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ABSTRACT

Digital Meteorological Radar Data Compared with

Digital Infrared Data from a Ceostationary

Meteorological Satellite. (May 1979)

Rodney Stuart Henderson, B.A.E.,

Georgia Institute of Technology

Chairman of Advisory Committee: Dr. George Huebner

Digital 10 cm radar data were collected using the Texas A&M

University weather radar system. The digit! radar data were then

compared with GOV'S-East infrared imagery miapped to the digital radar

grid projection. Point values of infrared digital 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 infrared digital

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

duced less conclusive results.
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CHA YfER I

INTRODUCTION

The importance and use of weather radar as a mcans of dc(tcct-

ing, observing, and forecasting severe wezither phc-omena is

firmly established. Meteorological satellite data, particularly

data from *qe'"-tationary satellites, have also proved to be of great

value in detecting, observing, and forecasting severe weather

phenc, iena. The increasing availability of digital data from bothl

n2t~coro~ogica1 radars and geostationary satellites makes ready com-

pari on of both types of data feasible and useful in the analysis of

severe weather phenomena. The possibility that characteristics of

severe weather phenomena shared in common by the two types of

data can be used in the real-time analysis and forecasting of severe

weather has made comparisons of these data attractive to both

operational and research meteorologists.

I. The Need for This Investigation

The increasing automation of systems for handling largc voIlmes

of meteorological data and the proliferation of interactive systems

The citations on the following pages follow the style of the
journal of Applied Meteorology.
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designed to display and compare fields of satellite, digital radar,

and conventional surface and upper-air data have focuscd increased

interest on the development of procedures to acquire and analyze

such data on a real-time basis for the forecasting of severe weather

development. Interactive meteorological data handling sy;tems are

in use at some universities and within government agencies charged

with research and development responsibilities. Interactive systems

are expectod to be in use at selected central forecastinq facilities

within the National Weather Service and the Air Weati:er Service in

the near future. These systems must allow" for rapid analysis of all

data fields and ready comparison of siqniticanrt ftiurs in each

field of data with features in the other data filds. MAximizing th,'

usefulness of such systems in forecasting applications also requires

an understanding of the significant relationships between data fields

such as digital satellite data and digital rodar data. The large

volume of high resolution digital data available at frequent intervals

from the geostationary satellites such as the GOES (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.

IiA L
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2. Present Status of Research Rclating to This Investigation

Comparisons of meteorological satellite imagery with radar data

have generally been either of a qualitative or a quantitative nature.

Qualitative comparisons began shortly aftcr the launch of TIROS 1

(Television and Infrared Observation Satellite 1), the world's first

full-time meteorological satellite. Blackmer (1961) and Nagle (1963)

used TIROS 1 imagery in comparison with available radar precipita-

tion patterns to study squall line activity. Nagle and S-rebreny

(1962) compared TIROS 1 imagery with scope photographs from ground-

based and airborne radars in studying the precipitation pdterns

associated with a maritime cyclone. Boicher (19(!) compared ima-

gery from several TIROS spacecraft with available radar data and

mesoscale analyses in examining the relationship of satellite-cb-

served cirrus shields to the severity of thunderstorm systems.

Boucher found that the diameter of the cirrus shield resulting from

the integration of all anvil clouds within a thunderstorm complex was

an indicator of storm severity. Blackrmcr and Screbreny (196;)

developed models of cloud and precipitation patterns asociated with

maritime cyclones based on TIROS 9 imagery, shiphorne and shore-

based radar data, and surface and upper-air data.

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

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

j
-_i_..'.-.,_._.... - ', i1 .... F' .............. ...... "-1...... '- ..... ...... ....
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of reflected rddiance application.s vL ch presented a detuiod cora-

1)osite of a reflected radiance field and meteorological racaz reports.

Vonder Haar and Cram (1970) also used ATS 3 imagery in a short-

range forecasting study which included radar data as well as surface

observations within a mesonetwork. SMS/GOES (Synchronous

Meteorological Satellite/GOES) imagery, raingagc, data, and radar

data provided the data ba.se for Fujita's (1977) study of meteorologi-

cal satellite applications for army operations.

Quantitative comparisons of meteorological radar and meteoro-

logical satellite data have been made using data from both polar-

orbiting and geostationary satellitc,s. Wexle:1r a lid Allison (1 72)

employed Nimbus 4 infrared data and a reflectivity map from the

National Severe Storms Laboratory (NSSL) WSR-57 radar to study a

tornado outbreak that occurred near Oklahoma City. Gruber (1973)

also used Nimbus 4 infrared data to determine areas of deep convec-

tion and compared his findings to rad,.r data as part of a study con-

cerned with estimating rainfall in convective areas.

ESSA 5 (Environmental Science Services Administration 5) and

ESSA 7 satellite digital cloud mosaic filns were examined by Gerrish

(1970) to determine the cloudiness in each 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

Ii
.1

-
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cxam-iing the rela1-tionship be-:tween ran Il a 1 nd cloildiness With in

the grid area . Ce(rrish (1975) later used DMSP (D~:en so Meteori.-

logical Satellite Program) satellite visible and infrajred data and

ATS 3 visible data in a similar study of cloudiness arid precipit.!tlon.

Gerris-h detcrnii-aed that raciar echo area correlaitcd btLat w ith DJMS P3

infrared cloud are.- at 18,000 ft and] at S0,000 ft aid that, on the

avoeaQe, radar echioes occupied only 42 per ve:nt of tha, cloud a!reIj

at those altitudes . DMVSP dlata also were( used by Phillips (1 975)

in a study that compared infra3red satellite data with dicjit, I radar

data, from the NSSL. Phillips concluded thil, the DNTSJ iiac;,cry ci',d

be stuiald- in grea ter detai I.hndiiie usinga crdzitnt

but that detailed cietermination of the? struc ture of convective storm

activity did not seem. possible with the infrared sensors- then in use.

Blackmer (1975) studied the extent to which a comnbi nation of

visible and infrared data indicated the li-esence and intensity of

precipitation within a cloud and concluded that depax-rtures of bright-

ness or radiance in small areas fromn the aiverage, value within the

cloud cover over a large area could be used to infer precipitation.

Cheng arid Rodenhuis (1977) used NOAA 2 (National Oceanic and

Atmospheric Administration 2) visible and infrared imagery along with

WSR-57 radar data in comparing satellite images with radar rainfall

rates. They found correlation coefficients between satellite data
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dhd rdaOr rainflall rateS of fr-:i 0.23 to 0.34 for visibl,, dta ind

from 0. 17 to 0. 27 for infrared data.

Si):dar (1972) evaluated the relationship of rainfall patterns to

cloud brightness fields and found that all of the radar echoes ,' re

includcd in the up-t:per 36 to 40 per cent of the, ATS 3 brightness

range for the two cases considered. B-e indicated an excellent c-r-

relatiun between positive brightness anomaly area , radar echo arca,

and the precipitation pattern. Reynolds and Vender llaar (1973)

claimed thatwhengrowth of clouds could be detected b, radar a

corresponding increase in reflected radiance could be detected in

ATS 3 visible imanery . Griffith and \'Voodley (1973) compared re-

flected racdiances with radar-measured echo heights and found a

positive correlation betwvee1n cloud brightness and echo height.

Bowevcr, Negri ct al. (1976) reported thAt brightness did not sec,.l

to correlate well with any echo pairameters. Negri ct al. also indi-

cated that cloud area changes led echo airua changes for the storm

they examined. Adler and Fenn (1977) found that duration of cloud

elements, minimum cloud-top temperature, and cold area rate of

increase seemed to be correlated with the occurrence of severe

weather.

Reynolds (1978) used an interactive computer system to evaluate

digital radar ard digital GOES data. Reynolds indicated that infrared

1

-~ ..
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daita slow relative chancles in iop height which are related well to

rainfall and that maiximum rainfall occurs before the coldest cloud-

top temporaturc is reached. Reynolds et el. (1978) also consifJred

the use of meteorological satellites in .,cathcr modification projects

and included comparisons of radar data and geostatiorary satcllite

data in seeking further to explore satc,,lli e-rainfal1 relationshipa..

SmiLd )nd Reynolds (1978) have develop,'d procedures to produce

numerical composites of digital radar and digital szitellite data for

use in analyzing precipit;ation patterns.

Griffith et a1. (1978) employed ATS 3 and SMS!GOES i magery in

raiiif,Al stimatiui applications using di~jital iad ar and rainqage data

for ground truth. Th~ey developed a rainfall estimation pro-

cedure based on the growth of radar echoes and satellite cloud aicas

and examined the procedure for potential real-time applications and

automatj on.

3. Objectives of the Investigation

The primary objective of this investigation is to compare digital

meteorological radar data with infrared imagery from a meteoroloqical

satellite in geostationary earth orbit by determining the correlation

between 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

I I'
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sateIlite sensor and z,,ero-tilt refl,;ctivit,', three e.els of partial

vertically-sum-mud reflectivity (PVSZ), ,!nd VIL, for the purpose cf

determining which sets of data dernonAstiite Ithe bes;t relationship

between the s,-tcllite and iodor data

A secondoiry objective of this investiaetion is to develop and

implem ent proce,ures for computer proc,,,ssing of GOES imv.gcrv stored

on mqnctic tape and to map the data to points in the Texas AM

University (TAMI\) digital weather radar grid.

4. Techniques aind Scope of the Investigation

The radar data for this investigation were obtained from the

digital weather radar system in the Department of Meteorology at

TAMU. The reduction, interpolation and display of the radar data

were accomplished on the Amdahl 470 V,/6 computer at TAMU using

the technique developed by Sieland (1977) as modified by McAnelly

(1979). The digital GOES infrared data were obtained from the Man-

computer Interactive Data Access System (McIDAS) at the Space

Science and Engineering 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/G computer using a

technique designed to map the satellite data to individual points in

the radar grid established by the Sieland technique.

li



9

Tilt-sequence 10-cm digital radar data were collected ncar-

simultaneously with GOES infrared imnagery on 3 May 1978. The tilt-

sequence data were processed to produre point values of zero-tilt

reflectivity, tirec levels of partial vertically summed r'fi ctivity

(PVSZ), ard vertically inte(grated liquid water content ClL). Tihe

point values of the digital radar data wer., then tabulated alun; wih

GOES infrared digital count data mapped to corresponding pnints.

The GOES infrared dat, were mapped from imiges at times correspond-

ing to the start of the radar tilt-sequences and the end of the tilt-

sequences. The tabulated data were punched onto computer cards

and processed to compute correlations between each field of radar

and satellite data.

Three sets of radar and satellite data were processed to reduce

computer costs and meet time constraints imposed by tabulating the

data and punching the data onto computer cards. One set of data

was selected during the early development of radar echoes in the

TAMU area and included one tilt-sequence of radar data and two

infiared images for a corresponding area. The remaining two data

sets 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.

I il
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CJAIPIER II

METEOROLOGI(;hL RADAR DATA

Microwave radar is one of the many tools emplo ed by mctr'oro-

logists in studying the atmc, Niure DigitA ! radar &'V::tcs have mride

possible quantitative compciij-"ns of lcrj-(, volumr.: f raddr data with

data from other sources including th" 1 ,., l i: .! itelljte do~ta

employed in this study. Much of the n, zi i..] in tl, s- clIeptcr

concerned with ha.sic radar theory and t,. 'A.MU w:c thar r.dar system

is extractcd from NIeyland (1978) tht co.itains, , m. compht(,

description of the digital rcdiar systuin and Te Siell',ci (1977) co,.--

puter program.

1. Basic Radar Tlory

The basic form of the radar equation used by radar meteorologists

was derived by Probert-Jones (1962). Probert-Jones assumed a more

realistic beam shape than had been used in previous derivations and

further assumed that no significant attenuation existed between the

radar antenna and the target and that the target completely filled the

spatial volume illuminated by the radar beam. With these assump-

tions, the average backscattered power, Pr (watts), received from

the target at range r (kin), is given by

II
I .. .--
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Pr- C
, ze (0
r2

whcre c (w km2 M 3 mI - 6) is the radar constaiit unique to the indivi-

dual radar, 11-f (dimrnnsionless) is the diclectric constant frorn

scattering theory, and Ze (mm 6 nf- 3) is the equivalent radar reflec-

tivity factor. An oxpre,..ion for the raidar consta-nt is given Ly

C r 3 Pt G 2 h__ __ (2)
512 A '2 2In 2

where P .s the transmitted power during a rada.r pulre (w), G is the

antenna gain (dimensionless), h is the pulse length in space of the

transmitted pulse (cm) , ) is the heri zonta I hominv'idth (rardi'1,-.) (b

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

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

Jones correction factor. The value of c is 8.609 x 10- 1 1 for the

2TAMU 10 cm radar and the value of 11,1 is 0.93 (Battan, 1973).

The output of the radar system is digitized values of returned

power, Pr which must be converted to values of reflectivity before

further data reduction. 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

dBm, either above (+) or below (-) 1 mw according to

P(dBm) = 10 log 10 lO,-w)"(3)

10- 3(w atts)

-
,
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To determine values of Ze, Eq. (1) is solved for Ze giving

Ze r 2 Pr (4)
ck~

Taking the logarithm of Eq. (4) gives

logl 0 (Z0 ) = 2logl 0 r + log 1 0 Pr - ]ogl 0 c k! 2  (5)

For the TAMU 10 cm radar, c is equal to 8.609 x 10-11 and

log1 0 c 1,!2 equals-10.1. Substituting these values into Eq, (5) gives

log1 0 Z0 = 21ogl 0 r + log1 0 Pr + 10.]. (6)

The digital value of Pr is converted to its dDm equivalent (always

negative) through the use of calibration data, The received power

in watts is related to the received power in dBm by

logl0Pr (w atts) = 0.1 Pr ((Bm) -3.0. (7)

Substitution of Eq. (7) into Eq. (6) gives

log, 0 Ze = 0.1 Pr + 2 log 1 0 r + 7.1. (8)

Finally, the value of Ze is given by

Ze = 10 ( 0 . 1 Pr + 2 logl 0 r +wc) (9)

where Z. is in units of mm 6 m- 3 and wc is 7.1.

The several assumptions inherent in the development of Eq. (9)

include:

1) The transmitted microwave energy is not significantly

L

• . . .. . . . . . .. .. •



13

attenuated between the radar antenna and the target. This assump-

tion has been shown to be valid for r6dars with wavelengths near

10 cm (Greene, 1964).

2) The spatial volume illuminated by th( radar beam is com-

pletely filled 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 aiuas (Creene, 1971). Iow-

ever, this effect does not significantly affect the major features in

the digital data.

3) The Rayleigh approximation is used to describe the

scattering properties of spherical liquid weotr drops having diameters

on the order of 0.04 A, where A isthe radar wavelength in cm. In

severe storms, the large, non-spherical watei drops and hailstones

which may be present do not meet the Rayleigh criteriF, . However,

the enhanced reflectivity of those particles may be useful in identi-

fying such storms.

4) Each digital datum value represents a point in the center

of the radar volume.

5) The equivalent radar reflectivity values, Z. , obtained

from the digital data, are representative of a continuous scalar field.

2. Earth Curvature Correction

Microwave radiation propagating in free space will follow a

~.;
, ..,.. . . . .
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straightline path. However, the microwave 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 curvature 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

height of the index of refraction, ----, is small. For that case, the
dh

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

mosplt is

d 2h (1 2 . i d ) (d]h)2 R+ 1 2 1i dn) (10)
- (__ . .) + (- ) +

ds2 R+h n dh ds R R+ h n dh

where h is the height of the beam above the earth's su±face at a

distance s from the transmitter, R is the earth's radius, and n is the

index of refraction. Since F, the angle at which the beam is sent

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

(dh)2  2tan 2 F Z__l. Also, since n- I and h/,/R, Eq. (10) can be
ds

reduced to

d2 h I + dn ()

ds =  R dh .

In this investigation it is necessary to consider the radar beam axis

i
-- -
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as a straight line so that a fictitious earth radius given by

R' (12)
1 4 dn

dh

must be assumed (Battan, 1973). Since (JP- is small and nearly lineard h

with a value of -4 x 10- 8 m- , an earth curvature correction of

R' = R is used and the resultant radar bearri axis rimy be considered
3

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-cm rcidar operating in parallel. Each of the two radar systems

has a nearly identical makeup and consists of the following major

sub-systems: antenna, conventional analog weather radar set, di-

gital video integrator and processor (DVIP) with plan position indica-

tor (PPI) display, and a nine-track tape unit to record the buffered

digital output of the DVIP. Since only ].0--cm radar data are uscd in

this study, the following discussion is limited to some of the

characteristics of the 10-cm radar.

The 10-cm radar was constructed at TAMU using components from

several different radars. The radar receiver is mounted in a CPS--9

console and uses the same synchronizing pulse generator used to

trigger the 3-cm radar. This, combined with the common mounting

of the 3- and 1O-cm antennas, permits simultaneous scanning of the

ii !
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same illuminatcd volumc by both radars.

The DVIP is a high speed dati acquisition, digitizing , and pro-

cessing systern which continuously avoragcs radar logarithmic video

output in range (rancle averaging) and in direction of antenna scan

(time averlging) using exponenticilly weightca digital integrator

techniques and synchronized by the radar syster-i trigger. The DVIP

installation provides for rcal-time contomrd PPI displays and digital

recording of the digital, integrated dala.

The DVIP output signal is silit into two channels, tle digital

channel and the display channel. The display channel provides

either log video or cofltoied jog video to the PiP] scope. .ne I ijictiI

output consists of the 1- or 2-km range incr;r.-,ent integrztcd vid "o

samples, provided in a buffered 8-bit parallcl bina-ry configuration.

Each digital output word reprsents a digital value of the jinterrated

video intensity oi, a linear scale over the input dynamic ringe of

80 dB. At the digital output thcee are 215 2-km or 430 1-km digita]

samples; representing the range increments from 21 through ,150 km

of range, depending on the range increment selected.

The digital output channel of the DVIP is fed into a 9-track

magnetic tape recording unit. This tape drive unit records the digital

data in a format that makes it readily accessible by computer and

controls the azimuth incerment integration of the data.

Ii "

..................
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4. Data Reduction and Display

The digital output of the DVIP is ieceilrnd on 9-track: magnetic

tape which becomes the input to the TAMU Amdahl '170 V/6 computer.

Computer processing of the digital radar dcta is peiformed using a

program developed by Sieland (1977) and mo-dified by I,'c; nelly

(1979).

The computer program begins by transforming the spherical co-

ordinate system (r, o, F) of the recorded digital radar data into a

cylindrical coordinate system (r,c<, h) with three separate height

divisions, or partial vertically summed reflectivity (PVSZ) layers.

The data are then transformed into a two-dimeinsional rectangular

coordinate system (x, y) and five maps are produced, a zero level

(zero-tilt) reflcctivity map, the three PVSZ maps, and a map of

vertically.integratcd liquid water content (VIL). The conversion of

coordinate systems requires the use of two interpolation schemes,

a Lagrangian linear or cubic interpolation schreme along each radial

of data and a quadratic scheme for the conversion to rectangular

coordinate s. An extensive explanation of these interpolation schemes

is contained in Sicland (1977).

The three PVSZ maps are 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

l ,*1



kft) , and the upper layer (35 to 501 kit). The surnmedvalues of re-

flectivity in each laycr at each (x, y) point iur divided by the numb-,r

of tilt anglies used to p:oduce the stlm so that a niean v.'al e of th-2

reflectivity is produced. VIL is prod-,,!c'd uringnalgrt deelpe

by Grecnc (1971) and i, ba sr,'d on the relotion ;hip

M* = 3.44 x 10-6 5 Ze dh (13)

hbottom

whoe c h, i s the VIL in units of k9 m-2 and 1 is the heigl;L in n.etcrs.

Because of the lamce amount of data proccssed and to reduce

comnputtion time, the SieLind program maps only a selected portion

of a grid centered on TAM L. The rnppcd portion is selectod bay

specifying a distance eas.t (-) or west (+) fromn TAMU to t],,e lower

left corner of the 100 >: 100 km grid, a distance north (--) or south (+)

from TAMII to the lower k ft cor-. of the 100 x 100 km grid, a

starting ci:imuth for data processing, anda last azimuth. Computer

processing of the data on the 100 x 100 km grid results in a data

output -p,,tiil resolution of 2-km on a 51 x 51 output array.

The radar data used 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 area of light and moderatc

thunderstorm activity moved through the College Station area. Tilt-

sequence data were recorded at times which would permit comparison



vvith1 G0E8 scitelliicn datal col leci ii that cVu-l'i 1-( t f! ill inte'-vo

This inve2stigation usedu IWO IiJ. --5sequenLc))C!L of the rada-r Ca ita for

ComI),,r.; ,_on vvith CO rZ-, i mageory , th je f irst tI -c E; eq In beg in 11iag a

0022 GMT and the tenth tilt -seqjuence bccjiiur.i at 021' -.I MT. Vs0

tilt- seqlunce s Wc.Ire prOceseci by MNTr. Ray ouly to p~roduce PIz!p

of zero--tlt reflIectiv ity, PVSZ in three layers, , a nd OV L.

The maps ot zcro-til reflied ivity, PWi2, and ',7L ,,7rce adj ust ad

for ground clutter effects by oxcliviing all data Within a .10 hm radius

of TA MU in order to avoid da-ta cotaniatcaed to) aqf'0are eornPara-

bility b;Avve!cn re-sults for the -acre-ti it refi-ctivity ma1,ps and the PVSZ

and VIL maps. Date at thu ouwr edgejs of' the Iacki ap ndaln

boundinug izi muths uscd (1 y the Sic land prc<malso %were cxcl I clad

due to s-uspected bo undlary intceI nolation pollenMcs I the compujtc-

program. After thesel adjustmec.nts, the datai uwere tab~ulaited for

compariso;cn with the infrared satellite data)
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CIIA1iLTR Ml

GEOSTAT] ONAPY ME LW)L- C , TIL LF K

Meteorolccj isa I sate] lites have Ibeen usd y f(-,is s : r

both qua-litativc aind quantitative inves-tirlatioes of *itino',p! i riJc

phenon-onci. Gcostaitiona'ry,, sat,--llitcs , by virtue- of erconice

covex aqg o'f large areas of' thce cart], surJface, p.r:it iore dtie

examina-tion of secvere we ,1.th-r dev( lopenont thi! f( pe1i1sthog

tile us'e of )pcAIar-.orhbitillgj satell'ites. The onu~r ijiiete f the

data from ithr& ]Lw.er gc)Flitionory salte] iutL T- ms h Sr osiie ",

co)mparison of thresc datai with other duris 1A cct: fieu 165 d is u era ul in

the analysis of severe weather occiirr e-ncv-

1. The SMSCOE.S Spacecraft

Thc Syiichronou s Mcte-orologicaj Saitoilite,/eosi tiocerny

Operationafl Thnvironmeiiia] SEatellite, (SM iOES acecraft isq a

cylindrical spacecraft wc'ighirn appro;ximnate> 573q kg at l unch.

The spacocro L are place inlto a CircOIZar orbiDt at abIouIt 3

above thc earth surface. The satellites orbit the carth at a speed

c about 11,000 kin hir .This cmi!n ation of altitude and sipeed

permits each satellite to remain continuously ab.-ve the same, point

on the earth and produces what is referred to as a geostationary or

..... ....
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geosynchronous uibit.

Thc pcerf is controlled for propc~r czi-raajby &n

attitudc control subs;yst m whirli r~i tisthe spin rate, at 1 GO rpm

and1 aligns the spacecre,,it spin axis pcrs le] to the earth's pelar

axis. On--board a 1titmd', sesr(- are uIc to determine, thec spin

axis orenaio nd a hydraz.ine jet syste-m is usrcl to) adjust the

spin axis orbjentztjon, Fnin raite, and oreiAl positiun as nccoss scr,

(C orbelIl et. zlI. , 19 7G) .

The prii mary purposce of thec spacecraft is to prcou.,deCarhirq

in the vis-ible spectrum (0 . 5 5 to 0 . 7pym) wNith an 1 0. (9-1'.1n -C SoAlutiOn a~t

subpoint and in, the infreI-r,!I adr pctru,.m (1 0 .5 to_- 12. 6Am) I,, a n C- - ',

resolution at subpoint. The spacecraft also osersa capability

to provide direct, quantitative mcu-rs urcmcnts of Solar activity a-nd

to collect and distribute cnvironim-ntal data measured onl remiotely

located data collection platforms on the eairth's :surface and in its

atmosphere.

Primary sub-systems aboard the spacecraft include the Visiblc

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

Monit~or (SEM), the Telemetry, Tracking, and Command (TTC) sub-

system, and an attitudec-control sub-system. The VISSR providecs

earth-imaging in the visible and infrared spectrums. The SL'M in-

cludes a magnetometer, a solar x-ray telescopo, and an energetic
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pEnrticlo monitor. The! IJO inicludem Igip: t for S-b.7nrdtins

mission and reception (in reduced bandwidth) o! V] SI )l data, S-handi

triinismission of weather facsimile (lat , il e(IcPtioo of do La from,

remote data collcction pljtforrm.s and dow.n] iird: of those data to rt

and VI]? anad S-band Comm unication-is equ i piiA :tor cornma -iid ing the

s Elcecrft , for telemnetry, and for tree smittin~i SE >1/ data . The

primary instrum;,ent proN.idliin the ciito used by most meteorologists

is the VISSR (Corbell (t oi. , 1976).

2. Thc Visible and Iirored Spin Sca-n RadiomAeter)

The Visible and Infra~red Spin Scan Padioir, t(r scane., from1 %,.Test

to east in eight identical visible channels and Lwo infrz7ared channlel!.

The sensor provideos vis.ible data at 0.9 -km rosoLuion at satellilte

subpoinL End infrared (ioto of 8-):m resolution at satellite Iubopo-int.

The resolution in both th-j visi-ble. ancl intraicd data detceriorates for

points away from the Sal ellite subpoiit . With the sate]llite rotating

at 100 rpm , the VISSR scans the earth for about one-twentieth of each

complete rotation. The radiometer perfunrms 18121 steps in successive

scans from north to south in 18.2 rain and provides an image of

the coniplete earth disc or about onie quarter of the earth's surface.

The resulting visible images contain 14,568 linies. The infrared

images have a total of 1821 lines. In addition to the nor-mal scanning
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mode, tho Spaccciaft mdy b pAce(d into a lii aitUd scan mode. ]a

the limited scon mode tho, nor-th-south scan may be li--itd to a

f\wer number of scan lin. .;, thereby rodtUcing the area of coveage

but increasing the frcqueni-,c'y of imaging.

The VISSR s enses radiation in both the visible and infrared

spectfums.s. fl tion is received by the VISSR'Rs primary optics viz

a 45o object-space scan mirror. The mirror is an eiliptically sh.,od

plane mirror which is tilted about its minor axis to obtain the north-

south scan steps. West-eist scans are produced by spacecraft

rotation about the spin axis. Energy frc,, the scan mirlor is collected

by o Ritchey-Chetiun optical syste \.,iai, includes a L !'le i ulI

extends from the mirror to minimize the effects of scattered radi Iion.

Radiation in the visible spect.-um is detected at the, prime focus usian

eight fiber optics in a line r array at the focal plane. The other ends

of the fibers are optically intcgrated with cighl photomultiplicr tbes

having the dsiredo0.55-to 0.70-,ura response. The prime focal

plane is also relayed to the long-wavelength igCd,/'Te detector using

two germanium relay lenses. An optical filter between the final re-

lay lens arid the detector restricts the radiation to the 10.5-to 12.6-

u.m wavelength band (McKovvan, 1977).

3. Data Distribution and Processing

The SMS/GOES VISSR data are distributed as indicated in Fig.
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1 Rawlv data are rc.ad out adpreprocessed at the Commal7'nd Zanrd Dcita

Acqui a-ition (CD! ) station ut WalIlops I!shind , Virginia. The CD.7

processes the daato reduce the data ra-te by o'bo-ut 16G to I for simnpli-

fication of data transmission and then transmits thcese stretclwed data-

back to thle satellite. Lowcr r-esolutioni infrared d-Aa are formatOLud

for analog transmrission and iare sont via) tcle phone lines fromr the.

ODA to tLhe Sateollite Field Su,-rvice Stations (SESS) and to the Centrl-..

Data Distribution F'acility (0DM') at MaI~rlow Heights, Mjrylaind.

The stretched da~ta are rotransmrittad by the- satellitle to the

Nationa 1 Lnvironiaental Saitellite Service (NESS) facility at Suitinci)

Mary ]ariid,arld to other f'acji tic-,s with L; djirct r~eadoiut capabilt'y.

The Nl2SS-Suitiand com-plex relays thle stretch!ed dita Via MiCrae7v

link to the ODDI'. The CDM)'' formats thle data and prepares it for

transmnission to SFSS's thruu-;.hout the country. Enhancement of thle

infrared data to empha size specific fee lure.s in thle imagery coin he

accomplished both hy the GDA at WalIlops Island and by the CDD1F

GOES/SMS VISSR data are, available to many users through a

"GOES-Tap" programi using high-quality telephone line transmission

of the data from a.n SFSS to the user. As an alternative, some faci-

lities have developed a direct readout capability for receiving thle

stretched VISSR data (Corbell et 31. .976).
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4. Rdsic Characteristics, of Infrared Satellite Da,:ta

Infrared radiation is emitted by objects at an i,tensity that dc-

pends on the temperature of the body. If the objcc.t is assurlJ,. d 1o

emit radiation as a "black body," i.e.,to absorb all radiation falling

upon it without reflecting any of the inc idcnt radiation, then the

monochromatic intunsity of the emitted black body ridi.tion 1.- jijv(n

by Planckrs Law,

E = 3.74 x 10 - 5 ; - 5 (exp - 1)- (1)

T

where A (cm) is the wavelength of the emitted rcdjation and T (K)

is the temperAiire of the blrck body (!.Altiner and M-artin, 1957).

The proportionolity between the temperature of the target and the

intensity of the infr, red radiation emitted by the t,-get forms the

basis for all infrared imaging.

Infrared sensors aboard meteorological satellites m(easurc long-

wave (usually] 0.5-to 12.6--um wavelength) radiationi emitted by

cloud, land, and water surfaces. These measurements may be con-

verted to black body temperatures which generally lepresent the

temperatures of the surfaces viewed. This characteristic of infrared

satellite imagery is especially useful in th-t it permits an approxi-

mate evaluation of the hcight of various clouds when the atmospheric

temperature is known from upper-air data. The association of cold
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Cc-Lo(I iop.a a I) 'nt in infrcitcci data-L~ , convect c oc tI v it; , -IA

cipiatliolii suggesLod by some of thu authors citcc- in Chapter i I forms

the ha sis for niuch of the following inateri-a1 in thi:s inves-tigz;tion

5. MeIAXS Data

The Mlan-computer li*tceractivc D'Ata Acc -',V !ystcirn (Idu' l D; S)

was deveolope.d by the Sa Scienrle aiw;. Tngiiwc g Center (22RC')77(

-it the -nvr~ve iscas :in as a i-e~iis oic 2nnfes accecss

to -,e 11 flto &c ~i in the- ti,;, domain ol x m]remo spr,ric vcj:a-

ther systems -, S 1nmmic ;,,-J(Trns (Si i, I 975). T1h. operator U $iflj

Mel 1DJ3 vicw.vs irijgre and grziphics cata en. a la:eColor tcdcv is oCn

monitor. Irnaqes rray bc viev,'ccd in sji;.,!i fram~e,- or sequca cc- a nd

may be Ei ihan nd , cc] on :. d -, or coUie uth Lh (. ce of U e

operaitor. Control of the i-ystis _ffer(Ctcd from the e!naraooi-s con-

sole by ri.ans of Ivwin. joystic ks n -d a kboi(.The, opc-rator a iso

rnay be suppoi tcd by hard copy gerierciting devices su',ch as Iir,-:

printers and graiphics plotrs (Flaig , 1 978).

linage data u sed by th~e IvcIDA," a] so may be -aved on1 tna:Ciinetic

tape, for later usc or foi the use of other investigajtors. The im'e& cry

used in this study was produced in suich a fashion by the McIDAS at

the O'SEC in Madison, Wisconsin.

McIDAS imaige save tapes contoin two-dimensional image sectors

prepared from a vaiety of image sources. The data for this study
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are a sequence of infrorer images fromn the GOES-11 c2st sate]l't(.

taken between 0015 GMT and 0345 CMIT on 3 May 1978. Tho data

are stored on th<o tapes in a directory rcccrd which contains cate,

time, and line ond clement coordinate informZAtionj necessory for

imago procUessing and in ilr-age sc(ctor record; which follow t di-

rectory record. Each image sector record contains six lines of

GOES data in 24-bit words so that for a complete image of 50 , hutIes

a total of 84 image sector record. is recquired. The directory record

is 225 words long and each image save record is 22,11 words long

(6723 8-bit bytes). 6720 bytes of each image save record ore used

for data with the r-emaining 3 bytes containing a iccuid s!,.u-ncc:

counter (Young, 1978).

Full-resolution GOES--East infrared imageiy arc used in this

study. Each pixel, or picture element, has a resojution of appre>:i-

-matzly 8 km in the line direction (N-S at satellite subpoint) and 4 km

in the element direction (1-W at satellite subpoint). The McIDAS

artifically subdivides each pixel to a 4 kin by 4 kin pixel on the

image save tapes. Line and element numbering in the infrared data

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

(Young, 1978).

S. . *. . .. , . . .
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6. Data Reduction and )isplay

Use of the McIDAS image save topcs reciicjjl,,d devele,)pImrt of

procedures to navigate, or locate, the imr.,nW pjxels, to map tihe

infrared data into the grid used for the digital rwlar data, and to

correct the data for displacement error due to cloud hcic ht.

a. Image Navigation

Navigating the ima-ge pi-els requires extensive connlpiLer ;oft-

ware that was not availlble for this invctigatjor. Instead , Mr.

J. T. Young of the SSEC provided line and element navigation solu-

tions for four latitude and longitude points in a grid aromd TAiMU

for e:ach hour from 0000 CMT to 0.00 (2,,,!T on 3 M,,v 1 97,2. A fo,.rth-

order polynomial was then fitted to te line and element solutioos

for each point to pxrmft interpolatinq line and elonment sohtions for

intermediate Limes. The interpolated line a1d el ent sohluti.ons

then were used as inputn. to a computer prorgram cAlled MAChiAP 3

which produced rai ppimg equations to map the satellite data into the

radar grid.

b. Mapping the Stellite Data to tice Radar Grid

The satellite data array is a two-dimensional array arranged by

line and element number. The radar grid centicid on TAMU can be

regarded as an (x, y) array with a positive y-axiz oriented due

North and a positive x-axis oriented due Easl . The variation in

I
S.
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line and eirrtsoluticmI~ for the fcur poinits navigatcd by the SSUC

suqg estcd tlu t simiplea bi- Iinuar reain oi f, ti cle r

line numlber =a x -1b Y + c (2)

ele ment number =d x + c y + 1(3)

Could be u secl to) relate, thle digilha satcl hue Iiiner and eer n u:br

to the coordintes of the raie,,r gijiwe the constnt s a, b ), c/ ,

c, and f erc determined b-y solvjrlj tlhree SiI!wu~tanOerF connticoa s

solutions fori threec of the four points ra-vigated h y the SS-JC The

original ma ippiiig prograia, MACMVAP 1 , LIUsed T~ ieC7,tioI I) ~

three points to produco coefficients" for thle )riapp" ji n qu on n

USOeI teeo reina ining so] oti(o fcor the ort (Cn to Che1Ck heacu.c

of the equatolon MACMIAT' 1 solutions produic-cA res-ults 6ccuratce to

ono hzilf pix,'l for the fourth point for all1 inae xc elA two and was)

within onec pixel- for those two imrages.

An effort to produce more accurate mnapping of the Satlcilite (latea

rusulted ini adding nlew terms to thle mazppi ng e,:uation. tusing te

fourth point to determine "correction factors" 11 al)d k2 . The new

eqluations weeof the form

line numbe r = ax + by + c A~ kIjx--xo)(Y--Yo) (4)

element number =d x + o y + f + 12 (x-xo) (Y-y) (5)

where the coefficients a , b, c, d , c, and f are determined hy solving

simultaneous equations for the three, original pointS anld the correction
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factors by determining tl,.e differenice between'(,j the, SSI-: I. v Iia Itionl

solutions and the solutions from Eq.. (2) andl MI. (3). Thu(, v*al ties of

the con ii .:I I Is xo and yo aire determined frojii thc "C ''C-rio;,svalo

of x and ysli areci by iiie throc. pontS re to tl!] beI e~:r i -

linear ecitFntions . Fig. 2 illustrcateLs thre gcei acrr ! cn of tl~e

four nay"L ii ted poin t:_ ar :ve to TY11 and th-, a a(2 r n(i I in u-

strate s ho,." Xu and yo wureitcii li

The MACIvIA P 3 CoeuJW prtrin produc'-i ecofficir'nt_' fc;, "C'

(4) and Eq. (5) for ea -ch of the imzneo s used iin tisl si uly . T!I a

solutions produced accuateilc rcsult"; for 0i1 four ]),)nt s or: :ina 11w,

teiq(d by thle a el ' !Culto- lim nun"Ao!u. . "

coordinates in a later ch.c!k. A check of the ecc,-nt coor~in:,lc 1fof

TA MU wa!- not aiccurate, in the later check due to loss ef Liha original

input "gamima shifts" used to prodluce, the SSLC solutions.

The procedure, adopted in the roiaindc'r of this study depended

upon the- following as suriptions:

1) The navicien solutions produced for the four points by

thc SSEC are accurate. Young (19781) suggests ain accuracy to within

one line number and within two element numbers in the full-resolution

visible data . The numbering systeri for lines and elements in the

infrared data is based on that for the visible data a nd is incicemented

by a factor of four which suggests an accuracy to the nearest pixel
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Fig. 2. Navigated points an' mapping to the digits'] rcdar grid.

1



in Ic il~illorodc (i'tl

2)InteipcrdAtin-n in tiime u sin 6 fojrth--or(!a.r rolynont. pro

a uca"' ilacc ral a ';oI utionlS ffor intr,- nc iimas. ThJi a san:

tion is rqu ired asa compo ;1T1 iSC' to nivomi tho cam paL-n( cos~ts

as scc" ' i-ted' kitl; providling 2I so] at] on s for ima waot 15-rn

intcivn s ov(yr, 4 h a nd f or Four point- i- ec-ich ra; The

va uia ihhmof tha. rl- ina]l SSLC' SolutIions sujc'" Sts Uh ',his

as sumIpqAlof is vfl id.

3) hiappinr equzAtha is of the form.! of Eq. (4) a~nd Tq (1 )pr-

vide" in accurc;L..nori t U n sfoni-.-ti(- butvwcan t he line i

elcmnn coordinates of the !sa.tCelltt -\7) Omvad i

coordinatc 5 of, tnn" dlig itl I r jda gid MOV 3 r- uping sni

provided accuraita results for the SSEC &cltEr sfr -II four j iat

points. aid for, IJ MMu cocrdli c- cs Coc~rp-ri sons of co~ucIf d

of infrciw.C" data- n mpp;ed 11sin MP17CMA] 3 soluLa 055 to ha0rd coi xp

enhanced_ COLS inli ored in-icciaory also cfimthe a aa accuirocy

of the, niapping procidurc. It is evident, howevor. that the cio

curvature coflSimhrations Sused illsab rn thle rargrid for

MACMMP 3 would not compensate for such ef1fects at distaniccs fcr

removed from the center of the grid. Jor studies of datao Mthin 200f

km of TAMU the MA)CMAP 3 procedure appears to yield satisfactory

results.



Actual rodwcM 'on of masof aeli dta epellded lcons,

developmcrint of prograrns designed to use MA11CM V> 3 sol-tt i can for

the coefficieits of Eq. (4) and Eq. (5). The original rujanWcas

called MACVIS and was designod to map f ulI-roesoluion viLeGOES

data to the ra~dar grid. Prbeswith brightnes n rormalizationr dUe

to a ve~ry lresolar zenith diig le Lecd to abnoiajthe u:-5< of th

visible data af ter 'MACVIS wa s developcd . The I-,'C IR co Acer pro,-

graim was develJoped fromr the lvIIOCVIS procire rn a isdeird tO)-u:c

solutions to Eq. ()and Eq. (5) to map 053 infiored na eUt da

into thc raclai grid, ce ntered on TAYU.

MACIR is ai modula-:r computer preqra-.-, j .3a t"','o fut::n "-1-1

progra3ms to prodC'uce solutions to Eq. ()and Es1 ( f en uslrp

subroutines to save arm -rray of sa (]ito at thilL Just ovC1an-p the

aroa of the caer grd that is ofl inl cros, and to map11 T the -ild sta

array into the radair grid. SubroutineC BOUNDI- ( ,tc-rmincs ]-ou11 diee'

line and eleire.nt numbors so that the ,a-cd satellile date can be

extracted from the image sector rcocrds on the MoIDAS imacce save

tapes. Subroutine DATSA\T reods thc- im-age sector records arid saves

the GOES data between the bounding line and element numbers

dotcrmined by BOUND. Subroutine DATNTAP coptsa line and

eleme!nt number for each (x, y) point in the portion of the radir grid

selected for analysis and assigns the value of the pixul coiresponding

-~~~ ~~ ---------- 6



35

to t1 A (l ine ,c m n )pi ti (t : I y) aii t he -x rie 

Thce data tiris m,-pped arc- snt reclj; in nara 01 IGOPS I; .o-

tine 0 U'PUI Is, used to prin-t inl:., teIc- ra edi r e(ily,

adapted to va! %viwlj grid spe g.

The MACIR ecren m. used to lem( rof thc' 0013 CM\IT,

0 0 30 CMT, 02 15 C PAT, a n 1 0 230C G> C0 ES -1: inm u sfor a ay

1978 for this investigati(.n. Maps; (f aj'jll, 001r~: ewen(U5

CUTvT ondc 034T Ie also we,-re procuuccc:] lur a diff ve:;t tel'Thie

Maps consisted 'A Point VnJIIleeS of O~ d-ne dv d cia npri i td iAt

2-km intervals for this jike ~stigation andI 4-k:n- jintervals in the ethe(r

ran :s. A 1-litIr oI tha M 2Lt 3 a:nd M'ACIR n~ ~:.s iS C> ~e

in Aippendix A

c. Correction, for DipaeetError Duce toC ClouId Heig.ht

Clou1d irntcrpretation n1'ar the e-orix'on of a qccstlioeniry "ill( !ite

irmuce Js~ complicaled by theC- (fce of CUr-vatureI o~f the Cjarrh s;U!fICe

Neair the satcllite- subpoint on the earth j's surfcec., the ippzer en! aA,

actual cLud positions coinCi. However, the differencebten

the apparent and actual poLitions incr- ieass as the" cloud's distanice

from the subpoint increases. In order lo locate accurately, a cloud

feature in a geostationary satel-lite, image it is noessary to cown-

ponsate for this effect by making a displacement correction toward
the saLflite subpoint. Weiss (1978) cgives a method of correcting



S irllagc s fox this effct, Lilld till t !A~'J U'I '.a S USCA to CO.MnpeL

di spji cue2]nlt croi :; for vo1ri 01ils cl oud Iv rAsu sing a GOIS - Th,:

subcet of 0 . 3350" S , 7 5. 02 10 WV . Displacemnent coirroctiuii swe

computed for TPWMU for variucloud C])1I ghts and ore listed in TiIl

C loud 11m,"11j 1- (kill) Di ep AI -cc in-rit Ccxx action Om

10 9.17

12 11.00

14 12.03)

16 14.6

Cloud hcic ;!t vvz as determined by coiNy ertLig an uxca cdj it-a 1

count for each jmeg ej to an cquival]cn'L l. lee I: bod)(y t e;.npcraturo ia!

selecting the I GAO st;3ncb1i d he(.ight corre cspoliding to t hat tomi1 -raturc

in the 2350 GMIT College Stotic sounding. I'or tempora-tures iweer

and aibove, the tropop3use, o differenit pidcedurc was USod. The

saturation adiabat fromn Lhe convective condensation level was used

to deotermine an equilibrium level on the sounding . Above thislel

a subjective estimaition of the temnperature, of convective tops bias rcl

on approximately 20 per cent mixing with environmeontal. air wa~s

Nih



use'd to W:Lrin c n3 au( -hciq ht eIa i hp

Rat hor than attemnpt to shift ,,zch point in teach s MM ra~

luoward the sA elitc subpoi-nt an amountL dcp!Je dr~rit lipcn the, iJai vi--

diue I dic iWil Couint at eaT'ch 'polint, a) uniform sMiift cf theo dwt,: to;-:ard

the satel ii Ic subpoint ha sed on the avera:ge dici lital eceW~i for1 the

imcige was used. Thir: p.-oceduie %.vas ado(-p> d( to avoid6 crcr',-putlati nv- 3

problemi- Liand to prevent crcation of hedvain Pnhetue

infrared cia Ia3 fieldls. Table 2 Lizts the mctdaSof li cr, ziG

applied to the, images in this inva,-stiJge.-',

Toh le 2 . Diy c eterrv ti vcr fr.o 2 i

Image Time Avereage Digital Count x

0015Z 190 58

0030Z 204 6 9

0215Z 211 6 9

0 23'0)Z 218 7 11

After the GOES infraircc images were niapled to thc raldar grid

and corrected for dis;placoment error due t-o cloud hicght, the data

for these imageos were tabulated along with corresponding radlardata

in the thlec radar data sets. These- data then formed the three

data sets examined in this investigation.

i,
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CI-IAPTER IV

COMIPAMSON OF IDIGiAL RPI'rR flJD SJ,'VvLT,1 DhriA

Comparison of the fields of digital rodlr and digitail satellite

data was perfe-imed by fir.-t qualitativel,'y comparing conatcurod ma),ps

of t;hC ciajLa and I fen objc'ctivoly comn~ii og thc. fieolds- by computiw!nq

corrc-lation cocficients between the rada r and- sit',llite data \UiFlg(j

the s;;76 statisficz!l analysis syste'm (Barr (Ael £ 1976) as implu-

monted on the Aeai470 V/6 compuier at TAMU

1'Pc Pre ris for !-I-) C orn-Vr son

Mo4tooroloq ical radar!s e->amjine the !-tructure of woathcr syctems

by emit'tinq elect1,roma,,Egnetic enerMy in thic mnicrowtave portion of the,

eloctreinagnotic spetruni avid mc2e suriny tlhe, amount of that e ncrqy

scattored bach to the radair by hyrrct~sof various sizes anrd

shapes associaled with the weaither sy'Atem. Meteorological

sfatelitcs exaine weathei systoms by sensing the intensity of scA-

tered or emitted electromagnetic encrgy from the cloud structures

arid, ultimately, from the hydrometeors that make up the clouds

themselves. Sensors aboard meteorological. sate] lite s typically

respond to electromagnetic radiation in the visible and infrared

portions of the electromagnetic spect~rum although ultraviolet and
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rajejiowa ye ses:~have rr sdfrsuilaylictoz

Since both MnetoerOleq il1 radrs; ondmteeA(-,-)o~cl sAtellites

oxamine weather systems by the use of c,ttc .o (, r emnitted eleciro-

magnetic radiaition at different %v.:ivoleiigflh, 7it is rc'aisonahle- to cx,\--

pet that soi-C relationship should cxist betwee! n icerlqi~

rac;.r da-ta anfd ,iietcoroluDiCal sate 11 'to daita that' ;ire coiinc.det. in

time and sae The bo sic. purpose, of this;iv to to is to dtr

mine if such a relation ship existS 011d , if So), to nMCa sure1 the: st!'eng th

of such d relationship.

To examine. the. relatio-,nship betwveenmtetooy'a a:dt

and mecteorologicail satellit.e, data , tvo t1ilt -soquen,-Ices of digit., 11

radar data and four infrared GOES-Fast s~atCLftr irnacjaso were exca-

minedi. The first tilt-socis oe was- selectud early in the da ta,

collection period whenI radr-etete wAther zict:vity in the orea1-

was relatively weak), and justL bvcjinniq to clovelep OE-ci s

images collected just prior to initiating the tilt- socquence and oL its

conclusion were used for fie comparison. The second tilt- sequence

was selected from a later t~ime interval in which Ine convective

activity in the TAMU area had reached necar-maximium intensity for-

the data collection period. Comparison COES--East infrared images

also wore selected for timeIS closely corresponding to initiation and

termination of thc tilt- sequenc. The results of the comparisons of
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these tilt-sequcncas with thc coxrem ondin g satCJ1iLe data Ere pre -

sented J the following sections.

2. First-Tilt-sequence and CorresponWi ig GOES Images

The first digitl radar tilt- -sequence ., was W oflectc:d from 0022

GMT to 0030 GMT on 3 vmly 1978. Th: data wern collcted in 14

10 inclinations of the radar aitenna wJLh each change in an:-

angle being made at the conclusion of a 3600 sw(ep. Dat, from

the northwest sector of the tilt-sequcrce were ProcC.,ssed b- th

Sieland (1977) computer program. The 0015 GM' and 0030 (X ?

GOES-East infrared images were u.(-i fu, cumpri jrn with this tilt--

sequence. Miips of zero-tilt reflectivily (d3BZ), low-, mid-, and -

upper-level i .... (.;Z), and VIL (kg m- 2 ) are i:rernatod in Figs.

3, 4, 5, 6, and 7, respectively. Contoured ma op.f infrarcd

digital count for the 0015 GMT and 0030 GMT GUE3S-East imagcs

for corresponding are-.s are presented in Figs. 8 ansi 9, resp-etively.

Conversion from infrared digital count to equivalent black-body tem-

perature can bC approximated by using Fig. 10.

Significant features to note in the digital radar data include a

marked absence of indications of echo activity in the upper-levl

PVSZ map (Fig. 6) and the VIL map (ig. 7). Echo activity of

weal: to moderate intensity is indicated in the zero-tilt reflectivity

-A
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F ig. 3. Tilt-soquence onc, 5'ero-tfI-il Ifcctivity (dB3Z) . Dclta

collected on 3 May 1978 at 0022 CMT.
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Fig. 5. Tilt- scquciicc mnc, mici-l(jvcl PVSZ~ (dBRZ). Ditta collcctcc
on 3 May 1978 from 0022 GMT to 0030 CNT.
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F'ig. 6. Tilt-sequencc one, uppor-lovel PVSZ (dBZ). D jta colhCtodi
on 3 May 1978 from 0022 G1MT to 0030 GVMT.
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Fig. 7. Tilt-sequence one, VIL (kg in- )
. Data colcteod on

3 May 1978 from 0022 GMT to 0030 GMviT.



I4 G

00
o 0

cv 204I -j
60

cci. 4U,

0

120 100 80 60 40

KAI WEST CF TAWU

Fig. 8. 0015 CMT, 3 May 1978 infrcred, inwgc.

I; ~I:



47

24 0-3

810

0
0I

".r

'1-
4o 0

20. 0,

2100

120 100 so 60 40

KM V.'T T OF TAIVU

Fig. 9. 0030 GMT, 3 May 1978 infrarcd i: igc.

A.1



I

m 4

220

DATA FROM C0' L rt A! 17'6

200 -

180 -

i c

o

LU

Z 140 -

120

-00 -60 -40 -20 0
TEMPERATURE oc

Fig. 10. GOLS infrared digital count to teinporntuix, calibration.

- _ T- _____ L:2 _L 2 .,:. , 'r ,.: -



nIT; (IPI 3) oh To~ 1 1f -PVS 1 111P ) -ilJ At JrI. I

the c.t' Co1i l t -vc l'tro vr of Zi. 3 Iri

The 0 01 SZii r ru d mag cVe 8) has:, :r -u fr in

of d ig.Jto 1 cunIt rou h) 1 1 .0- tO O fv I ','I. L IVO:. L II'V

The s arp il i e si,,o ,e i u .r1r l ic't i 1 Ia , o Lu 1 H.t - of 1 C

cluud or iS I oi- Cariviti v o ( I ivity 1 Ir- ip'2b k.. Llli nan

for dioita' ctjunl~ of 20,1; id !10 1uc:s o,~n &5(CiOiVALI(C

voctive zv(Li vity as evid(ucw('d in thi; !)re y 1 g 3, 4, and 5 .

TII ~ ~ ~ , C- 0,0' j !t i

Of di(,ital COunri' OVer7 1,11- of the ;:p rg Th,2 closed 2110 contur

suiggests itl- relILIeri to convoctiacel!sie.: in the.- illuara

Figs. 3, 4, ii.. 5. P i r c i oo tj. oojtn' (rd 'l~

counts on IS e cwd-r of 2(00 nd t h. bsappaaa of the ic: aL sof

digital couon fin the olhn Lcre of tiwc ma ge sgCst tlhe- Sprecad'-

ing of cirru4s cloud cover over much of the areai Obscui a~ion by tho

cirruIs prevents direct obserVat-ion of. low- and mid-leve-l convective

activity by the infrared sentsor. This effect, wheni coupled with the

coarser resolution of Lhe infrared sen 5cr as comnpared with thr digitl

radar, is con sidored to bc one of the chief prollers in attemIlpting to

rclato the two types of dAta.

-Q.



3 . Te:;th! I'ilt- ecnqu-mc ond C' cpr~~ GOES1:;q*

Thu tenith dite I radar tilt- seque-nicQ w collecte:td from 0216

GMT f,- 02,33 CGLY' or) 3 ay1978 using 14 I hcesin

antenm a: inclinatir n DAe fror! the l othwo- and 7tx' tsetr

of the tilt- scqe~ eproc-s siod by t1he Sie-!rnld o ioier prc;jr E

The 0215 3 MTP and C1230 CMT CG'O!S--IL i,-ircrd re, weru us (I

for co irsnwithi botCsA tr froiji thii: "~It-sequenor . Maps of r

zero-tili tlc~'/ (dBZ) , low,,-, mdoa . 1

and V13L (>og 11 2 ) ajr, presm F igs. I ) 12, 13, 1.4, .an d 1. 5

resectvel ,for the,.uuw.s sector a:Kin F'igs. 1!3, 19 , 20, 2

and 22, (eretvl o hi ~~w~irc'- aso ~'~~ I

infrore-d cligital ew--nt fromn the 02150 GMT eric 0230 II GOES-Pa aIt

images for correspaud),,(ingj areacS a1 rc~ipesruIad for the Southlwest ene

in Figs N'I and 1.7 and for tenrhetecirin Fig, s . 23 and A 4

a. Soithwe:0St SectLor

Significant fraturc-s to noteo in the digitail radlar -11-ta includeC te

presence of strong line radar echoes to the. south-southw.est of Ti,.MU

in all of the digital radar maps. The two areas of heaviest convocLivo.

activity are especially evident in the mid- and uppcr-level PVSZ maips

(Figs. 13 and 14) and in the VII map (Fig. 15). Tho two strong

cells exh-:Iibit very little "tilt" in the vertical in a comparison of

Figs. 12 through 14. Maxima in the VIL map also correspond wvell
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TlhJh vahlu, of infrared , dhI.iLLJ ;'n>11L h tlhe, (321' G7,'Trc

0230 Clii I mnaic( J g 16 O nd I 7 ) ii .. w 10C LO LC t a we r U-nriL

wes:-t of rada;-Ir ac-tivif-' inc dca,7ted in Pics. I3 djr-ol.ich 15 T'is TCC2C f

maxMU D di'-)itid COL1,t in qoincl From th&c 021 ') C:,., IT 2 i to the, C:2',

C.M lmc , C&. 3 im lea ti\'' of t1  styciag U o vl01'1 Iov' a r:oc C

wvit.h 11c ie ha of convct>,( a seivi ty . Rc'ciioi1, sOf ~ x - u

Count inlKnr~yClie O-'e,-a)p tho an>n n tile i cales,

especinlly in thna lzA(ei urc m- (i.I

echoc prci'1>,'i nll uD thr~ o, 1ai~ e1, WI

with t*-i 2 ii the p> cti.ULV berw ~C~~il-ti 1 te i('-- 1

very wvell in the V13L. 4a Slj 22.7r it~tl so Icnt

the cell:a to ihc, norl]h ato : Uathe le of refkisit

as zOciatc with ecwh Ccl) in Pi:.]9truh21 is Los <-,ccr \vith

Mrgcjing of Ill hoCels ip~rsi ntly occurring at all1 leveljs. '-"!, ViL m

(P7ig . 22) exhibits two sharply bouncied (:I11, cilmost dUe north of

TA NJ.

MaXimnum values of digital count in th(e 0215 CMT infraired irnaye

(Fi9. 23) lie 10-15 iin to the west of maino main the r-adar njaps.



Maixiirjur2i v,.4ues of ciigitcil Coll;At in t,,: fl, h CMNT J*,-fr.'n.A1 vry!2C1(: 1jr-

slicjht +,to tho wu o. s of maxirii3 LI ti(r111r iI Th C

iferco InI rnaximuici dligital cocnt fromi (!: ± C;:' to 0." 1C CMT - in

indicatcs tlie stronii cppe)cr--lovnl1 outflev.' o ,1~ >t O ci--

V(o'CtiVr(, linc.

4. Ccrr' Iction s Ecv''ithe Rd-ir a.mi~ Su lii ci

Corrci~~~~~ 1ati1n cii 0-i Cr rvd~;c m s c~~ '7 of ~c-

cicitiun LV.tW, Cn vr hcs Th;, cori- ctioi uf-c '' s ci i of

aiSsocht ;-,Ii inI the relcI'iinlc. r of hi Pvos i ,r : T)

dut- o;cc~tcolre(I -ici with ti-!( creci b( . fj~

given 1)'

F N 1(. i>

wh(ere thc2 . reprocen(:t P,'ir! i 0I ob-(A\'VC Uf rhICi ' na~ X

aind Y repro ci ent oritI iti c mezlciF J of I,o va i e. nd ]\1 is the(

total numiber of paired ob;servation.i of X and V. The vj Ice of the

coefficie:nt, r, is a ri ,sure of th( degreec of e zsociation of the vari-

ables with a porfect positive as sociation indicatud by r :- 1 , a perfect

negative correlaition huiccatedby r -1, and a complete lack of

correlation between the varicibles indicated by r 0.



moritc. i lby lic SYM 7 6 ste -sI mC 1l Uly J. i! C £tr 'e1so rel :dCz

signifi i ;-jcc probhib lities of tho corru~lflc- r:ovjf Cvt.The ni.,:2i -

ficm prmhe 1ii ty , 1), of a ur e.Ic o f.ze nti rLj 1 t

that a v1Aiuc? of tlhe CO l Ii SOCj CfiJCta]ugorLC~r in- Ibe

1Lu c V-1111-, thz~l th- uoir, clk:1.11- .1 1)nQ. 1 C 11 il I y h I,-

the, tv.o til 1a 97G)n C ~abe i

first tl-een.a3a~:~.d(0. ~ ' 0

J-"In C b

\'a~ I u f r '- C ce u 1.1 t * i rit v-. t; I tC.r: r dn

earlie.r GOE S ii uaa '' Corre, I P ('or 'ff1 -C, idC'1  V.* C ). onI

betweeni Lhis ciffeJnue inl di' iil :1COUt, (1 und thcm dvij,!La a;:CI

a. First Ti lt-sequ. ri(!c a-nd C urro!npondi nq COE') I meig o

The reSuLts of thre corrbtiowns of the 001 5 GCMI iwftrrd O.L11,1

the 0030 GMT infrared data, aim! d wiith con a( spond,'ng dic Ita 1 rador

data arc ta-bulated in Table 3. The best correlations wtere found
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ikbl J. V61uo; , OF r dild I- fh *o!i-tLi~ qc;Kca~
*~~~ corr>i r..rL ,7 (

Satc ilitc DA-a Rc du& Da- r )

001.5 GMT .0LC:-tilt T/uI'ty-017 0.1"101
Low- 1-~ A P ..- 0 . 5 0 0 J91

NMlid-1.cv VkA 0 .37" 0 01!

1i71 0 .128 C, -D

Low--C Chvcl Pv'S 0 0 1 (;0 3 2
I~i0 1 0V ''<01 0 . Kj~

VJL 0.2 ll 0

'I *0 12 0,3

0. ?4~'C) C

0'Y 10 .02

-- o--



butwccnl the 001. 5 CRT. 0-c! 0030 CMT inmgoc ai-d mid-lia PVS7, dntc--

[Weak and scnatimvs fji t iiivr' corc,.Itaoll C7:;.:,fFi'c en',tG lware- lc) ad br-

[ twoon bLth in lrred im o nd ~co-t trfI'i iyand 1<;-lv

PV5SZ. Weak11 po-idtivu ccl relatiolns )f( iindicitr d for bc;L iimmaL10s anI

uppc. loal IVSZ and VII. Theu re crults focr rpindico' a

a wcci k pusiti Va corraio betweenol dI xrn:no-li re-flecti-vity arid

(l t it fie id. 2

b. Tenth ii. -:ul) S :w .S r '1(Ar p.oi';Gk

The r(-!lln K c-f~ l~c~o t :~.(

023( (I.MI ava d:e %vei , al( . t a r:( .

datb fial.: Uh'. s3o1;Lhv,:~ A YI Cf thI I'1: Lik I u. :> U Vp '' I '-

ill Id] I. T hu. best cC, : !,1. -J I- ti (I t V., rcr

leVe-.l dflci a p-a r-vrl PV,,,/ )rnd (3, ilie' kfr(,i -), b tw an i, yt.

ccluiit: for th., 0230 GVI't'w m i 0',' 5Ci sr imwv-:: lair pc), j iv, ,,(,r-

roliation! c i I o werle foun )(1 twCeO) (I old %'111 an 1> tw 2011 U ic 230

GMT image and %ero-tilt refle~ctivity 11nd ow 'ciPVSZ.Smwa

weaker ccrrE 'Ptions- we;re. found betwe ni the! 0230 GIMT imve, e on( mid.

and upper-lcove] PVSZ and VIL. Weak, positivo corrlationls wevfound(

between the 0215 G MT i mageo and zcio-tilt reflectivity and Icow,--Ievel



f~ ~ ~ ~~ T Tb Ic '1 klucs of r zqn2 1) for tl c, toiilh tl-'C1'l'

Saellite Dal-ta R Adar Dt r

0215 CMIi1:ju o)--tilL rc'f 1 C cLv' v 0.31 0, C.0

Low-ky- i& >7,0. 32i0. C'f

U Jr 1 A INS", -0. 3 0. 0,",
vi J, -0. 2. 0.004)

Low-!.0. 53f' 0 0. 0 1

I -'v I ,,~ 0 T 0.C r
U 1 1, -) ,, v I I VS 0. 2 '!- 0. 0 0Al1
v ILT 0. 10' 0. Q0 r)

TDiffv(-.. : d Zoy-o-til 1 f (iVi~ 0. 0. 0 0 J

j'v~iO-L:0] 0'VO' 0 . 1(0

vi 1, 0. ',7 0 r

N um -r C!,, 1,



P\TSZ N~cq& Lvecon Cb, ie K.~dL L'.cefl the 0215~ (7T1i

Imid- I vC.1 and upe-lve1ESin d VT Xic -tih ,ril'iy,

] ow~-- ic-cl PVS 7  
' werr esCsenti ~ I y (-O r - 0''i]I,

c. Tcilili Tlt -s; ' :qw., Nor!i' L Sc . 11' C~',v I , i' (

T i1 bl-S re 1ui o' ) r C 1 ' 1 f 5 C. ,

0230 ( L Ii i 61 \Viii t) (: t

(1i f ~ le r eei9 i Lh U ThO 1I.

ro! f( ic~i r.- J' .. 2: t: i.9 t%%; t:: 01.

r t fcC. d ov " 1 0'

5. Thc, of E t Oti(I 1'hol~d icj iii IDi

EltiiicUcd infr(!r I iniagery from mct suulic'I ,:t i :. 19

proved u scfnI in cUtcctincy the p recicnce of , (ve're o ctiv\ irl\'viady,

in ex-a rnin ing thu structure of conveoctive i o sy:;Iwt?i:, '))-)( illn

mating the amotint of precipitation from coi-iVtv( storm ssyskcrn!i



Tzibl , 5. Valimcs of r and p .or t>)f t mth 1:1l 1,)o c,

_______ ______ sector)

SacIlIto Dita-, Radar Data r p4

0215 ClviT Imam., Zero -1,; It r,-fP 1( ' 0.3118 0.3jf
Lov7-.l'<v I U,~j 0.1t7 0. 1

VI 1 0. (0); 0

0230 Ci.AJ li:;.ge zore-tiiltrI 0 . 5%
Lov,' -!. vu Ie11'V2 ', 0.!)9), (). (I)

1 ~~0.373o 0. (j j -
Upper-level PvjX:. 02-50.f
VITL 0. 33 0. Q(,r

0 Ze-iCclt 3 0.1 79 0. 0

0. ? 71.20 0. 0 ,

Numiu ccr 01) 21 ions~ 1721.



the (IlO Uld U 2VOJVJA15SU(i 0 r-y in i: oc'sil to

id i C" h-)I ( 1( Ct t I I tj ) -i F, cI . Th e e 1i h I vli s lo CfC]5

to pcK~ :t s ill tic Inflro Z! h~~ t of v .l:u.;

In~~~~~~~o Jwnc.sph.. ,lucn: ~?U2i s oj.;v:~i

C0ol !C'Pf IIVUWi'SAiiV (I; C(~tOwith 11.UICX ifltci1U(: c~ioII iUlI

vitv iy ;r(. ~ .l in I!. :- su ;d , :1e'l Uro ( ' 1 1 1

the' LUcIc cupy -,' ocry 17 kU OI f1 C1) bac1

UFo!( to. idxen::;' poochIi . Lops 01o>- lIV ofk 11v I

thoiocrstI(! (1(1ivity (Ccl,'Ii l , 1 9 W 6

a. £osudjte117 ct

Sc ccc' 22 t~ 1COU::t t I rclsho] s d or : pn o to I: Vel, 0,i

ployu'd in tho MBi On hflflcumC"nt CUI7Vc vW~r OU d]l 1 ( to thc (IIt~i U

in thi, inve stIir otio(n . All ii rared diito 112 i Oin dji lol coo 2 1

than the thresllolc, (]2ital count and1 oesPIIJi rithr (1,o w c;r

j Cexclud(:61 fromi,, that c;Lop i tIc oa yi:;Duc to 11w limited 151lnC(o of
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DicJtL] :.,,l t Templr~n u Re i
Thrce hc.d (K) (Cn ,' :, 0.,

057 301 5 ,ov: ' " .

100 2800 /icW . -

177 241.0 P. "

187 23' .0

198 2LO.0 ; . , -I).

208 2.0.0 Chv;:.. .o , tk

226 192.0

I



0230 (xOif .Lu '"Id u 1 ti.< 5l. - ..

rumlji~i &lita f21ti'~irLL :.J? W. (

I'C'-LO7C r .O 7

cI,-' h A .: 1 t 2- ,'

tho, coii u A Con, pos silldy der' rllua c! s&.C 157 i lbW

othor factorr hellJn the 0020(:,. O1It O ~

re suit's for thiu 1 93 dir1 itzs 1 coa; .,) hi, e ad iwt allc'A L'o

were somewhat improved , Th(, 20 411nd 2C00 d.k.4ts 1 cosott eC .

improved correlation, s with zey a-ti It ruflceutivity and IOC:*- 1 c

while thn corre lati.oi viih mid-leve] I'VS.Z dii:: inil Ti, c- *' i

with uppxr-lcivol PV 2Z ivemaiird (I ti
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the tlx ~ i~proc' s2. Th cOOdcl'f ;. V!1 wnl:,

improvocd by LiinI thrc s cdJ!'j pwcc. x it~ ii -A c e :(l

dig ita] court,, at and abo(-ve, 2)8.

and .5tii I;.The 1!iLi;it>skll r1-one d 1) ex6

m~iconly rirdaita %%wihro:i x;lIu . f,-., Th' .rf;.t:r r,

feCw% i~ a 9 i (7)we 1 Z1(JdS I i A i prO. ;Ar~ in P C 1--%. ')Sl v cf thce

S& 11c-llite o ~ (I'' :!0 -coS -tilt was~c city c~ r'. 0 I~ n all otter1

To examrii:: Lirti(c61 (,, efc~ f ?~ h j <r2cc'

data , arh]dLtrary, thI ro s ho! dt.; V-1 u! c Se (c; 11( c, 1- 1 ion c C "' -f e J t

com p, ! :c! ) bevce(n t.he rOadar ad 1.( 9iLJcl.Iiehl

of 1 0 dBZ were selcted For ,,cro-tl I' r(Jcfctivi~ iy JwJ': iP

and mid-level Pv2'Z dctaD. h thresho-.ld 1(-v(,] of '- CIWT. va S icc>-

for the upper level PVSZ dato and of 5 Ig in 2fo-r the VIL clttA)

Correlation coefficients computed for the threccholde-d radair JIAte and

corresponding infrared images are listed in Table 8.

Thresholding the radlar data in the first tilt-sequence improved

the correlation between zero-tilt reflectivity, low-level PVSZ, and

mid-love] PVS)Z and both infrared irragcs. No improvement was
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obt: ;:c ii ti Othe'r Corre 1.t ion s or fo,, corn( i(;. of thu- IrLIcr data

* withi d.

Thres'vie r i c thce radar -d1A in f t> wcljofth et

till - q',Cflcc (Lh:\~uie crx tic., C, d %wiL; o - -A~t rfeIivitv

andlw-hc PVEZ but did i-,(,t i :poeany oll- r; ata in~ the

dol iset. Tiie - ij]Jling thL- ada , d16 I'l tile nalvs2c L, Olf t'l2

z cr-U t rfl i vty:nd C! h;02%5C T im egc v,,ii h lo',:-Iv

PVS1Z The'' nai: vjc~r:toe r ot 3V''' -, ih

Sir~utr,'1 thlr ~hd ic mf f I)(;ti th)p Cjf, 2 ',-I .Ih I-,

SateI"ita 6Qata .a not J-d t:"a'U. Li co~ u:Cmfc~tt

misleading or cilrenOOuS c'n t atclr o u crsn ~i

uppc'.r-icvel PlVSZ andl VIL.



c II A PTER v

CONOLUS1CY'2S [IPD RC~~A~~~r'

The prim jury o()jc-ci of t irlvestyfi- iT; Ws to cc' )-I-cf di tel,

S ote 11 it; 11 q -i "-I~c j Cit by ciflr 9~ ic co 0]

between ,inWnt v£4iui c,' infrer.cd d iqJLil ri o acl pohn yric , of

roa dir rcjit: c Llvity -nd rrt all i nircat(d ] i(;-:J ci U i cc: eit (VI 1.

Dicjitol I. d c fro~In the 10 cinC radar of the 1 rIirl Of 11' -k.~ i)

Pur prci:(.n- m (l i splaiyed as miOH pu t mip:] uF pa :OI2 v£4 c of (c-

tilt ciotv ylow.-, 11:id- anumlvlP, and adV .DiiilaJ

GOES-- Ei> st in frorid sc WdLafrom n) -ilicge SI.V. tics

procc a scc to produce iepof poili Va.n r s of r

mi ppcdA to lhe ,;a:;e pro, cction anu gi id iwc']u scd for i ho die ito I

radar data . The maps of digital rada.-r anld djgiLdl satcl"ffl: illrOageS

formed the bao;is for coniparirons hutvicen Ihe Iwo) typecs U1, data.

This invostiqdtiori has led to the followving conclusions:

1) Largo-scalc features evient in the dijital radlor dlato arc

also zappairent in the infiared imagcry. The co)Iscturjng of low and

middle level convectio:- by cirrus ovcrcast and the different
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satellite has a higher rcsoluticn than the GOES V]SSR.

3) Corr iations between tihe radar and satellite data, wbuilt
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the first tilt- sequence with the infre, A( ((ica sugcjceS: that tr~~~ji

above a digital count of 193() produces this effect wvith some of the

digital radar variables and thu infrared imaigcry. It is considered

likely that a different enhoncement than the NIB Curve used in this
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2. Recommeindaitions

The rosults of this iinvcstiqlation indl its coinrident review, of the
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