured on remctely
located data colloection plotforms on the corth's surface end in its
atmospherc.

Primary sub-systems aboard the spacecraft include the Visible

and Infrared Spin Scan Radiometer (VISSR), the Space Environmental

Monitor (SEM), the Telemeiry, Tracking, and Command (TTC) sub- 1
system, and an attitudc-control sub-system. The VISSR provides
carth-imaging in the visible and infrared spectrums. The SLEM in-

cludes a magnctomector, a solar x-ray telescope, and an energetic




pcrticle monitor. The TTC includes cauipmeat for S=band tians-

mission and reception (in roduced bandwidth) of ViSsi data, S-band
transmission of weather facsimile data, U reception of dala from
remote dato collection platforris and downlind of these deta to carth,
and VIiF and S-band communications equipim-nit for commanding the
spacecrait, for telemetry, and for transmitting SEM data., The
primary instrument providing the data used by most metcorelogists

is the VISSR (Corbell et al., 1976),

2. The Visible and Inirared Spin Scan Radiometor

The Visible and Infrarced Spin Scan Radiom. ter scans from west !
to east in cight identical visible channels and two infrarcd channo]'fa.
The sensor provides visible data at 0.9-km roesclution at satellite
subpoint and infrared dota of 8km resolution at satellite subwoint.
The resolution in boih tho visible and intrarvced data detoriorates {or
points away from the solellite subpoint. With the satellite rotating
at 100 rpm, the VISSR scans the carth for ahout one-twenticth of each
complete rotation. The radiometer perfiorms 1821 steps in successive
scans from north to south in 18,2 min and provides an image of
the complete carth disc or about ouce quorter of the earth's swiace.,
The resulting visible images contain 14,568 lines., The infrared

images have o total of 1821 lines. In addition io the normal scanning




mode, the spacceraft may be placed into a limited scan mode, 1u

the limited scon mode the north-south scon may be limnited o a
fewer number of scan lines, thereby reducing the arca of coverage
but increasing the frequency of imaging.

The VISSR sences radiation in both the vicible and infrared
spectivms. Radiution is received by the VISSR's primary optics via
a 45° object-space scan mirror. The mirror is an elliptically shaped
plane miror which is tilted about its minor axis to obtein the north-
south scan steps. West-cast scans are produced by spuacecrelt
rotation about the spin oxis. Energy {raow the scan mirror is coliected
by @ Ritchey-Clucticen oplical sysiem which includes a bellle ihat
extends from the mirror to minimize the cffects of scatiered radiation,
Radiotion in the visible spectrum is detected at the prime focus using
eight fiber optics in a lincar array at the focal plane., The other ends
of the fibers arce optically integrated with cignt photomultiplier tubes
having the desired0,.55~to0 0.70-um response. The prime focal
planc is also relayed to the Jong-wavelength HgCd/Te detector using
two germanium relay lenses, An optical {ilter between the {inal re-
lay lens and the detector restricts the radiation to thel0.5-to12.6-

pm wavelength band (McKowan, 1977),

3. Data Distribution and Processing

The SMS/GOES VISSR data are distributed as indicated in Tig.




P

1. Raw dato am'rc.\ad out ond preprocessed at the Command and Data
Acquisition (CDH) station ot Wallops Island, Virginia. The CDA
processes the dota to reduce the data rate by about 16 to 1 for simpli-
fication of data transmission and then transmits these stretchied datu
back to the satellite. Lowcr resolution infrared dota are formatied
for anulog transmission and are sent via telephone lines from the
CDA to the Sailellite Tield Scrvice Stations (SI'SS) and to the Central
Data Distribution INacility (CDDI) at Marlow Heights, Muryland.
The stretched data are retransmiticd by the satellite to the
National Cnviromaental Satellite Service (NESS) facility at Suitland,
Maryland,ond to olther {acilitics with o dircct recadout capability.
The NISS-Suitiand complex relays the stretched data vie microwave
link to the CDDI', The CDD! formats the data and prepares it for
transmission to SF5S's throuchout the country. Enhancement of the
infrarcd data to emphasize spocific features in the imagery can be
accomplished both by the CDA at Wallops Island and by the CDDY,
GOLS/SMS VISSR data arc available to many uscrs through a
"GOES-Tap" program using high-~qualily tclephone line transmission
of the data from an SFSS to the user. As on alternative, some faci-
lities have developed a dircect readout capability for receiving the

stretched VISSR data (Corbell ct 3l., 1976).
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4. Basic Charuacteristics of Infrared Satellite Data

Infrared radiation is cmitted by objects at an intensity thot de-
pends on the temperature of the body., If the object is assumad to

emit radiation as a "black body," i.c., to absorb ull radiation falling
upon it without reflecting any of the incident radiation, then the

monochromatic intensity of the emitted black body radiation is given

by Planck's law,

47385 -
L =3.74%107° A~ (exp —1‘~l“i— -1) ! (1)

where A(em)is the wavelength of the cinitted radiation and T (1)
is the temperasture of the black bhody (ITaltiner and Martin, 1057;,
The proportionaiity between the temperature of the target and the
intensity of the infrared radiation emitted by the target forms the
basis for all infrared imaging.

Infrered sonsors aboard moteorological satelliles measure long-
wave (usually10.5-to 12.6-pm wavelength) radiation cmitted by
cloud, land, and water surfaces. These measurements may be con-
verted to black body temperatures which generally represent the
temperatures of the surfaces viewed. This characteristic of infrared
satellite imagery is especially useful in that it permits an approxi-
mate cvaluation of the hecight of various clouds when the atmospheric

temperature is known from upper-air dolo. The association of cold




cloud tops apperent in infrered data, convective cativily, and pro-

1

cipitation suggesied by some of the authors cited in Chapter [ forms

the basis for much of the following material in thas investigation.

5. McIDAS Dato
The Man-computer Interactive Data Access System (MolD2S)
was developed by the Space Science and Tngincering Center (53870)
at the Univorsity of Wisconein as a moeons of oltiiming cazsy access
to coatellite doia in the time domain for cxamining eimosavheric wea-
ther systems as Jdyvnemic systems (Smiith, 1975). The operator veing
-

McIDAS views image and araphics dota on a large color televicion

o frames or seguences and

-

moniter. Images may be viewed in sin:
may be enhancoed, colorized, or combined at the choice of the
operator, Conirol of the sysiem is effccted from the oneratos's con-
sole by means of twin joysticks - nd a keybowrd, The oporaior elso
may bhe supported by hord copy gencrating devices such as line
printers and graphice plotters (Haig, 1978),

Image data used by the McIDAS also may be caved on naancetic
tape for later use or {for thic use of other investigators, The imacery
uscd in this study was produced in such a {ashion by the McIDAS at
the GSEC in Madison, Wicconsin,

McIDAS image save tapes contain iwo-dimensional image scctors

prepared from a varicty of image sources. The data for this study




arc a sequence of infrared iimages from the GOIS-Test soteliite

taken between 0015 GMT and 0345 GMT on 3 May 1978, Tho data
arc stored on the tepes in a directory rccard which contains date,
time, and line end element coordinate information necessary for
image processing and in image sector recerds which follow the di-
rectory record. Lach imagce sector record contaings cix lincs of
GOES data in 24-bit words so that for g complete iinage of 500 lines
a tota) of 84 image secctor records is required. The directory record
is 225 words long and cach image save record is 22411 wordr long

(6723 8-bit bytes). 6720 bytes of cach image seve record are uscd

for data with the remaining 3 bytes containing o record sogyuoence
counter (Young, 1978},

Full-resolution GOES--Last infrared imagery arc usced in this
study. Each pixel, or picture element, has a resolution of approi-
‘mately 8 km in the line direction (N-S at satellite subpoint) snd 4 km
in the element direction (L-W at satellite subpoint). The MciDAS
artifically subdivides cach pixel toa 4 kin by 4 kin pixel on the
image save tapes. Linc and element numbering in the infrared data

is bascd on the system used for full-resolution visible data

(Young, 1978).
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6. Data Reduction and Display

Use of the McIDAS image save topes reguited developmoenrt of
procedures to navigate, or locate, the image pixels, to mep the
infrared data into the urid used {or the dicital radar data, and to
corroct the data for displacement crror due to cleoud height,
a, Image Navigation

Navigating the imuge pixels requires extensive compuicr soft-
ware that was not available for this investigation, Instead, Mr,
J. T. Young of the SSIC provided line and clemoent navigation solu-
tions for four lutitude and longitude poinls in @ grid around TAMU
for cach hour from 0000 CMT {c 2400 GMT on 3 May 1978, A {ourth-
order polynomial was then [itted to the line and element solutions
for cach point to permnit interpolating line and clerent colvtions for
intermediate times,. The interpolated line ond eloment solutions
then were used as inputs to a computer program called MACRIAR 3
which yroduccd mapping cquations to map the satellite data into the
radar grid.
b. Mapping the Satellite Data to the Radar Grid

The satellite data array ie a two-dimensional array arranged by
line and cloment number, The radar grid centoicd on TAMU can be
regarded as an (x, y) array with a positive y-axis oriented duc

North and a posilive »-asxis oriented duce Last, The variation in




linc ard elenment solutions for the {four points navigated by the SSCC
suggested that simple bi-lincar relationships of the form

line numher =ax 1+ by +c (2)

eloment pumboer =dx + ey +1{ (?)
could be used to relate the digital satellile Jine and elemont numbors
to the coordinetes of the radar grid,where the constants o, b, ¢, d,
¢, and f wre determined by selving three simultuncous cquutions using
solutions {or three of the {our points navigated hy the SSUC. The
original mapping prograimn, MACMAP 1, uscd nuvication solutions for
three points to produce coefficients for the mapring cquaiions and
uscd the remaining solution for the fourlth paint Lo chocl the aceuw ey
of the equation. MACMADP 1 solutions produced results aocurate to
one half pixel for the fourth point for all imag-e except two and was
within onc pixel for those two images.

An cffort to produce more accurate mapping of the satellite data

resulted in adding new terms to the mapping ccuations using the
fourth point to determine "correction factors” ki and kp., The new

cquations were of the form

line numbor =ax +by + ¢ 4 kl(X--Xo)(Y--Yo) (4)
element number =dx +tey +{ + ky (x-xo)(y~yo) (%)

where the coctficients a, b, ¢, d, ¢, and f are determined by solving

simultaneous cquations for the threc original points and Lhe correction




foctors by determining the difference betvreen the SSEC nvioation
sclutions and the solutions from La. (2) and a, (3). The valucs of
the constants g and yg are detennined from the "common values"
of x and y shared by the three points uced to solve the siminle hi-
lincar equations. Tig. 2 illustrates the genael arrengement of the
four navigated points relative to TARU and thoe radayr grid and illu-
strates how », and yo woere determinaed,

The MACNAP 3 compuicr program produced coefficients for Ta,
(4) and Lq. (5) for cach of the images used in this siuvdy., The
solutions produced accursic results for all fouwr points originally
navigated by the SSEC ond accurate line numbor selutions for TANU
coordinatcs in a later check. A check of the element coordinate for
TAMU was not accurate in the later choeck due to loss of the original
input "gamma shifts” used to produce the SSLC solutions.

The proccdure adopted in the remainder of this study depended
upon the following assumptions:

1) The navigaticn solutions produced f{or the four points by
the SSEC are accurate. Young (1978) suggests an accuracy to within
onc line number and within two element numbers in the full-resolution
vigible data., The numbering system for lines and clements in the
infrared data is based on that for the visible data ¢nd is incirementoed

by a factor of four which suggests an accuracy to the nearest pixel
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in the inivored dota,

2) Interpoiction in time usino o fourth-order polynomicl pro-
ducce accurale solutions for intenncdiuic image thnes, Thic ausuwip-
tion is required g a compramice to avoid the computer costs
associatiod with proviaing ! sclutions for hmages at 15-min
intervals over 4 h ond for four peints in cach image, The
variaztion with time of the original SSEC solutions sugoests that this
assumption is valid,

3) Mapping equations of the fors of Ta. (4) and Ta, (3) pro-
vide an accurate coordinate tiansformation between the line and
element coordinctes of the sotellite imeocs civay and the 6, v)

coordinates of thoe digital radar grid, MACMLP 3 mopping solutions
provicded accurate results for the SSEC solutions [or all [our navigetcd
points and for TANMU coordinatces, Compoarisons of ¢ontoured ficias
of infrared data nappod vaing MACMAP 3 solutions to hard coyy
enhanced GOLS inliurced imagory alse coufirm the gonoeral accurecy

of the niapping procedurce. It is evidenrt, however, that the earth
curvature considerations usod in estahliching the rador grid {or
MACMLY 3 would not compensate {or such efficcts at distances for
removed from the center of the arid. Tor studies of data within 200

km of TAMU the MACMAP 3 procedure appears to yiceld satisfactory

results,
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Actual produaction of maps of salelliic data depended uvon
development of programs designed to use MACMMDY 3 solutions for
the coclfjcicnts of BEq, (4) and Eq. (5). The original prooram was
called MACVIS and was designed to map full-resolution visible GOES
data to the radar grid. Problems with brighinceses normalization duc
to a very large solar zenith angle led to abandoning the use of the
visible data after MACVIS was developed. The MACIR compater pro-
gram was dcveloped from the MACVIS program and is desicorned toase
solutions to Lg, (4) and Eg. (5) to map GOLS infrared catcllite data
into the radar grid centered on TAMU,

MACIR ic A modular computer preoram using twoe funct on sub -
programs to produce solutions to Eq. {4) and I'c. (&) end using
subroutines to save an array of satcllite data that just overlaps the
arca of the yader grid that is of intcrest and to map the saveod dota
array into the radar grid. Subroutine BOURD ¢ siormines hounding
linc and clement numbors so that the saved satellite data can be
extracted from the image scctor records on the McIDAS image save
tapes. Subroutine DATSAV rcads the image sector records and saves
the GOLS dato bhetween the bounding line and element numbers
determined by BOUND. Subroutine DATMAP computes a line and
element number for coch {5, y) point in the portion of the radar grid

sclected for analysis and assigns the value of the pixel corresponding
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to thot (line, clement) pulr to the {0, y) point in the vodor ¢,
The data thus mavped are stered in on arrey celicd IGCES,  Sibron-

tine QUTPUL is uscd to print mars of the JGOUS array end is reacily

adapted to varving grid spacing.

The MACIR proyram was used 1o produce mep s of the 0013 GMT,
0030 GMT, 0215 CMT, and 0230 GIT  COES-Last imzges for 2 May
1978 for thic investigaticon., Meps of all the images Letween 0015
GMT and 0345 GMT alsc were producced [or a differont study, The
maps consisted of point values of COLL-Last infrared date printed at
2-km intervals for this invostication and 4-km indorvals in the cthoer
mans. A listing of the MACIIAP 2 ond MACIR progrins is contained
in hppendix A,

c. Correction for Dicplacerment Drror Due to Cloud Height

Cloud interpretation near the borivon of § geostationary satollite
image is complicated by the cffcct of curvature of the earth surface,
Near the satcllite subpoint on the earth's surfece, the apporent aind
actual cloud positions coincide, However, the difference botween
the apparent and actual positions increases as the cloud's distence
from the subpoint incrcases. In order 1o locate accuratcely a cloud
featurc in a gcostationary satcllite image it is necessary to com-
pensate for this cffect by making a displacement correction toward

the satellite subpoint, Weiss (1978) gives a method of correcting




SihiS images for this offect and that methiod was vsed to compute

displacement corors [or varions cloud haedghits using a GOES-Taot
. -~ 10O - o .
subpoint of 0.335° 8, 75.021°Y W, Displacement corrections were

computed for TAMU for various cloud Leights and are listed in Table

e Ty g~

1.
il Table 1, Dieplacement corrections for cloud hieich L
Cloud Height (km) Displacem it Corntection (hmn)
1 10 9.17
i
!
X
$ 12 11.00
s ~ ’

‘ 14 12.83
' 16 14.66
i

Cloud heicht was deterniined by conveorting anaversac digital
3
H count for cach image to an cauivalent black body temperature and
i
! selecting the ICAO standard height corresponding to that temp ratare

in the 2350 GMT College Staticn sounding. or temperatures noeor

e W e 111

and usbove the tropopause @ diffcrent procedure was used. The

saturation adiabat from the convective condensation lovel was used
to determine an cquilibrivm level on the sounding. Above this level
a subjective estimation of the temperature of convective tops based

on approximately 20 per cont mixing with environmaental air was




used to detemaine o lemperature -height reletionchip,

Rather than attempt? to shift coch point in cach satcellite imuoe
toward the satellite subpoint an amount doperdant upon the indivi-
dual digitel count at each point, a uniform shift of the daty toward
the satellite subpoint based on the average diaital count for the
image was uscd. Thic procedure was adopicd to avold computation:!)
probleims and to prevent creation of "shadowe" in highly contourad

infrared duts ficlds. Table 2 lists the mognitndes of the corrections

applicd to the images in this investigation,

_Teble 2. Displacoment comnction Tor ench imane,

Image Time Average Digital Count X y
Displocainent Digplucomant
(3:my) (}m)
001572 190 5 8
00362 204 6 9
02157 211 6 9
02307 218 7 11

After the GOLS infrared images were mapped to the radar grid

and corrected for displacement error due to cloud height, the data

for thesc images were tabulated along with corresponding radar data
in the thice rador data scts.  Thesc data then formed the three

data sets cxamined in this investioation.
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CHAPTER 1V

COMPARISON OF DIGITAL PADAR AN SATULLITE DATA

Comparison of the ficlds of digita) raodsr and digital satellite
data was periermed by first qualitatively comparing contcured maps
of tiie data and then objectively comnaring the ficlds by computing
corrclation coefficients between the radar and satellite data using
the SAS 76 stetistice) aralysis system (Barr et al., 1976) as imple~

mented on the Amdahl 470 V/6 computer at TAMU.,

1. The Racis for ithn Comnarison

Meteoorolegical radors examine the structure of weather systems
by cmitting electromasgncetic energy in the microwave portion of the
electromagnetic spectrun and measuring the amount of that enaray
scattered back to the radar by hydrometeors of various sizes and
shapes associated with the weather system. Meteorological
satcllites examine weather svsteins by sensing the intensity of scat-
tercd or emitted electromagnetic encrgy from the cloud structures
and, ultimately, from the hydrometeors that make up the clouds

themselves. Scnsors aboard meteorological satellites typically

respond to eleciromagnetic radiation in the visible and infrared

portions of the clectromagnetic spectrum although ultraviolet and

>
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nmicrowave sensors have beeon used for special applications,

Since both moteorclogical radars and metearological satcllites
examine weather systems by the usce of scuttered or emitted cleciro-
magnetic radiation at different wavelengthes, it is reasonable to ox--
pcet that somie relationship should exist between metecrological

radnr data and aeteorological satellite data thot are coincident in

time and space. The basic purposce of this inveitigation is to deter-

&

mine if such a relationship exists and, if sc, to mecasurc the strength
of such a relationship.
To examine the relationship betweon metcorological radar dela
and mcteorological satcllite data, two tilt -sequonces of digitu! !
radar data and four infrared GOLS-Fast sateliite images were oxa-
mined. The first tilt-sequonce was sclected carly in the data
collcction period when radur-detected weasther activity in the erca
was relatively weak and just beginning to develop, GORS-Last
images collectad just prior to initiating the tilt-scquence and ot its
conclusion were used for the comparison, The second tilt-scquence i
was sclected from a later timne interval in which line convective
activity in the TAMU arcoa had reached ncar-maximum intensity for
the doata collection period. Comparison GOES-Last infrared images

also were selected for times closely corresponding to initiation and

termination of the tilt-scquence. The results of the comparisons of
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thesc tilt-sequoncoes with the corresponding satellite data are pre-

sented in the following scctions.

2. First-Tilt-sequence and Corresponding GOES hancoes

The first digital radar tilt-sequence was collected from 0022
GMT to 0030 GMT on 3 May 1978, The data were cullected in 14
1° inclinations of the radar artenna with ecch change in anfenna
angle being made at the conclusion of a 360° sweep.  Dato from
the northwoest scctor of the tilt-scquernce were procassed by thoe
Sieland (1977) computer program, The 0015 GMT and 0030 GidT
GCLS~Last infrared images wore uscd for comparvicon with this tili--
scquence.  Maps of zero-tilt reflectivity (BZ), low-, mid-, and
upper-level V87 (uiZ), and VIL (kg 11:”2) are presented in Yige.
3, 4, 5, 6, and 7, respectively.  Contowed maps of infrarcd
digital count for the 0015 GMT and 0030 GMT GONG-East imagces
for corresponding areas are presented in Figs. 8 and 9, respoctively.
Conversion from infrared digital count to equivalent black-body tem-
perature can be approximated by using T'ig. 10.

Significant features to note in the digital radar data include a
marked absence of indications of echo activity in the upper-level
PVSZ map {fig. 6) and the VIL map (Fig. 7). Echo activity of

weak to moderate intensity is indicated in the zero-tilt reflectivity
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Fig. 3. Tilt-scquence one, zero-tilt reflectivity (dBZ). Data
collected on 3 Moy 1978 at 0022 GMT.
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Fig. 5. Tilt~sequence one, mid-level PVSZ (dABZ)., Dota collected
on 3 May 1978 from 0022 GMT 1o 0030 GGMT,
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: I'ig. 6. Tilt-sequence one, upper-level PVSZ (dBZ). Data collected
i on 3 May 1978 from 0022 GMT to 0030 GMT.
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map (Vig, 3), the lew- Tovel PVSS ap (Uig. A), and in the mid-leve)

1

PVSZ map (Vio. 5). The bost-croanized colin orlivity 1o Located 1
tho westorn and south-comtral yortions of Vies, 2 and 4,

The 00157 infrered image (Vig, 8) has o neor-uniform oroediont
of digital count from high value: te low from x:k..rdm'c:,t o mouthienst.
The sharp increase in eradiont iniho couthonstorn portiog of the
image 15 prebally couvsod by the censor "loohins ot lover-lovel
cloud or Lho cide of convecotive activity, The shapes of o contours
[er digital counts of 200 and 210 cvagoest soae aosociotion with coie
vective activity as evidenced in thit arcs by Uigs. 3, 4, and 5.

The 00207 infroncd nmcve §ige 8 has o rolcidvely flet graaiont

”

of digital count over murch of the mupping. Tho closed 2106 contour
suggoests ity reiation to convective cells showa in the same arca in
Figs., 3, 4, and 5, The relative {letness of the gradient of digita?
counts on the ordor of 200 and the disappearance of the low valuos of
digital count in the southeast corvar of the inge suggest the spread-
ing of cirrus cloud cover over much of the arca. Obscwation by the
cirrus provents direct observation of low- and mid-level convective
activity by tha infrared sensor. This cffcct, when coupled with the
coarscr resolution of the infrared sensor as compared with the digital

radar, is considered to be one of the chicf problems in attempting to

rclate the two types of data.
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3. Tenth Tilt-cequance and Corresponding GOES Tnages

The tenth digitad radar tilt-sequence vwas cellecied from 0216
CMT i 0233 CGiiT on 3 Moy 1978 using 14 19 chonges in
antenna inclinagtion., Date {rom the northwost and couthwest seciors
of the tilt-scequone: were procossed by the Sinlend compulor prodgram.,
The 0215 GMT and 0230 GNT CGOLS-Lust infrored images voru' use d
for comirison with both sectors from this filt-sequence. Maps of
zero-tilt reflectiv: v (dBZ), low-, mid-, ond high-lovel PVSZ (dRE),
and VIL ({ig ln—?) arc presenied in Tigs, 1Y, 12, 13, 14, and 15,
respoectively, for the southwest sector ol in Figs. 18, 19, 20, 21,
and ?7, respectively, for the rorthwoest seatay, Mape of aontaled
infrored digital coont from the 0215 GMT end 0230 GrT GOES—Tihst
imagcs for corresyponding arcas ore presonted for the sonthwest seator
in Figs, 10 and 17 and [or the northwest socior in Tigs, 23 and 74,
a. Soutimrest Scctor

Significant features to note in the digitel radar deta include the
prescnce of strong line radar echoes to the scuth-southwest of TAMU
in all of the digital radar maps. The two arcas of hecaviest conveciive
activity arc especially evident in the mid- and upper-level PVSZ maps
(Figs. 13 and 14) and in the VII map (Iig. 15). Thoe two strong

cells cxhibit very little "tilt" in the vertical in a comparison of

Figs. 12 through 14. Maxima in the VIL map also correspond well

E S
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PVSZ (aBZ). Data collected on 3 Moy 1978 at 0216 GMT
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52

NORTH OF TAMU

rp
AN

i




120 100

80
KM WEST OF TAMU

Fig. 13. Tilt-sequence ten, southwest sector, mid-level PVSZ
(dBZ). Deta collected on 3 May 1978 from 0216 GMT to 0233 CMT,
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Fig. 14, Tilt-sequence ten, souibwest sector, vpper-level
PVSZ (dBZ). Dato collected on 3 May 1978 {rom 0216 GNT
to 0233 GMT,
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KM NOITH OF TaArU




- el s SR e mes - - T e e - Tm———— - ‘ - “’,
? T T ‘\—-—-...g

213

o e .

)

TEOOF TAN

-0

A
O

Kl""l

n |

e =

et e Y e e e

120 100 80 60 40 20
KM V/EST OF T2WU

Pig. 16, 0215 GMI, 3 May 1978 infrarcd image,
southwest sector.




ez 20
-~ )
) )
S 22
219~
Py} — \

-217. f/

) | l-?() 2
2ng] &

Lo

et 06

25

120 ) 100 80 €0 40 20
KM WEST OF T//aU

Tig, 17. 0230 GMT, 3 May 1978 infrared image,
southwest sector.




KM WIST OF TAasuy

Fig. 18. Tilt-scaquence len, northwaost sector, zero-tift
reflectivily (dABZ). Data collected on 3 May 1878 at
0216 GMT,
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Fig., 19, Tili~-scquence ten, northwest sector, low-level
PVSZ (aB?). Data collecled on 3 May 1978 {rom 0216
GMT to 0233 GMT.
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vith the location of reflectivity mwaxima in {hoce san

Hich values of infrarcd divital couvnt in both the 0710 G ~0d
0220 GRIU images {(IMiga, 16 and 17) Lie come 10 lm to Lthe west-nort-
woest of redar activity indicatod in Tigs, 171 dhrough 1S, Thoincrooseoin
maximun dioital count  In going from the 0215 GLIT innaoe to the G270
GLT fmone is indicative of the styong upper-lavel ovifloew associcicd
with the line of convactive cetivity, Redgions of maxinum digital
count in koin fmnges e overlap the moaxing in the rader {ields,
espocianlly in the leter infrared dmoaoe (Tig, 17).
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nerthvest sector. Strong cchiore are presoent 1o the north of TRIAU
with colls in the Mo wclivily becoming mrae evidoent fncthe mic- ardd
1 [

upper=1ovel YWEZ mans (Tigs, 20 and 21). Two colls ctond our

very well in the VIL map (Uig. 22). Very LitUe tilt is ovidont in

the colls to the nortlr of T4MU clthough the evea of reflontivity
ascocioted with coclh cell inTics. 19 throuah 21 is broacer with
merging of the cells apparently occurring et all levels, The VIL map
(Tig. 22) exhibits two sharply bounded cells almost due north of
TAMU,

Maximum values of digital count in the 0215 GMT infrared image

(Fig. 23) lie 10-15 mntothe west of maxima in the radar maps.
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Maxihinum vilues of digital count in th G220 CMT infroved imaae lie

slightly to the west of maxima 1o the dicital radar ficlds.  The

o7 -

increasce in maximum digital couvnt from 0215 GiAT to 0230 CAT cgoin

inaicates the strong vpper-level oultflow astocicted witl tlo con-

vecetive line.

4, Ceorrelations Boetweorn the Roedar and Salollite Dot

Correlation analysic provides a meaovre ef the dogve of asne-
cliation bhotween varicobles, Thoe corvdlutionr used as o e eare of
associction in the remainder of this invesiigotion is Poireron's pro-

duci-monent corvelation with the carrelaiics cooficivd . r, boing !

given hy

TN ‘“";"?“—hz“"‘ ’_*';“ LS
= 0 -XT 2L =Y

whoere tho (Xi, Yj) rerreocent paired obsorvetions of the veriahles, X
and Y represcent arithhnetic means of the veriobles, and N is the
total number of pairced obiervotions of X and Y. The value of the

coefficiont, r, is a measure of the degree of association of the vari-

ables with a perfect positive association indicated byr = 1, a perfect
negative correlation indicatedby r = -1, and a complete lack of

corrclation between the variables indicated by r = 0,




Correlation coofficients were compeied vsing wocedures imnln -

mentcad by the SAS 76 statistical analysie eystem which ¢lso refvrncd
signiiic qnce probabilities of the corrclotion cocelficicnts, The cicni-
ficance orohalility, p, of @ curclation conlicient is the prolebitity
that o value of the conelation cocfficicent ae Jarge or lovger in abro-
lute volun than the one caleulo® d wonhd Bove ari-on by chanco vwiae
the tv.o rantcm voriebhlos Loly vncorrelzted (Soar o0 1L, 1976), Core

1

relaticn cocfficients were colontated for

[}
i

soe bashs data cetsr 1ho
first till-scqguense ond associnied GCLE e cen s ottt o
quoenco, ccathrwest sector, and associae o CQLS inoo o, ond Uh

T, 43054
PN VY

1
P

tont S GOGU DY TIONUSY Col QU LU, Geed ! LG ue ML D, i

valurs of vowoere coraput.d using polnt wio s of the rodor and
sate)lite wvarichlo s,

M addtional cotoNate doi oy variabie oo artilie e el ste
cuch dota sot by subliacting vodnt values of the digit! ~aurt of

-

Jator COLS maye from cornroe ondling vohae s

dicitel count in il
earlicr COLE hmage, Correleiion cocfficients aloo vore computoed
betweon this differonce in digitst count, ¢, and the digitol rader data,
a., Tirst Tilt-sequence and Corresponding GOES Imagoes

The results of the correlations of the 0015 GMT infrared data,

the 0030 GMT infrored data, and d with corre sponding digital radar

data arc tabulated in Table 3, The best correlations were {found

RS iamaiialinge ,i._,.-"WA n—




Table 3.

Satcllite Dota

Radur Datn

0015 GMT Imaac

0030 CONT Invac,

Dilloooae s, a

Zevo-tilt refectivity
Low=laviel PV
Mid-level Py
Uppia=lovel WD
ViL

Zovo-1itt reflos Ty
Low-lovel v
Mid-tlovel VA
Uppor=lovel IV
VIiL

~-0.177
-0.008
0.372
0.105
0.120

0,019
0.120
0,490
0,184
0.247

n 214
0.105
~0.200
~-0.070
-0.,07%

Valucs of rend p for tne fivst till-woquence and
arending COFS ieroon

g.0001
0.0064
0. 0ot
. oo
C.Oudt

Greeny
0.003:

0 i

0.0602
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between the 0015 CGMT and 0030 GMT images and mid-loevel PVSZ deta,
Weak and sometimes negative correlation corilicients weore found be-
tween both Inlvared imsges and zero-tilt refleciivity and low-lovel
PVS4. Weak positive coirelations are indicited [or boith imnoes ana

g

uppoer-lovel PVSZ and VIL, The resulis for ific point diffcrences in

digital counts betwoen images ond the radoy date are amhiansus with
a weak pusitive corralation between d and soro~tilt roflectivity and

low-lcwvel PVSZ and negotive correlations with the rawaiming voadar

dats ficlds,

b. Tenth Tilt-soquence, Southwoest Scator, ard Coneep

I].;c‘{;x o

The reenlis of corvcletions of the XYL Cis Y inlea o L

200 GrAL inlraved data, and d weith e correng cadag Gl radar

dato frow: Lhe sonthwest seclor of the too ity Lidl oo jwene o 1o b dote
in Table 4. The best cone dations in this dats oot vwore Leter s mid
level and uppec-level IWoZ ond d, the diffoyc s hetween digited
couvutys for the 0230 GMU and 0215 CAT tnaagces, Yair povitive dor-
relotions also were found botween 0 and VL and botween the 0230
GMYT imagce and zero~tilt reflectivity and low-level PVSZ.  Somewhat
weaker correlations woere found between the 0230 GMT image and mid-

and upper-level PVSZ and VIL, Wceak positive correlations weio found

between the 0215 GMT image and zcero-tilt reflectivity and low-level

T s tatv W e wnew e




Table 4,

____sector),

Vialues of r and p for the tenth tilv-squence

and corrosponding GONS maeves (southwe st

Satellite oty Radar Dota r P

0215 CGNL Inioge

0230 CuT Iwvaqe

Difforenc:, d

Zero-till reflectivity
Low-lovel 1

Mid=love!l FVSy
Upper-1evel PVEY

Vil

Ty

7

Zero-Lilt reflectivity
Low-1owve] TVSY
Mid-1ovel! PVEE
Uppor=toved TVSE
VIL

Zovo~tilt reflectiviiy
Low=lovel Vs
Mid-1ove) PVEY
Uppov-loved PYSE
VIL

Numnboer of Ghoersotions = 19680

[
> D
[P/
&

o]

.

<
D

a

o
-~

o O
oo o
[
B G

0.6007
0. 200l
0,000l
“0. 0001
0.0003
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PVSZ. Neautive cornrelations ondceed bobwveoen the 0215 GMT firag: ancd 3
mid=lovel and uppor-level TVSZ and Vil,, Zero-till reficotivity aned
low-1leval PVSZ woere essentially uncorrelstod with ¢,
c. Tenth Tilt-scauence, Northavest Sectar, and Corresponding ¢G0S
H 2 3 1 -
Imagyes

Table 5 Hsts the resuite of corrclotions of 0215 GTad aafrar ! daa,

0230 G2 infvarodd dota, and 9 with s co rocpondiog dicitalr 8o

date Loy the norilnost soctor of e tens!

.,
i
"

.
—3
-
—
-1

correlovinas in thic doto cot v e botvec o T 0230 Co inlrares .
and sovo -t reflesiivity and Tove=lovel T

relation s were foear O hotweon Uie 07920 T e ca L thie -

o
—
-
P

mainin Gl !

rador o while vosstive e e iTie n e e o T e
found for e vanne dato Tielo b the vonils ot sort oL e
woar posdtive coro Dotops e oo the DOV T 00T a0 G

zero~tilo e fecticlve Cond Tow - Lo DIV e 02 Ol T inihrcvon o0 o

woeie vieoictatod v ich thoe Jdigival radar deta,

5. The Lifeet of Thresholding th: Data

Enhanced infrercd itmagery from meteoroloyical sotollitoy hag
proved usceful in detecting the presence of severe conv. ciuve aotivity,
in cxamining the structure ol convective storia sysiems, and in esti-

mating the amount of precipitation from convective stovm systems,
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Tablo 5.

Values of r and p for the tonth tilt-coguence

i

)

and corresponding COUS Lincges (orduy

soctor).

est

Satellite Data

Radar Ixata

0215 CWNT Image

0230 C1AT uge

Diffeconce, d

Zoro it roflectivity
Lowi-love] PVSY
Mid-lavel PVRE
Upper-level PGS
VIL

Zoro-tilt reflectivity
Low-lovel VG4
Mid-lovel VSR
Upper-lovel PVSH
VIT,

Zero-tilt yelleciiviiy
Low=tovel PVsY
Mid--lovel PVSY
Upper-level PUSY
VIL

Numbc., of Obsorvetions = 1721

D

0.128
0.1067
~-0.014
-0. 041
0,004

.
el
(4o

S e
€3~ W
N ot

o oo Do
[

[T T
o)
e

0.179
0.195
0.244%
0.270
6.227

0. 00
0.t
0. 0057

0. 0007
Q. fon
0.0001
0,000
Q000

0, 0n0s
0.MGud
0. GO0l
0,0
0.0




73
Entvincing infysioaq inaaes roauives oo ooting v e Mhres otadn

the duia and assiuning varioug ghosdos of groy 0 the Yarey seole' o

date boundoed by the throsholas, Theso thresholds may thes Lo usod

to moduce pottaorns in the infrored dete choraelaistio of viinus

stacor in the dovelopment of pheneyenn cuchas hordicancs and sauat!

lin e,
In cxoarwple of an enbirncomoent Gpolicad to Inhioved Dacoer, 1n the
. . . 1. ‘ 1 .. B H T [ -
MB enhonceront curve shooon in Pia, 25 and taholoated in Toid s 6, J

The MB onhcoment is opptiod to CORD Inlrarcd aagery oo g o ong

Pl

clineating arras of thundorctorm aelbivity in the dnggee, Thoovery

cold teps tvoroally acsocictea wilth areas of Intonse conveciing . goi-

\

vity are threstolded in the orey sceale Lo creas of dark ana LY ot tonedn

scaon agalitst the Mohitor hoachoronnd & lower=lovel, warmer oloads in

the herd copy imacery, N roversol of the ceele rom black to v in

uscd 1o identify the strosul, pouchiative tops indicative of covere
thunderstorm activity (Cerboell ct al,, 1970).
a. Threcholdiseg the Infrarcd Data

Sclected digital count throsholds corresponding to lovels om-
ploycd in the MB enhancement curve wore applicd to the aata veed
in thie investigation, Al infrared datoe having digital countz Jess

than the threshold dicitad count and correuponding rader duta wore

excludcd from that step in the eaalysis. Duce to the limited ronge of
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Table 6, % onhoncenont (Giter © A -

Digital Count
Threshold

Temparature
(X)

057

301.5
100 280.0
177 241.0
187 231.0
198
204 214.0

208 210.0

226 162.0
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digita) count values arcociatod with the vy ione of the 0215 Golvoul

D

Q-

3G GR indrared bmages ueed cnd the Lich ~oloos o S0 ar oo

in the dmaacs, (e dota Loy the tonthy Uit-ooceonee ovd ooroopon, i
infroved data wern eveloded Do thio npordon of the an Oy <ia, 1
remaining data sot, the firce T Loow noe o0d 0006 ana 0007
GMT inTored donron, was cxionivnol vel, Dot s 00 wntoe o o7
infroved o Ao Table 7 oypreronite 0 conrddailaon oo ol N
resulling fromn "ho corrolation of thveshinoddo g Tree s s sty
reeponding digiial rad oy data.

Throonolding thn 0035 Cral irisaied Lo e Do & a1
tiony oo o g b o dola onel Dho Jioiie Talt cdute e Ul ’
digital connts of 187 and 107 Wi covclation s hotoe o0 fiore e
image doty and gtrac s dats emept upe v To 2l PVSY v oo i e i
improven whoa the 108 diodial count thiect »UG wan evelvsod, "o

creasing ihe throsnolad digital coont for thic Imceoe to 207 worce 0

1

the carrcelation, possibly due Lo rcduced cor

other factors. Threshelding the 0020 G0V resv s predeced sanidoy

n

results for the 198 digital count ihmeshaold in that all coarelations
were somewhat improved, The 204 und 208 dicital count tivesho! s
improved corrclations with zeoro-tilt reflectivity and lowvw -1 pol ™07,

while the correlation with mid~level PVSZ diminicb e, Ty

-~

e

with upper-level PV3Z romained cceonliathy

'
i
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the thresholding process. The conelution wi'l ViL was gonoeraelly
improved by Lthe thresholding procoes with the boentl corretalion ot
digita) countys at and above 208,
b. Thresholding the TEoitn] Redor Tata

The thiochelding provess was ontendoed fo the digitel tador dota

as well and ¢omrelation oo fictioats were cooputed bedvre o the radar

and satellite Gitn, The indtiol tieoshaolding wosr povfonnsd by exo-

il

mining only rodar dota with nonvaro vabuey for the verinbice, In

fow isolatcd casces a slight Linprovoncst in corre iations Lotween the

satellite dota and zoro-tilt oflectivity was ol served. In all other
!
caces Lhe correlation wao di Lo, mardiodle soin conn inctoncoee ;

To cxarmine furthor the oficct of throshinlaing the Qiglial recder
data, arbitrory thresholds were setactod and courtletion cocofficionts
compuled between the rodar and oot Hite Gate, Throsheld Tovels
of 10 dBZ were sclected for zero-till refinciwvity, Jow-level PVSY,
and mid-level PV3Z data. B threchold level of SdBZ was sclected
for the upper level PVSZ date and of 5 kg m™2 for the VIL data,
Corrclation coeflicients computed for the thresholded radar date and
corresponding infrared images are listed in Table 8.

Thresholding the radar data in the {irst tilt-sequence improved

3
the correlation between zero-tilt refleoctivity, low-level PVSZ, and
mid-leve) PVSZ and both infrared images, No improvement was
' <
" o N ] ceoree ' wr TN AT T FL - R VD 4 N W M s e f 4 L i,
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obituined i tno other corrclations or for correlavicns of the rader dala
with d.

Thresho!lding the radar data in the ceathweot soctor of tho tenth

]

tilt-orguence improvedihe corrc lation of d with woro-tilt refloctivity

3

and low-lovel PVSZ but did not improve any othoer carrclation in the
dato sot, Thresholding the radaor datic in the narthwest sector of thoe
till-soguence nproved the correlation of both inhoied Lreg vt

gL WAL

zoro=tilt reflciivity and of the 0215 GMT image with low-loval
PVSZ, The remoining ooiralations vwevoe not dmprs oo
thresholding precess,

Simultancons thee vhaolding of borin the diaitn! radar ard aicitg
satellite dote was not oitcmpded aiv o only dida from the ot tiit-
sequence and corresponditeg Imngory cowla have aen usced. Reducced
sample size in such thresholding pro® ably would hove resulted in

misleading or cironcous reonlts, porticularly for comparisens with
] Py L

uppoer-level PVSZ and VIL,




CHIAPTER V

COHNCLUSIONS 4D RECOMIATINDATION S

1. Conclusians

The primary objective of this Investigaticy was Lo cowapare digital

mcteorolosical radar data with infreved imacery from o metooroletica?

satellite in geosiztionary orbit by deteriinine the conciviion

between point valucs of infrored digital covat and poin. velues of

rador reflectivity and vortically intearated Jicuid waior content (V1) 4

Digital dure frowm the 10 cm radar of the Dopariment of Moteoriiog: ol

TAMU wors procsanad hy 2 modificd vorsion of Sintand'e (1077) oo
putoer preyren and displayed as ouiput maps ¢f point veheos of zere-
tilt refleativity, low-, nid-, and uppor-lov.l DVE7Z, and VIL, Digital
GOLS~-Last infrared scieliite data from Liclitad image sove topes viore
proccssed to produce nape of poini valucs of hiliared diyital count
mapped to the same projcection and grid intervld used for the dicital
radar deta, The maps of digital radar and digital satellite himaunrs
formed the basis for comparizons between the two types of data.,
This investigation has led to the following conclusions:

1) Large-scale features covident in the digital rader data are

also apparent in the infrared imagery. The obscuring of low and

middle level convection by cirrus overcast and the different




N

resolutiong of the inlrared GOTS imagory (~8 km) ond the digitnl

rodar (~1 km interpolated 1o a 2-km grid gpacing) malic areas of weak

1
convection thal cre apparvent in the radyyr dote difficult or impoariblc

-

to locaic ir the infrarod imacery, This pabiem is proboldy mor o im-

+

portant io rainfall-cstimotion cfforts than to cfforie 1o lozate end noa-

foir corvelation

PR 0 SO 3 ~ PR . “pyy P T R B B SOu, LB
surc: thoe irtensity of seveore convective colivity,  Tiu
P T T2 . QT - HEER IV ey T O A [ oy e
botvweon mid-level DVSZ and the infrared daba i goet on instanco

1

may rovide a wey to portinlly elimdnote ilvds problom, particnlarly
when e infrored dets are enhorced by tiwerholdin
2) Althoush only onc set of 2061 obzrrvations enald be oo -

minced, thresholdlvr the inhrared date slonificently imnoved the

’ 1

correlaticn hotvre o the radur ond satelliive ¢ o, cupcceicliy thoe

1

mowith cero=Lilt relloctivity end jow=love] PVEZ, Cherng o8

correlat!

Roderhiuis (1277) compared NOMS 2 infrared haagoery with rador rabs-

fall and Ccterinined that thresholding the catellite fimegory did not
improve the correlation. The resuits of this investication sugrog!
thot thresholding the infrarod COLE imagory should Linprove the cor-
relation between the satellite data and radar rainfall. The difference
in recults may be duc to procedural differences or to dilferences in
the sotvllite sensors since the infrared sensor abourd the NOAA 2

o

satellite has a higher resolution than the GOIS VISSR,

3) Corrclations between the radar and satellitc data, while




woeak to Taie, uroin tho main pousitive,and the corelation cocliio . e

obtuinud succce st that the voricnility in one set of dita is at Tt
partially "oxplaiao A by” the variabitary i the ol v oot of dave . 48
an crasipte, a currelation cociliciont ¢f 0.0 sugeonis thay 20 rar cont

of the varichility o the der s deat voviald -

plaiocd Ly the ind o oadert verisbler Correlaticr oo Ticiont: o the 4
ordii of 0.4 e Co wvvre abnined in thl, atudy,
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