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DETECTION OF INCIPIENT TORNADOES
BY A SPACEBORNE DOPPLER RADAR - A TITERATURE SEARCII

Iniroduction

This rcporl is to summarize the results of a limited cffort litcraturc scarch
for information nceded for the construction of a simplificd modcl of a tornado vortex
such as would bc scen by a Doppler radar. ‘The projccl was initiated as a rcsult of
our intcrest and that of NASA Goddard to dcvclop the information nceded to design
a spaccbornc radar systcm for the delcetion of incipicnt tornadocs. lienec, in our
litcraturc scarch, wec have placcd morc cmphasis on radar obscrvablcs as scen
from a satcllitc. It is intcrcsling to note that nonc of the scveral dozen papers
rcvicwed had as its major cmphasis the usc of satcllitc bornc radars for the carly
detcetion ol tornadocs. Scveral papers, howcver, made rclerence to the subjcet.
Many papcrs have been wrillen on the usc of ground bascd radars in the detcction
and study of tornadocs.

With respect to the spacc platform, (wo choiccs arc possiblc—a synchronous
satcllitc or a low orbit vchiclc. Thc synchronous satcllitc would have the advantlage
of long looks at choscn arcas of intcrcst and thc much greater ficld of vicw. On the
ncgative side, the power rcquircd would be much greater cven with the larger anten-
nas which would be required, the rcsolution would be less and perhaps of greatest
importance, the ncar-vertical vicwing angle would make it difficult to properly
obscrve some of thc imporiant tornado signaturcs. Tn addijtion, the dcercasc in
radial motion in thc storm systecm as viewed [rom the synchronous altitude would
scriously limit the advanlages of the Doppler detcelion system.

A nNoppler radar system on a low orbit satcllitc would havc the obvious
advantagcs with respeel to power required, anicnna sizce,rcsolution, Doppler rcturns
and the improved aspeel of the viewing angle. Kven so, scvcral difficultics arc

cvident. Thesc include the following:



1. The transmilled and refleeted signals must penclrate 5 to 10 km or morc
of turbulent cloud cover. It may be possible to compensate for the rcsulting allen-
uation and noisc in thc dala proccssing systcm.

2. If intcresl is restricted to the North Ameriean continenl, vicwing timc
clficicney will be less by 75 pereent or so while the satellite is over the occans and
other conlincnts.

3. Oncc the satcllilc is in orbit, therc is little or no opportunity for changing
the arca vicwed (the footprint of the radar.) Thus it is frcquently not possiblc to
vicw a particular arca as long or as [rcquently as desircd. It is possiblc that a
tornado would dcvelop and beceome destructive while the satcllitc was outsidc of the
U.S. vicwing arca.

4. It will be difficult to discriminatc between the ground and weather targets
of inlcrest sinee there is liltle difference in their veloeitics relative to that of the
satcllitc. This problem can be alleviated to some cxient by using a narrow bcam
antcona and by limiting the zonc covered. With this limitation it should still bc pos-
siblc to obscrvce the top of a tornado voricx and this may be an important cluc for
discriminating bctween tornadocs and other slorms.

5. The height of the satellite and the associated long range inlroduccs range
ambiguitics if thc PRF (pulsc rcpetition frequency) is high cnough to provide the
desired numbcer of looks and rcsolution.

l)cbspitc thcse somewhat formidable problems, it is belicved that the overall
advantagc is wilth the low orbit satcllitc. Methods of solving the above problems
havc been outlined in the study madc by thosc who prepared the Active Microwave
Workshop Report (Matthews, 1975). Radar cngincers arc confident of their ability
to dcsign a satcllitc bornc radar that could colleet information that would be cflcetive
in deleeling the prescnec of tornadocs (R. Larson, 1975, pcrsonal communication).

The results of the litcraturc scarch arc discusscd in the following scclions.
Scclion II contains a general description of tornadocs. Sceclion TIT discusscs the clce-
tromagnctic obscrvablcs associatcd with a tornado as sccn by bolh a passive and an
aclivc systcm. Tn Scelion IV somc of the pertinent Doppler radar systems arc dis-
cusscd and conclusions arc prescenicd in Scetion V.

Sincc this is a rcporl on a litcraturc scarch, frcquent usc is made of quotations,

somc of which arc dircct quotations.



1. "Tornado Characicrislics - General

"T'o add to the background information, it may bc hclpful to have a brict
nonclectromagnctic description of a tornado. Donn (1965) says, "Tornadocs arc
by far thc mosl dcslructive manijfeslations of all naturc. Nothing clsc is comparablc
to their fury." The power rcquired to drive a tornado vorlex has been cstimalted to
cxeced 108 kw (Vouncgut, 1960). A morc complele description is quoted [rom
Pciicrssen (1969):

A tornado is a vortex of small horizontal cxlent and grcat inlensily
which cxicnds downward [rom a thundcrcloud. It is usually visiblc as a
funncl-shaped tuba cloud, with a broad basc in the cumulonimbus and a
narrow tubular cxtcnsion down to the ground.

The lower part ol the tornado cloud is oflen surrounded by an
ugly column of dust and dcbris, which arc sucked up from Lhe ground
and thrown oulward by thc centrifugal forcc in thc whirl. At the time
of inccption the funncl is morc or less vertical, but as the molher cloud
movcs on, the upper portion of the whirl bccomes slanted and some-
times delached. On occasion scveral funncls may build down from the
mothcr cloud, and somc of thesc may not rcach the ground.

The diamcler of a tornado may vary [rom a fcw mcters to a [ew
hundred mclers, with an averabe of about 250 m. The winds arc sirong
also outsidc thc funncl cloud, and the width of the path, as dclcrmined
by the deslruclive clfcels on the ground, may be two to four times as
widc as the funncl cloud. The passagce of a tornado is accompanicd by
a sudden prcssurc drop of thc ordcr of 25 mb, though somctimes much
larger prcssurc changes have been obscrved. The deercasc in pressurc
from the rim to thc center of the tornado represcnls a lremendous forec,
which fcw buildings can withstand. As a tornado gocs over a building,
the outside pressurc drops so suddenly that the pressurc within cannot
follow suit. Much of thc damage causcd by tornadocs is duc to thc pres-
surc diffcrential through the walls and roof: buildings tend to "explode"
rather than to bc "blown over'.

'The circulation of the wind around a tornado is almost always in a
countcrelockwisc (cyclonic) dircetion. I'he wind spced ncar the core
varics within widc limits. Sinecc no ancmometer has survived the passage
of a scvere tornado, no rcliable mcasurcments of the wind speed have
bcen made.  Ksitimates, howcver, indicatc that the wind specd is of the
order of 100 m/sce, or about 225 mph, and may bc twicc as high in cx-
lreme cascs. From the formula given on page 303 it follows Lhat, in
cxtreme cases, the wind pressurc may be as large as 800 Ib/fL”. Only
fcw slructurcs can withstand such wind prcssurcs.



The life of a tornado varics within wide limits. On the avcrage,
the length of the path, as dctcrmincd from the destruelive cffeets on
the ground, is about 5 to 10 km (3 to 6 mi). On occasion paths as long
as 300 km havc been obscrved.

The majority of the tornadocs in the United Slatcs occur in
conncclion with squall lines or scverc cold [ronls. Thcsc tornadocs
often oceur in [amilics and movc io the dircetion of thc wind in the warm
air; thcy usually have long paths. Tornadocs arc obscrved also in con-
ncelion with scallcred thundcrstorms of great inicnsily. Such tornadocs
arc usually shorl-lived and havc irrcgular paths. Although tornadocs
may occur anywhcre, cxccpl in the polar rcgions and over cold northern
contincnts in winicr, thcy arc most [requent to the cast of the Rocky
Mountains, to thc casl of thc Andcs, and in casicrn India. 'T'his suggcsls
that the influcnecs of mountains on the air currcnts and the distributions
of tcmpcraturc and moisturc along thc vertical arc important, but little

is known about the mcchanisms (hat producc tornadocs. In thc United

States

about 95 pcreent of all tornadocs move from a dircctlion between

south and northwesl, with a strong prcfcrence (61 pereent) for a south-
westerly dircetion.

Most of the tornadocs in the Unitcd Statcs occur in conncetion

with squall lincs and cold [ronls when there is a laycr of warm and moist
air ncar the ground overlain by a laycr of dry air.

Gray (1971), who has cmphasizcd thc importance of the statistical approach

in the study of tornadocs and tornado genesis states that the individual tornado will

always bc underobscrved and oflen misrcpresented. Bascd on his studies and thosc

of his collcagucs, hc concludes that tornadocs, funncl clouds and many Iesscr in-

tensc micro-scale vortiecs form under conditions when sirong cumulus updrafts

penclralc lower Lropospherie laycrs of large vertlical wind shcar. The combination

of a strong buoyant updraft and vcrlical shear arc the important cnvironmental re-

quircments,

‘The greal plains arca of the United Statcs lcads the world in having thesc

conditions a rclativcly high pcrecntage of time and in the production of tornadocs.

Bascd

on thc studics madc by T.udlam (1963), tornado funncls appear to

protudc from the arch cloud in the forward right flank of scverc storms and outside

the prccipitation region.

III. ‘T'ornado

klcclromagnctlic Obscrvables

kmphasis in this study is on thc usc of aclivc clectromagnclic sysiecms,

i.c., radars.

llenee, in this scelion, most intcrest will be on the scatlcring and

rcfleclion of clecelromagnetic waves by tornadocs. llowever, onc should also be



awarc of thc clcelromagnctic radiation gencrated by a tornado. This subjcel will
bc discusscd first.

"Tornado ohscrvablcs as vicwed by passive clcclromagnetic sysicms

Tt is rathcr obvious that the usual high lcvel of Tightning and thundcr associated
wilh a tornado would rcsult in cleclromagnelie radjalion. The [rcqueneics commonly
associatcd with a spark discargce cxlend [rom ncar de valucs to thosc approximatcly
cqual to the rceiprocal of the rise time of the pulsc discharge. Frcquency compo-
nents as high as many megahertz arc known to bec associatcd with tornadocs. Accord-
ing to Scoutcn ct al. (1972), thc parent thundcrstorm associatcd with the tornado and
nol the vorlcex is the likely sourcc of the intensc clectrical aclivity, ‘laylor (1973)
slatcs that the cleclrical charges within a thunderstorm cloud arc usually disperscd
throughout the cloud and arc discharged to the carth by the disercic currcnt surges of
lighining sirokes. The cleclromagnctic ficlds radiated during lighining strokcs arc
called almosphcries or sfcries. Again, quoting Taylor, "The rcsponsc of rcecivers
tuncd to frcquencics less than about 30 kilz arc discrctc and arc casily associatced
with a rcturn strokc in a cloud-to-ground dischargc. As lhc obscrving frcquency
incrcascs, thc numbcer of rcsponscs incrcascd to scveral thousand at frequencics
abovc 10 Mllz." The higher frequencics arc thought to be associated with the rapid
occurrcncc of short-distancc dispersive proccsscs within the parcnt storm cloud.

In his 1973 papcr Taylor rcports on his in&cstigation of clcetromagnclic
radiation from tornado-producing scvcrc storms occurring in Oklahoma in 1970,
lic obscrved the ratc of occurrcnecs of almosphcerics at frcquencics [rom 10 Hz to
3 Milz using shorl time conslanl circuits to prescrve the burst naturc of the reecived
impulsc signals. Tic concluded thal the paramcler most indicative of tornadic acliv-
ity was the numbcer of burstls of high almosphcries ratcs at [rcquencics above 1 MUz,
Mis findings arc supporicd by thc work of llughes and Pybus (1970) and by Stanford
ct al. (1971).

Radar obscrvables

Rattan (1973) slatcs that the identification of a tornado by mcans of conventional

radar is nol casy. It has frcquently been noled that tornadocs arc associated with



thundcrstorm cchocs having prolruding fingers, V-shaped nolches or doughnut
shapes, i.c., small dry holcs or non-cchocs within lairly intcnsc cchocs. llow-
cver, thesc ccho shapes arc fecquently scen when no tornadocs arc present and torna-
docs [rcquently occur when the above ccho shapes arc nol scen.

The prescnee of a hook-shaped ceho in association with a scverce thunderstorm
is belicved by scveral observers to be a rcliable indication of the prescnec of a tor-
nado. Bigler (1956) described a scrics of radar obscrvalions in association with a
tornado that occurrcd ncar Collecge Station, Tcxas. llc was ablc to obscrve a com-
plctely developed hook before the tornado touched the ground. Although the hook ccho
appcars to bc a good posilive tornado indicator, many radar obscrvcrs have followed
the development of tornadocs in which no such cchocs were scen.  Frecund (1966)
camimncd the radar ccho signaturcs of 13 tornadic storms occurring ncar Norman,
Oklahoma jn 1964. lic found no dcfinitc radar signaturc common to all of the tor-
nadocs. llc concludces that the hook ccho might belong to a special class of tornadocs
and slatcs that thc classic hook mighl bc morc characicristic of the scvere storm
litcraturc than of rcal tornadic phecnomcna. Donaldson ct al. (1975) conclude that
no morc than half of all tornadocs, undcr the best of conditions, indicatc their cxis-
tancc wilth an unmistakablc hook ccho. 'I'his is bascd on their own cxpericnec and
information gaincd [rom olhcy workers in the ficld. Batlan (1975) slatcs that most
of the time the shape of the ccho is of liltle value in identilying tornadocs. In the
samc papcr he slatcs that Tong-lasling thundcrstorms cxlending to great altitudes and
producing intcnsc cchocs arc likely to have associated violent weather such as hail
slorms or tornadocs.

The intcnsily of a radar ccho is thus anothcr cluc to the presenece of a tornado.
Donaldson (1961) rcports that the cchocs from New kngland thunderstorms which
producc tornadocs arc morc intpn sc than the tornado-Ifrcc storms. If the clfcelive
rcflcelivily faclor is greater than 105 mmG/ m3 at an allitudc greatcr than 10 km as
sccen by a 3 em radar, this is a good indication in Ncw Kngland that the thundcrstorm
will producc a tornado. (The clfeetive refleetivity factor, = is (6h4oM)/(w6|k|2pl)3)
where M is the liquid watcr content with particles of diametcr D and density p. o is
thc radar cross scclion of the particles and ‘k‘z is a function of thc indcx of rcfrac-

tion conventionally taken as . 93 for watcr.)



The maximum height of the radar ccho associated with a storm is an important
signaturc. For cxamplc, eyclonic storms occurring in thc middlc latitudes have max-
imum height cchocs of 5 to 8 km. Thundcrstorm cchocs rcach hcights of 10 km or so;
hail storms havc cchocs up to 13 km in hecight while scverc storms with tornadocs
commonly have cchocs up to 20 km in height (Katz, 1975).

Atlas (1963) proposcs a mcthod of tornado dclcclion based on fluctuation
analysis bascd on radar rcturns. ‘The fluetuations arc duc to two or morc scatlcrers
moving in and out of phasc duc to the wind vclocity and the rolational molion. Iligher
fluctuation ratcs arc an indication of grcater wind spceds. According to Atlas, fluc-
tuation [rcqueneics greater than 2 kliz should provide a unique indication of a tornado,
assumijng a 10 em radar systcm. Such a delcetion sysiem would, unforlunatcly, rc-
quirc a pulsc rcpetition [requency of 4000,

The radar signaturc which, without doubl, is the most rcliablc mcans of
identifying the presence of a tornado is that which shows the characleristic wind
vorticily. Nonaldson (1971) makes the following slatcment: "Lornadocs and olhcr
damaging winds in scvere local slorms provide destinclive featurcs for their remole
identification by Dopplcr radar. Smith and Ilolmes (1961) demonstrated the capabilily
of a ew Doppler radar for dectcelion of a tornado, and Lhcrmilte (1964) considered
tcchniques for presentation of unique pulsc Doppler velocity patlcrns associated with
tornado vorliccs." Vclocitics arc most casily mcasurcd with a Doppler radar; mcan
wind velocitics arc delecrmined from the Doppler returns from the scallcrers carricd
by thc wind. Doppler vcloeily information is, of coursc, limited to that component
which is in the radial dircetion with respect to the radar sysiem. Tience, special
tcchniques arc required to obtain rolational informatjon with a single Dopplcr radar.
Nual Dopplers have been uscd for this purposc, but that tcchuique is nol adaplable
to a spacc platform, |

onaldson (1970, 1971) and Donaldson ct al. (1975) were succcssful in
devcloping a very cflcelive method for recognizing a voriex signaturc. ‘They found
a scanning Doppler radar has capabilily for mcasurcment of the tangential shear of
radar vclocily. This is delined as the gradicnt of the radial componcent of vclocity

in the dircclion normal to the radial veelor. ‘T'his lype of shcar is an indication of



vorlicity and its prescncce is dctcrmined by scanning the radar bcam in azimuth
whilc its clevation is fixed. Klevation anglcs belween 0% and 10° arc sclected to
obscrvc quasi-horizonial wind componenls at various hcighls within the storms.
Donaldson ct al. (1975) found that high shcar valucs generally were first found at
middlc altitudcs in a slorm and then progresscd downward.

They found that a shear valuc of 0,02 scc_1 provcd to be a rcliable threshold
crilcrion for identifying scvere storms. Storms werce characlerized as scvere if
thcy deposited bail with diamclers of 3/4 inch or Jarger and/or inflictecd wind damagc
by tornadocs or other mcans. T'hesc eritcria cnabled them to deteel all but three in
a scrics of 18 obscrved scvere sltorms and the critcria were present in only six of
morc than 150 nonscvere storms which (he group studicd. Brown ct al. (1973), Kraus(1973
a, b) and Burgess ct al. (1975) have madc usc of similar or rclated tcchniques using
a singlc Doppler radar to declcrmine rotational charactleristics of tornadocs and tor-
nado cycloncs.

Dopplcr radars have other advanlages over couventional radars: they arc
able to locatc a tornado vorlcx with greater preeision and, by suitable signal proccs-
sing, slationary ground clulicr can bc climinatcd making il morc fcasible to track

storm cchocs at shorl rangcs and ovcr hilly tcrrain,

IV. Doppler Radar Systcms

As indicalcd carlicr, therc appear to havc been fcw, if any, invcstigations
of the possiblc usc of satcllilc borne radars for the dcteelion of incipicnt tornadocs.
llowcver, Batlan (1975) mentions the idca and stlatcs that speeialized radars carricd
on satcllitcs should play a part in the identification of violent weather in futurc ycars.
lic belicves that rescarch on the usc of satcllites for the obscrvation of scvere local
storms and for usc in communication of forccasts and warning dcscrves gencrous
supporl. lic meniions onc cxamplc where a sirong vorlex was deteeted in the middle
lIcvels of a slorm arca about 23 minutcs belorc an associatcd tornado touched the
ground (with a ground-bascd syslcm). Dcteetion well before touchdown is, of coursc,
quitc important as a mcans of saving lives and minimizing destruction.

The most intensive and also the mosl rceent study rclevant to our objcetlive

was that pcrlormced by a working group asscmbled by NASA (Lyndon B. Johnson



Spacc Ccntcr). The group, approximatcly 70 in numbcr, mct at the Spacc Ccnler
in July 1971 to considcr the utilization of aclive spaccbornc microwave sysicms iu
application programs conccrned with obscrvations of (1) the Jand arcas of the carth,
(2) the occans and (3) the atmospherc. Our present intcrest is in the work of the
16-member pancl on the atmosphcre. A summary of this work appears in a papcr
by Isadorc Katx (1975) who was ouc of the two co-chairmen. The complele report
is conlaincd in the rceently rclcascd NASA rcport, number SP-376, cdited by R. k.
Maithews (1975).

The charler of the atmospheric pancl called for their investigation ol the
melcorological applicalions of a satcllitc bornc radar. The following applications
and objcctlives were considered feasible:

map maximum ccho hecights in rain to provide and indicalion of storm
intensity and rainfall production

tropical storms, sizc and location

mapping prceipitation and drop sizc speclra

height of the mclting level

surfacc winds

phcnomena associated with the formation of sca icc

cirrus cloud dcicction.

Radar types considcred for satcllitc bornc mctcorological applicalions
includcd a morc or less conventional pulscd radar, multiwavclength and dual polar-
izalion radars, a cw Doppler radar operaling at the (JO2 lascr [rcqueney (A = 10 um)
and a microwavc pulscd Dopplcer radar. 'The last syslcm appcarcd to have the most
potcntial and it will be discusscd in morc dctail later.

Both synchronous and low orbit satcllitcs were considered as possible
platforms for thesc systems. Kach had some advantages, but for scvcral rcasons
the lower orbit is to be preferred. A satcllitc in a near polar orbit with an inclina-
tion anglc of 58° and a hcight of 556 km was proposcd. Such a satcllitc would havc
an orbil period of 1.6 hours. With the anicnna bcamwidth and scanning arrangcment
proposcd, thc complete carth surface between 1 68° latitude would be covered cvery

12 hours.



The paramclers for a pulscd Doppler radar systecm werce developed by the
workshop members. It was cmphasized that the specifications were listed only as
an cxamplc of a radar syslem having a covcrage roughly cqual to that of cxisting
mctcorological satcllitc syslems. 'The sysicm specificd was considered to be a (airly
conventional Doppler radar. ‘The scleecled speeilications were nol proposcd as the
optimum but the pancl belicved that they could scrve as a takec-off pint f(or further
discussion and devclopment,

It should bc notcd also that the system was designed with gencral mclcorological
applications as thc objcclive and was by no mcans designed exclusively for the delee-
tion of incipicnt tornadocs. It is thc opinion of this writcr, howcver, thal the design
has many or most of thc characlcristics and capabililics that would be required for
tornado dclcetion. Sincc it may be difficult to obtain the nceded funds for a satcllile
bornc radar to bc uscd cxclusively for studying tornadocs, it may be prudent to have
as onc's objcelive a sysicm with two or morc mclcorological applications in mind.

The system paramcters arc scl forth in Table 4-VI of the Aclive Microwave

Workshop Rcport and that table is reproduecd here:

‘I'entlative Specification for a Multibcam Doppler System

Radar wavclength, cm 5.6
I’cak powcr (pcr bcam), kw 5
Avcrage powcr, w ‘ 100
PRF (slabilily bctlcrn than 10_/1), kilz 2.5
Pulsc width, usce 10
Aolcnna becamwidlh, deg 0.3
Bcam foolprial on the ground, km 5 by 15
RBcam nadir angle, deg 60
Grazing anglc, dcg | 20
Conical scan, bcam scan timec, scc 40
Satcllile displaccment during complete scan, km 280

Angular displaccment of the antenna beam during ccho

round Lrip, deg 0.13
Satellitc orbit polar inclined
(cont.)
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Satcllitc altitude, km ~500

Satcllitc orhit timc, hr 1.6
Satcllitc groundspeed, km/sce T
Forward-groundspced Doppler shift, kilz 200
6-d13 Doppler smearing (max), m/sce 35
Nonambiguous vclocily intcrval, m/sce 70

An additional specification, nol indicatcd in the tablc, is a rcquircment for
multiplc bcams; a 5 to 10 bcam sysltcm was suggesicd. With a single beam, the
scan ralc nceded to cover the desired ground swath docs not allow sullicient time on
cach targcl arca for thc radiatcd pulscs to rcturn to the antcnna. A parabolic rcflce-
tor antenoa is cnvisaged; it would be suspended below the satcllitc with its bcam at a
nadir anglc of 60°. A spiral scan on the carth's surlacc is obtaincd by spinning the
salcllilc and dish about a vcrlical axis as thc satcllitc moves forward in its orbil.

A swath width (pcrpendicular to thc orbit dircction) of 2000 km is obtaincd.

The bascs for the choiec of wavelenglh, becam size, scan ratc, pulsc rcpetilion
ratc, cle., arc discusscd in thc Workshop Report and that discussion will nol be
rcpeatced here cxecpl for a few comments. Onc of the most important considcralions
was to choosc paramclcrs thﬁt would providc Doppler information on the atmosphcre
with a minimum of contamination by ground or sca rcturn. The narrow beam (0. 30)
and proper rangc galing hclp to climinatc this problem and makes it possible to cllce-
tivcly probe the horizontal and verlical distribution of atmospheric targcets.

Another problem inherent with salcllitc bornc Doppler radar systems is duc
to thc high ground spced of the system (7 km scc—l). This causcs an undcsirably
large sprecad in the Doppler duc to the variation in rangc of thc metcorological largels
with rcspect to their position in the bcam. The spreading or smcaring of the Doppler
makes it impossiblc to oblain uscful mcterological dala [rom the spectrum width., By
using alrcady availablc signal proccssing tcechniques it is possible, howcver, to oblain
valucs for thc mcan Doppler. With thc mean Doppler dala onc can monitor mecan wind

vclocitics within a preeipitation system. Since the largel arca is viewed [rom two

11



dircclions as the satcllitc approaches and as it rceeedes, two Doppler velocity
componcnts can bc mcasurcd.

Another critical parl of thc system speeification js thc maximum usable
PRF. 'Thc workshop pancl rcporls that if the anlenna patlcrn is free of sidclobes
and with a grazing anglc of 200, the maximum time belween sucecssive pulscs is
100 to 500 uscconds. A PRF of 2000 11z placcs the forward Doppler in the 100th
ambiguily rcgion and in the opinjon of the pancl this would still allow discriminalion
bctween atmospheric and ground cluller specd with 35 m scc-1 or lcss Noppler
smcaring.

Kalz (1975) makes a 9 point list of the cxpecled capabilitics of a spaccborne
radar syslem in a low altitude orbit. A1l ninc points should bc considcred by thosc
who would dceide on the cosl clfcetiveness of such a system. llcre, however, we
list only the (wo capabilitics which would tend to inercasc our ability to delcel inci-
picni tornadocs. Comments in parcnthescs have been added by this writer.

1. Abilily to map thc maximum ccho hcights in rain to provide an indication
of storm intcnsity and rainfall production. (As slatcd carlicr, storm hcighls above
13 km or so almost always indicatc thc prcscoec of a tornado. )

2. Mcasurc horizontal molion within a storm syslcm. (This capability is to
a largc extenl made possible by the forward and backward look provided by the proposcd

system. Tnformation on radijal and horizontal wind motion should indicatc thc presenee of
a vorlcx and henec the cxislenec of a tornado. The possibilily of using the ""plane-
shcar indjcator" tcchnique devcloped by Donaldson and his collcagucs (Armsirong
and Donaldson, 1969; Donaldson, 1970) should also be investigated. With this scheme
it is possiblc to locatc quickly, at lcasl with a ground-bascd Doppler radar, rcgions
in a thundcrstorm ccho where circular motions cxist.)
Thc microwavc workshop pancl concluded that a Doppler radar operating at

a wavclength of 10.6 ym (CO, lascr [rcquency) had good polential (or melcorological

2
applications. Tt oflcrs an altraclive altcrnative to a 6 em radar sysicm in its ability
to deteel and resolve speed and location of cloud particles. Their report slatcs that

such a syslcm should bc ablc to survcy arcas of thc atmospherc larger than is
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possiblc with a microwave radar. Kurthcr, the 10 um wavclength radar would have
rangc and vclocily information in a single pulsc, scveral microscconds long, suf-
ficient to provide mcan vcloceily information at a much higher rate than can be had
with a microwavc syslecm. As wilth thc microwave system, usc could bc madc of the
rclurn as scen in both the forward and rceverse dircetion so that veetor wind dircelion
can bc delermined.

The possibilily of using a microwavc radar imaging system with a synthclic
aperturc as an altcrnatc to thc radar system with the very large antenna as specificd
in the above Llablc should be considered. 1ighly sophisticated imaging systcms have
been developed by the personncl of the Knvironmental Rescarch Institutc of Michigan
(KRIM) and othcrs. T.arson (1975) makes the following statcment: "Based on the
prescnl slate of the arl in imaging (or synthclic apcriurc) systcms it would appear
(casiblc to design a spaccborne velocity detcelion and mapping system (for tornado
study) having roughly the following capability:

1. vclocily rcsolution 1 mph

2. rangc rcsolution <10 m

3. azimuth rcsolution (in imaging modc) < 1 milc

1. rcacling limc: ncar rcal limc.

Thesc capabilitics would be hcavily influcneed by the data proccssing required for
the Doppler signaturc detcrmination and image-forming roles of the syslem. ‘T'he
cxient to which these capabilitics could actually be achicved would require a detailed

investigation, ™

V. Conclusions

In this litcralurc scarch, wc have found no rcporis of an investigation sccking
to determing the feasibilily of a satcllitc bornc radar tornado dclcetion system as the
prime objcctive. As indjcated in the body ol the report, we found numcrous reports
ot the usc of ground-bascd radars for the detcelion of incipient storms. Tn thosc
fcw studics which havc been made on satcllitc borne mctcorological radar sysicms,
very liltle atlention was given Lo tornado delection. We have cxamined, however,

scveral reports that arc quitc rclcvant to our objcetive.

13



Scveral reports have been revicwed which describe the cleelromagncetic
obscrvables associatcd with a tornado. Our cmphasis has been on thosc which would
bc the mosl rcliable signaturcs for an aclive radar sysicm. Of thesc the best arc
the rolational characlcristics of the winds, thce ccho heighl, the ccho intcensity and
possibly thc "hook' shapc.

‘The most complcte sourcc of information on a satcllitc bornec mcticorological
radar syslem which we werc ablc to find was the rceent report of the aclive miero-
wavc workshop pancl (Matthcws, 1975). Information [rom this rcport which appears
to bc most rclevant to tornado dctecelion is reporicd in some delail.,

Rascd on the advanccs madc in satcllitc load capabilitics and in advanccd
radar systcms, wc belicve that a properly designed spaccborne Doppler system would
bc a valuable tool for usc in the deleetion of incipient tornadocs. We have no esti-
matc of the cosl cffcclivencss of such a system. We belicve this could be cnhanced
by dcsigning a syslecm with two or three or possibly morc mctcorological applications.
Wc belicve also that in the design of a satcllitc borne microwave Doppler radar sys-
tcm, considcration should also be given to the inclusion of a 10 yum ew Doppler
sysitem such as was mentioned by Matthcws (1975). To cnhance the tornado delcetion
syslem, the satcllitc syslem might also include passive sfcrie dclcelion syslems
(Taylor, 1973). ,

Onc objcelion made to the usc of spaccbornc radars for tornado decteclion was
the undesirable length of time between sueccssive scarches of speeific arcas (Dennis,
1963). If thc systecm would prove successful and cost clfcetive, the time between
looks can bc rcduccd by a faclor of 2, 3 or 41 by adding additional satcllitcs in cor-
rcsponding numbcrs.

Wc quit again the rceenl statement by Battan (1975), "Rescarch on the usc
of salcllites flor obscrvation of scvere local storms and for usc in communicating
(orccasls and warning dcscrves gencrous support. "

Wc quolc also Dr. David Atlas (1975), President of the Amcrican Mctcorlogical
Socicly, in a prcscntation madce to the llousc Subcommilice on the Knvionment and

Atlmosphere at the AMS Conlcrence on Scvere T.ocal Storms, 23 October 1975, Norman,
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Oklahoma: ""Among all the obscrvation nccds, howcver, I am surc we arc in
unanimous accord with Profcssor Baitan (13atlan, 1975) who cmphasized the need for
and polential of remole scnsing techniques—cspceeially for Doppler radar—for the
unambiguous dcleclion and pinpoinling of tornadocs. llicre is a tool whosc time has
comc. With the cxecplion of a modest amount of applicd rescarch to detcrmine its
possiblc limilations, such as (alsc alarm and miss-ratcs, I bclicve it is rcady for
deployment. ... The phenomenal advanccs which have been made in remote scnsing
of clouds and tcmperaturcs [rom satcllitcs ovcr the 1asl 15 ycars indicatcs onc of

the mosl promising dircclions to take. "
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