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ABSTRACT

The Terminal Doppler Weather Radar (TDWR) system shall provide high quality
Doppler radar data on weather phenomena near high traffic airports. These data shall be
used in real time by automated TDWR algorithms to detect weather situations which
may be hazardous to the safe operation of aircraft within the vicinity of the airport.

One of the major factors which could cause the degradation of the quality of these
TDWR data is obscuration by "distant" storm cells. This obscuration is caused by
storms located beyond the range interval being sampled by the radar, yet whose radar
echo ambiguously folds within tlhe range interval of' interest. These range aliased echoes
could trigger false detections by the algorithms, and /or .ause actual hzAfuL~ ziituhli
near tile airport to remain undetected.

By carefully selecting the pulse repetition frequency (PRF) of the radar, range obscu-
ration from distant storms can be minimized over specified airport regions. This docu-
ment describes techniques for predicting the obscuration as a function of PRF, and de-
tails the criteria which shall be used )v the TD\VR system to automatically and adap-
tively select an optimal PRF in order to minimi ize these obscuration effects.
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1.0 Introduction

1.1 Range Ambiguities

T'he range Interval, R, . over whidi ( aa fronm a puils-ed radar may be collect ei i
biguouisk. Is eailY calcu lated I it' thle time between pulses. T. is knfown:. i.e..

-herte c s thle speed of ligh t.

Objects wih diwIe lc rd ~e on d i? _ but whichi miay he large enough too(nsi, tlt
I* hei ra mr edn wt \ill H n Ivppem- m at range les than or equal to I siii >tr~i

[it Fia-. 1-i. lit hi, 1-1a, three, -bjects. Iibe-lled A. B3. ani C. are*( each it-1 -m
tance tromi the rada it ecausie tli he atniitigo iterv:l1. T, is suffhcienik l-arna, tin.
I, nsI. o f A. [Ban 'i( ( an be1 ded uceil mnamihiguousiv 1'roin their returned ecitoe,~\ie
he a n Smlpiing, interval i-s sit lc rti eiiuced.ihowever, to say, tile cite, retutrn- -1 [B

ALnd U Lttnlbltotts'1 :v Iold Into the nlewl derivedl A',. as Seen in Fl. 11)
AII:iskii eecces ":iIa obviouly ' vi,,sct ri thle data~ which are being- coliectedi witibitt the, 1/. li
tr-f-l. 'I" deal exelsivelv with tile problem o-)Imnimizing range arnbigiim ,otii
Ine incen"sed tnt il1 its (rI'I.sPittiiitV, K Interval oneo-mlipasses the ranges or l it Il

3rd TRIP
2nd TRIP

00TIME (Range) TIME (Range)- .

ACTUAL LOCATION OF OBJECTS bt RANGE ALIASED LOCATION OF OBJECTS

Figure 1-1. Range ambiguities.

1.2 Radial Velocity Amnbiguities
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rcduelle(l veloei1tY which lies wvithin t he v,,IIItel \ I To (1( i *I ,ci.l with it Ih pr,'
A IliliilliziIIZ, radiil velocityv amiiiis, 7', woul he ""r'z~I li1 It- 11 1 i

lll trvVal Is su FwIfiintlv larg.e to enoII masI~11rs the raial(J \'(iti~ l I Al :lilIIp)Td > l .J.-' i-.
uinder linvest ItT5tioil.

1.3 Simultaneous Range and Radial Velocity Measurements

Certaini situlationis reqrlie the c ollectol iOf bol h t i llifil 111-Ws u :111d I

,-uis radial vocitY V easureienit. To u Ilt ancolislv uolel't l I v )e .,I dirt a. i

the onistraint oil a speciliedl r.'a wayeetigtlIt. tr adeolls is' cll ~I i ~h j \\11 i -eli

pl-is. -1 itiiI1valeintly the pulse repetition i'eijIeti(V of tIle ;a&lIr. reur;e 111illuiii I II
FI~z. 1-2 Thi-' gur plnts 1. vrPsuIs ", 1'r1 seCVOral t rad111 ir 1rr(I1IIci> ii .,il :I

(l11Z "-~ ru iII :1 ). (;dlz ( -Bi~m lm All ''Nai11 1)h0 -)I I h II(' ' lhIS a ir ' 1n s w

-1 1i .7)0 liz ( P, 90 kin is liiglhitredl to llR Irr t' 111 re Ilm t I miiIiJ

t I \eSloCu It v IIIt ervmulk. - - -11 fiI s and - 22 In S. Wlie 11r( 11idl m liml' I' - I IIV Im I 11

'Rmiud riud the ( -Bmnd r:i(Lmtr,repciel

100k 7 1 li

50 ~ 41 m s

22 S-BAND

20 3 Glz

C-BAND
5 6 GHz

5

4

3 PRF 1650

2

1 i I
10 20 30 40 50 100 200 300 400 500 1000 O

R,(km)

Figure 1-2. Simultaneous unambiguous Ra and va intervals.
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1.4 TDWVR Requirements

.4 icorig to A the TDWVR syst em shal operate at (Iatid, shall obtain data out to)
ranges of at least i8 n mi (8TO kmn anid shall obtan radlial velocity data fromn -1I) m s to
-r4O in. s. By referring to the Aov tigure, ome clearly sees that thle-se requirement s for
both unambiguous range and unamlbigiious radial velocity measurements can not he mnet
at C-Ban1d by simiple choice of' PR1V'

The TDWR contractor ha-s been inst ructed to prov ide ie tneans 1for autoian atlv
selecing the PR F "to in inize obscuration withIiin user speel ied range aimnuiti sectIors
due to on t-of'-trip weather echoes". The contractor has also been instructed th at
''hardware soft ware te('lin iques riiav be eniploved to nit igate t he effects 'A vetocit 1va ihis-
I ng to provide this mneasuremnent range (---10 In st"

Th is dot inien t (1evelops the PR 1, select ioni criteria t, be used by the LD\\R ss

to minimize range obscuration froni onntof-trip weat her echoes Sectwci 2 iti rd ce tic
TIMI\ Z airport cover-age regIons. aind thleu dlevelops. in Lii r stp.ilie futidamnen t a 'i-
Cepts of' the IZV~ select ion process. Thiese steps involve fi rst iI( lie ilit ificat ion ,I' the I>
taut weathelie seco~nd, the assssitiett X obseirat ioi whiich will be attribuited to, the dis-
tant weather: third the skele'n i 4 the PlF valius: and fun Ii. the gencrat n (A' in A
- curat ion mnap. Seciion 3 dieline> the 'di-cuiiration tnnInIIIIIIati 'n cnitria w hicli lead> t' thc
I'M 1 selectioti. Sectin I discuis ,es the ltw r ralizat ii -'I an auhi1i Iufed iid adaptive
alg-orithmn which is -urrctitly lweutu Itstel o'r ti hsuaiunitigat ion task. id
Iii I -oii-cluiies the rep,.rt.

3



2.0 Statement of Problem

2.1 Required Airport Coverage

Two regions abont the aiirp~ort hav'e been denlt ihil Mhich ll In 1wt Li' :m III,,'
TD\%R systemi 'or the occiirrence of* hazardlous went her. nnuiel. i' tit- iii us? tr'& i

(also calledi t he iazar(Ions wind sh Ilt region) and t ilie gust 1'ront rg'n\s -1 wr'ili'd1 Ii

2. the microhuirst region is contaiinedl within a 6i tiiii (11.1 ki i:idjiiis :dle il( tie l-rt,

anld is that region in Mhuch the aiitornatedl TMVWR irobirsi t(lilt licti, 'iio t liii

will operate. The auntomrated gust 1rolit algorithin %kill 'ierate Li (it si \\ll iih lin' I..

collctedl withini a -10 rimi (71.1 kmIn radiuis 2 about the airp)(rt Tli--' :ir', Il!o' ro Isli
which it is, of' ujtmost imiFortaince to, eitslre tlinit the iwghest is 'ssil S ju lit , 4 d 1:1: 1-
collected. WVithin (lte scoeIo t li.s report. these ire to' regills liiwi IltllllitillS'' il
effec~ts of' range obse n ration i'ro)n lit\ ent her.

'Th m1t, inimlizationl strati'gv is based onl theiltu- p iou :) th T I H ll)\l oh l \ uill
tY1 picl lv h Y e Vi':tted ap p)roxiiatele 15a k lit ol-ip i i 11 Ii' -;t 1:il h d If 'l .ii nol,- i
itiore thain ,ic l'I'' aliii' Aclordling to 2 . t( i'I)WH vsiNi slt ill :1 lIt '- 1101 il[I litY

I )op1) ) 1c r lat~i ulsing : 1 W whI. itch iil i'i't b en liosill 'r'tii :I et I .)t ''uiiie '?

% -tig es [iitra lr[
1  

'olislst f nioe i ii ii'ti n lg ilir l nl i I' h ic '' ll ill 'tiltI

wiHF te po r li i 'l \ 'I it lciii'gi 5 kili'l wiitJ lii. liirt is ii, liilIl,- 51 V '.

2.2g Dnerfiniti of t Disan, Weathrnc (t t)u:trlht 3kl"Ti\ili;it

i2 ill( ti iIillih km. o ll nis) Oii ri ,i'it isuiv'ip' l l t, . il'ilc ix A ~ ' 11- :l ~I1% 1

I st1 1It wa) ,I l r h al i.' I 1:1 c uIi'liiii'd I xk v Ii t Iit il r I- I I r it, I Iul i I ll Oslt i

I i )it (. Ii ,i ) i t 11g I': k ~ c t 111 11 1 1 1 : 0 It it z i i ii I ) I SIIIer I it I I I ' I I I I , II-

dI , i .I I t I Y r i [It/t is ,braI t t I IIt Il I 2 I Ei '4%i i :I h c r 1 ;I I It Iv I IIIr t

Aiirthiti g t I ipri ,f iiic ti'I %,e illi'tc i'v 1i' ;illiits ib it l'I l-

21N rin i" 16 kn ). Fli, r (Iiiiein rit i lr~ I,)w(Iit



2.3 Determination of Obscuration

Once distant weather has been identified, obscuration from this weather to those
areas which were specified in Section 2.1 canl be determined as a function of PRF value.
This calculation is illustrated in Fig. 2-1. Figure 2-1a first shows range from the radar
versus some hypothetical set of PRF values. The curve labelled A illustrates the upper
bound to the unambiguous range interval associated with each PRF value. Clearly, as
the PRF value increases, the corresponding unambiguous range interval decreases. The
subsequent curves on this figure bound regions from the radar which would fold into the
unambiguous range interval on 2nd, 3rd, -4th, and possibly even 5th trip, depending on
the selected PRF value.

As an example of the use of this graph in assessing obscuration as a function of PRF
value, refer to Fig. 2-lb. Assume first, that a point located 25 km from the radar is to
remain free from out-of-trip range obscuration. If a storm, once again a point target.
were identified 200 kin from the radar, its 2nd trip return would fold onto the location to
be protected if a PRF of S.57 Hz were to be used. Its 3rd trip return would obscure the
location if a PRF of 171-1 lz were to be used. Very simplistically, if either of those PRFs
had been members of the TDWR "predetermined set" of available PRF values, they
would not be seilected for subsequent use. This example merely introduces the concept of
obscuration avoidance. Since storms are not point targets, and since regions rather than
points about the alirport Must be kept clear, the process of obscuration avoidance be-
comes more complex, as will be shown.

500 P
FURTHEST EXTENT FURTHST EXTENT

FOR DISTANT WEA THER FOR DISTANT WEATERA BOUNDS UNAMBIGUOUS
400 ERANGE
40 E B BOUNDS 2nd TRIP

D DC 3rd TRIP
3 D 4th TRIP300 E 5th TRIP

B 25 km "
o 200 B 25km (Distant Weather at 200 km

u. A Folds Onto Region 25 km

W_ 100 A -77 1from Radar if PRFs 857 Hz

z or 1714 Hz Are Usedl

800 1200 1600 2000 800 1200 1600 2000

PRF VALUES (Hz) PRF VALUES (Hz) ,

al RANGE AMBIGUITIES vs PRF bi EXAMPLE OF USE

Figure 2-1. Ohscuratton vs PRF value.



2.4 Minimization of Obscuration

Using the low elevation surveillance scan, the TDWR shall periodically identify all
distant weather. In a manner similar to that described above, all PRFs which would
cause obscuration in the two hazardous weather identification regions are then deter-
mined. At the completion of the identification and obscuration assessment portions of
the procedure, "optimal" PRFs are selected for subsequent use.

Ideally, there exists a PRF which results in no obscuration for the microburst region.
and a PRF which results in no obscuration for the gust front region. Practical experi-
ence ha demonstratled that this situation rarely occurs. Obscuration of some level will
typically exist no matter what PRF is ultimately selected for use. The PRF selection pro-
cess must include a means to assess "level" of obscuration, and then choose that PitY
which shall result in the nininimui level of obscuration. The minimization criteria to be
used in the TI)W Ptt selection process is described in Section 3.

2.5 Prediction of Obscured Regions

Once tihe opt iml I'R's have been selected. any' areas within the two hazardous
weather regions., which will subsequently be obscured by range aliascd echoes, must be
identified. This ,I)sicuration inforiition shall then be made available for use by ithe ha-
zardotis weather identification algorithms. The goal of this particular effort is to reduce
the possibility iof false alartis being triggered due to the of known range :liased
data. A perccivcd r:rdial velocity shear of suficient strength to cause the declaration ofI hazardous wevathcr event, for examlple. mnat in fact, be due to the mixing of radial velocity\

itoinfrnrtion from tmo different sourrces; i.e.. an out-of-trip source with an iii-trip sonurce.



3.0 Obscuration Minimization Criteria

As was indicated, rarely does a situation exist in which the selected PRFs wvill result
in totally obscuration free regions. Some degree of range obscuration will almost always
exist within the hazardous weather identification regions. Where, within these regions.
this obscuration falls is the concern of this section. Clearly, certain areas within each re-
gion should be considered more important than others to keep free from range contami-
nation. Priorities of protection are therefore assigned to various locations within each of
trhe two primary regions.

3.1 Locations of Interest

3.1.1 General Areas

One type orf'i orrmation that Is to he computed by the PRF algorithm will proile
the amount of' out-of-trip obscuration by distant storm cells as a function of PRF value
for each of thle two general regions to he protected. This obscuration could be due to
2nd. 3rd. and possibly even 4th or 5th trip distant weather foldover (see Fig. 2-1).
depending onl the location of' the dlistant storm(s) and the PRF usedl. Thle total area of'
Obscuration whiich woul b( e attributed to each available PRIF value in these two general
rev ins,, is to be cAlculated and retained for subhsequent tanalvsis.

3.1.2 Meteorological Areas

Hange obsen rat ion avoidance is to receive speci-al att en tion Onl those areas whicli Ihave
been identified ats eit her cuirren tly experiencing h azardlous weat her act ivity (e.g.. micro-
b)urst" 0rv gust rron ts( or possessing the potential to (levelol) in to hiazardlous weayther ac-

vit~ e~..conltaining a microbiurst uipper- or nilievel featutre). These conitinually
(litgrgarea's shall be fperiod ically reported to thle 110' select ion algorit Itii froin 'ariotis

nltutcorological alorlit Ii nis witfi in thle TI) vst cini. Thle total areai of' obscurationl over,
locse mneteorologically iden tilied areas shall therefore he caicti faed aind retaitied for sit-

setlf it anlsts, for each of thet two reg-ioiis of interest.

3.1.3 Runway Areas

li1kewis-e, range ob-,icurat ion avoidance is to rceive s peeilI at te('ntion on anctive airport
thu way' areas, and uipl to 3 ilies (4.8 kilt) away from rnnway t i resftold-s along the ext end-
ed rnwax ccli erlitte. Thiese areas are site specific, anld maY petiod icallv '-Change. (fefiett-
Ing ittl w illi (ft avalable nt ii waYs ;ire tirretilv be(inig tisis by imp rtafic, and which :lre
cit t-reTitlvY closed P~rovisions shall tbIereforc he iatfe wit hut the P~~I'F :ilorini to corni-

1)11th tifle tota area )f ofbsctiratio Ott ovr t iese rtinwav- are .- for each1 of tihe two re'gions of
intecrest.

3.1.4 Meteorologically Active Runway Areas

It is of ut titlost *1ii f)Ctmaice to ensure thfat any locatitoin which ts directly onl t he rtiti-
Ways antd wich is, experietncintg or about to experiecte :t potentially fiazardfous w~eatlher

event he k ept, clear of' attY coittant mat ion dute to ouit-of'-t rip weatlher. (This loeat ion
would be thle initersect iont of' the two areais initrodutcedf in Sect ions :1.1.2 it 3.1.3.) Corti-
pita Jttiotis are' to Iw tutmtdt witin f iie l?FI afgorlitni to defermutlue ti ltot if area of' suchl



occurrence as a function of PRF value, and this information is to be retained for subse-
quent analysis.

3.1.5 Miscellaneous Areas

On rare occassion, a TDWR system may be situated in an area in which a second air-
port must be occassionally covered. In the event of this occurrence, it shall be possible
for the PRF algorithm to determine obscuration as a function of PRF for specified re-
gions about this second airport.

3.2 Selection Criteria

Information contained within the obscuration profiles associated with Section 3.1 will
be combined to arrive at the optimal PRFs for use in the two regions under investiga-
tion. Ideally, all obscuration profiles for a region would achieve a minimum level of ob-
scuration for the same PRF value, yet experience has shown that this is rarely the case.
In the final determination of optimal PRF values, priorities must therefore be established
which give the relative importance of obscuration minimization in each of the various
areas introduced above.

3.2.1 Priority 1

It is of highest priority to minimize the area of obscuration on any portion of an ac-
tive airport runway which has been identified as either experiencing, or perhaps about to
experience, a hazardous meteorological event. This area of highest priority was intro-
duced in Section 3.1.4.

3.2.2 Priority 2

The second highest priority shall be to minimize the area of obscuration on all active
airport runways (those areas introduced in Section 3.1.2). This minimization, however.
shail be subject to constraints imposed by Section 3.2.1.

3.2.3 Priority 3

The third highest priority shall be to minimize the area of obscuration over meteoro-
logically identified areas, i.e., those areas introduced in Section 3.1.3. This minimization
shall )e subjeetr to constraints imposed first by Section 3.2.1, and second, by Section
3. 2.2.

3.2.4 Priority 4

The fouirth and final priority shall be to minimize the area of obscuration within the
general region nder investigation. This area was introduced in Section 3.1.1. This
rn inimization shall be subject to the contraints imposed first by Section 3.2.1, second, by
Section 3.2.2, and third, by Section 3.2.3.

3.2.5 Statement of Selection Criteria

I sing these est ablished minimization priorities with the available obseuration profiles.



it is now possible to state the PRF selection procedure. This selection procedure is per-
formed for obscuration profiles within both the microburst region and the gust front re-
gion.

The selection process first identifies a set of PRF values whose subsequent priority I
obscuration level falls within an "acceptable" limit. From this set, priority 2 obscuration
levels are examined to arrive at a subset of the previous set; i.e., a set which contains
PRF values whose priority 2 obscuration levels fall within a second "acceptable" limit.
This process is repeated until a fourth "acceptable" set is determined. From this final
set, the optimal PRF is selected. In order to achieve the highest. Nyquist interval, the
highest PRF value within this set is selected for use. This can also be stated in terms of
set theory notation as follows:

Let

region, be the previously identified microburst region
region.: be the previously identified gust front region.

For i-= 1, 2 let

Pti be the total priority I area
P2, be the total priority '2 area
P3, be the total priority 3 area
P-t/ be the total priority -t area.

Further deline

1li a. tIe set of obscured areas of P1,.
1P2, as the set of obscured areas of P2,
P3,. as t he set of obscured areas of P3,
P1i:i,. a; the set of obscured areas of P- I.

let the predtermin I set of all "FI)\VPz PRF values be represented as PRF and
lefine two sets, PRFJ and PRFu. to be equal to the set PRF i.e..

PRF = PRF, = PRF,,.

(omntilt: We will select the IRI+F for the niicroblrst
region from PRFI and the PI? F for
the gist front region from PRF,.

Consider funtis f, . gj , h,. , and I, which nap PRF, into
01, 0, 1.1, , and P1-, respectively, according to the following notation:

fi (P[?'.j = I;10

h i (111[F;j) = l3',j
1I, (P R F #j) , I 1 ,



where PRFj is any arbitrary element of PRF,, and P1i, , P 2 , P-3 , and P 4,,
are elements of P1,- , 1P2• , 1P3, , and F4. respectively, and represent obscuration
at PRF, .

Let min i be defined such that

mini - fj (PRF1 ) for some PRFjk in PRFj , and
min Ii  f, (PRFjj) for any arbitrary PRFjI in PRF,.

Comment: PRFjk is that PRF within PRF, which
minimizes obscuration within the priority 1 area.

Let parti be a pair of site adaptable parameters, and define the set PRF' such
that PRF' C PRF, and for any arbitrary PRF, in PRF,

fj (PRF,,) : minij + par 1.

Comment : The set PRFi' is all PRFs within PRF,
whose obscured priority 1 area is
within parli km 2 of the minimum.

Now let rnin2j be defined such that

mn 2i gi (PRFj,) for some PRFj, in PRFI , and
min 2i g, (PRFjP) for any arbitrary PRFP in PRF'.

Comment : PRF,, is that PRF within PRF! which
minimizes obscuration within the priority 2 area.

Let par2i be a second pair of site adaptable parameters, and define the set, PRF,"
such that PRF' C PRF', and for any arbitrary PRFjq in PRFi",

g, (PRFi,) min21 + par2,.

Comment : The set PRFi'is all PRFs within PRFi'
whose obscured priority 2 area is
within par2i km 2 of the minimum.

Let min3j be defined such that

min3i = hi (PRFj,) for some PRFj, in PRFi', and
min3, hi (PRFj,) for any arbitrary PRF., in PRF'

Comment : PRFj, is that PRF within PRF"which
minimizes obscuration within the priority 3 area.



Let par3 i be a third pair of site adaptable parameters, and define the set PRF"'
such that PRFi" C PRF', and for any arbitrary PRF, in PRF"',

hi (PRFt) <_ min3, + par3.

Comment : The set PRF"is all PRFs within PRFi'
whose obscured priority 3 area is
within par3, km 2 of the minimum.

Finally, let min4i be defined such that

min 4, 1i (PRFj.) for some PRF. in PRF!", and
min4i <i (PRFi,) for any arbitrary PRF, in PRF'

Comment : PRFj. is that PRF within PRF'."which
minimizes obscuration within the priority 4 area.

Let par4j be a fourth pair of site adaptable parameters, and define the set PRF,""P
such that PRF"" C PRF", and for any arbitrary PRFW in PRF ".,

1i (PRFij) < 7nin4j + par 4j

Comment : The set PRF'"is all PRFs within PRF'"
whose obscured priority 4 area is
within par4 km 2 of the minimum.

Let PRFj be the optimal PRF values for regions I and 2. where PRFj are ele-
ments of PRFi"" respectively , and

PRFj > PRF,, for any arbitrary PRFi, in PRF"."

Comment : PRFj is the highest. PRF value within the
set PRF"'



An example to illustrate the selection process appears as Fig. 3-1, using four hy-
pothetical obscuration profiles.
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4.0 Sample Software Realization

4.1 Software Overview

An algorithm which automatically and adaptively selects PRF values has been imple-
mented in software, and is undergoing real time tests at the FAA TDWR testbed radar.
This testbed radar is currently located near the Stapleton International Airport in
Denver, CO, and is being used to test and exercise various TDWR concepts and algo-
rithms.

The first operational version of the PRF software was developed to minimize obscu-
ration over the total hazardous weather identification region under investigation. The
second version of this algorithm, which is currently operatioal at the radaur site, was up-
graded to include obscuration minimization over the Stapleton runways. The third ver-
sion of the algorithm is under development and will incorporate obscuration avoidance
over meteorologically defined regions; i.e., will minimize obscuration according to all cri-
teria specitied in Section 3. Plans call for this third and final version to be implemented
at the testbed radar prior to the spring of 1988.

Thw algorithm was written in the FORTRAN 77 programming language. and consists
of ap)roximately 1000 executable lines of code. It cycles in real time at the radar site.
and is capable of providing the PRF values used in routine data collection activities. It
requires I to 3 C'Pt. seconds on the real time site computer. a Concurrent model 3280. in
order to process the data from the distant weather surveillance scan. The variation in
CPU time is (ireetly related to the amount of distant weather present,. and thus the
amount of obscuration assessment that must occur. The surveillance scan and subse-
quent PR" selection process are conducted approximately once every 5 minutes.

The top level flow diagram of the software appears as Fig. t-1, where dotted lines in-
dicate anticipated upgrades. The code was developed in a modular fashion to make up-
grades easily accomplished.

4.2 TDWVR Testbed Preliminaries

The TDWR testbed radar is .q-Band. and with one exception. operates at PRFs
between 700 and 1220 Hz. (The increased likelihood of radial velocity ambiguities at, C-
Band will undoubtedly require the TDWR system to operate at higher PRF values than
are currently used by the testbed rad ar.) In support of the PRIF algorit hin, the test bed
radar conducts a low elevation, full 360 (leg, distaint weather surveillance scan at a PRF
of 350 Hz. This enables unambiguous range measurenients out to a range of approxi-
mately .125 kin. For the analysis which follows, it was assumed that the radar may
operate at any integer valued PRF within the available set, (700 to 1220 lz), and selects
the "optimal" accordingly. (The TDWR system is not required to )rovide this full re-
petoire of values, but rather to ensure that the available set provide the al)ilitv to move
distant weather about within the region of interest, in range increments of no greater
than 3 km.)
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Figure 4-1. Top level flow diagram for PRF algorithm.



4.3 Performance Examples

Three examples of the performance of version 1 and one example of the performance
of version 2 of this algorithm are presented in this report using data collected during the
summer of 1987 at the Denver testbed site.

4.3.1 Case 1: 12-13 June 1987

From 1620 UT (universal time) on 12 June to 0128 UT on 13 June, 28 microbursts
and 4 gust fronts were recorded by the testbed meteorologist and operators who were ob-
serving the real time radar displays. (Local Denver time is 6 hours less than universal
time.) This early summer storm clearly represents the type of situation in which it is of
utmost importance to ensure that the data being provided the meteorological algorithms
are as free as possible from range aliased contamination. Otherwise, when humans are
no longer in the loop. (as will be the case for TDWR operations) the fully automated
detection of these hazardous weather events may not occur.

Figure 4-2 illustrates the changing distant NN-ather situation over the course of the
12-13 June data gathering interval. (The strong reflectivity which is observed to the
west of the radar site is attributed to clutter from the Rocky Mountains.) As can be
seen. small storms began to form about the area. They increased in number and volume.
and moved in an easterly direction. These small, isloated storms eventually merged into
several concentrated masses that appear centered on the Kansas and Nebraska border,
at a range of roughly 220 km from the radar site,

During the surveillance scan, the PRF algorithm examines all distant, range cells.
(For this analysis, a cell is defined to be a region 1-deg by 2-ki.) If the signal strength
within this cell surpasses a site-dependent threshold value, it is declared to be a distant
weather cell, capable of causing in-trip range obscuration. For version I of the algo-
rithm. those PRF values which would result in 2nd. 3rd, and possibly even 4th trip ob-
scuration from this distant, storm cell are calculated and subsequently recorded. After
completing the surveillance scan. the number of obscured in-trip cells in the two hazar-
dous weather identification regions for each PRF between 700 and 1220 Hz is available
for further processing. (The gust front region is approximated as being within 70 km of
the radar site, and contains roughly 12000 cells: the microburst region is approximated as
being within a specified 120 deg sector, within 40 km of the radar site. and contains
roughly 2000 cells.)

An example to illustrate obscuration assessment and PRF selection appears on page
17. Figures .l-3a, b and c are all enlargements of' the storm region identified at time
01:06:49 UT in the lower right, hand corner of Fig. .1-2. (This storm lies outside the sec-
tor which affects the microburst region: thus gust front PRF selection will be demon-
strated in this example.) These three figures illustrate the portions of the distant storm
that will fold into the gust front, region on 2nd and 3rd trip for three PRF values. The
obscuration profile for the gust front region which is computed by the PRF algorithn l'or
this time is illustrated in Fig. 1-4. From the information contained in this profile. ver-
sion I of the PRF algorithm selects that P1F value which minimizes (to within some ep-
silon) the number of obscured in-trip cells. For the example cited above, a PRF of 1066
llz was selected for subsequent, use. Referring to Fig. 1-4. a 1066 tlz PRF will resut in
approximately 225 ohscure(d cells. These are illustrated in the obscuration map (Fig. .1-5)

17
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which is the final output of the PRF algorithm at the time in question. This obscuration
information is in complete agreement with the situation presented in Fig. 1-3b

For completeness, Figs. 4-6a and b illustrate sample obscuration profiles for the mli-
croburst and gust front regions, respectively, over the course of the 12-13 Jlune, data
gathering interval. The times and the PRF values which were selected by version I of
the PRF algorithm are identified on each profile.

4.3.2 Case 2: 2-3 July 1987

On 2 July 1987. a storm of mesoscale proportion developed around the Denver area.
17 microbursts, 4 gust fronts, and a tornado were detected on the real time radar
displays by the site personnel. (In addition, several of' these hazardous weather events
were visually spotted by the team.) The data gathering interval lastJd from IS54 ('T
(July 2) to 0-436 lT (July 3). Examples of the reflectivity profiles for the duration of this
data gathering interval appear in Fig. 4-7.

S ample obscuration profiles for the 2-3 July event for both the microburst and gust
f'ront regions are shown in Figs. -1-8a and b, respectively. These profiles clearly illustrate
the evolution of' the storm. The earlier profiles show only a minimal level of' obs'urat on
as the storn is forming. As time progresses and the storm builds, the nobscuration
profiles likewise build. The storm eventually passes outside that area which woul d cause
obscuration to tie microburst region a fact %hich is reliected as the microbturst obscura-
lion profifes are seen to subside. The storm remains, however, within the area afhectiljg
tie gust front region throughout the duration of the data gathering interval.

As seen in Fig. 1-81b. at approximately 0118 UT, a P1?F of' 708 liz was selected 'or
use within tie gust front identification region. (The prevailing distant weather situation
at tile time in question appears in the lower right hand corner of Fig. 1-7.) As seen in
the )118 t T obscuration profile. obscuration increases almost linearly with P UIF a Iluc.
'igures 1-9a and b illustrate obscuration asessnent at tile two Pl- I" extreties: i.e.. when

obseuration is minimized (near 708 Hz) and when obscuration is maximized (at 1220 Ifz)
Approxim atelY 00) cells are predicted to be obscured wMhen the 708 liz PRIF is used.
This obscu rat ion is identified in Fig. 1-10, and is clearly supported by the infornation
presented in IFig. l-a.

4.3.3 Case 3: 15 August 1987

.o hazard(ous wind shear events were detected during tilie (h:t;i g:tri oring ;t viti's of
IS Auguust. Mluch timne was spent, at the test.hed site o- thai dv. however., checking out
and v'rifyig the output from the PRF algorithm. This day was therefore' saltcied ',,r
i clol, 'iim in this report.

l'igure I-I I illiustrates the distant weather sit uation which existed oti 1S August.
Typi;l of' stori activity aroiind the Denver area. snuall storm cells began to develop to
the tiorthwest of the testtbed site. These cells gradually in,-rea.sed in strength and drifted
to the v:ast l"iglu re I- 12a and b iluist rate exam pies of t Ie o)sui r ut ion f)r, i h's o'r this day
for the mie'roburst and gust front regions, respe't ively.
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Obscuration assessment at time 2003 UT for the microburst region is illustrated on
page 25. The prevailing distant weather situation at this time appears in the upper left
hand corner of Fig. 4-11, and three enlargements of the storm region at this time appear
as Figs. t-13a, b, and c. As can be seen, only a small portion of this storm would fold
into the microburst identification region if a PRF of 700 Hz were used. The entire storm
would obscure the region if a PRF of 850 Hz were used. Negligible obscuration would ex-
ist if a PRF of 1220 Hz were used. This information is clearly reflected in the obscura-
tion profile. Fig. 4-1-1, which is computed by the PRF algorithm. (Version 1 of the algo-
rithm selects 1220 Hz as the "optimal" PRF.)

4.3.4 Case 4: 4 September 1987

Version 2 of the PIZlF selection algorithm treats obscuration minimization specifically
over the Stapleton runways, in addition to obscuration minimization over the general re-
gion under invtstigation. Version 2 was recently implemented at the testbed site, and
data which were collected on I September were selected to illustrate sample output from
this upgraded version. Figure 1-15 illustrates the distant weather situation over the
course of' I Sej)tember. 5 microbursts and 3 gust fronts were recorded by testbed person-
nel to have occurred in tile vicinity of' the radar on that lay.

At the completion of the surveillance scan, version 2 of the algorithm computes two
obscuration profiles for each region. The first profile identifies specific obscuration over
the St:apleton intlnwavs ai a funetion of PRF value, and the second identifies general ob-
scuration within he rvgion a.-s a ajction of PRF value. Examples of' these profiles and
the subsequent PRF selection Irom thes,, profiles appear on the following pages. (Profiles
Labelled A denote obscuration over the Stapleton runways (and 3 mi beyond), and
profiles labelled B denote obscuration over the general region tinder investigation.)

In a manner similar to that introduced in Section 3, the PRF algorithm firstr deter-
mines an "acceptable su bset" of PRF values. Since it. is of higher l)riority to minimize
obs!curation over the runways, this subset of PRF values is that, which results in minimal
levels of obscuration speciicallv over the runways. The general obscuration which is as-
sociated with this subset of' PRF values is then examined. Those PRFs within the first
subset which result in miniimal levels of' profile B obscuration are determined, thus form-
ing a revised "acceptable subset". The highest possible PRF value within this revised set
is chosen for -;iths-e t"ient

Figure -1-16 illu,,strates the distant weather situation on ,1 September at time 18-19
UT. Figure .1-17 details PRF selection for the inicroburst region at this time and
presents the predicted obscuration map. Figure -1-18 is a similar exercise for the gust
front region. Figures -1-19 through 4-21 duplicate the events that were illustrated above
at another instant in time (2022 UT).

The PRF values that are produced by the algorithm are automatically used during
!ubsequent scans at the testbed radar site. Data collected on these subsequent scans can
therefore be used to verify that the predicted obscuration did indeed occur. This final
step completes the algorithm verification. Figure 1-22 illustrates the reflectivity and ra-
dial velocity data that were recorded in the gust front identification region when the
,lected PRF was used. The distinctive long and narrow signature of the range aliased
echoes are seen to occur as predicted.
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Figure 4-16. Distant weather at 1849 UT
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Figure 4-17. Microburst region obscuration assessment at 1849 UT

41



400

A RUNWAYSU)350 - Bj B 
= REGION B

-jI
300 - 3 PERCENT OBSCURED

a
U RUNWAYS RADAR
m 25,-

(A 200 -

0
u. 150 - PRF 760 KEEPS

RUNWAYS 70km
i 100 TOTALLY CLEAR

UO 1300

D 50 A-

N 700 900 1100 1300

PRF VALUES (Hz)

a) OBSCURATION PROFILES b) OBSCURATION MAP

Figure 4-18. Gust front region obscuration assessment at 1849 UT.

43



REFLECTIVITY
dBz

65

-35Vie--

-5
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5.0 Conclusion

The future Terminal Doppler Weather Radar system shall automatically identiFy It-
zardous weather phenomena near high traffic airport regions. The TDXVR system rnusil
ensure that the data used as input to the identification algorithms are of highest possible
quality. Obscuration due to ambiguous range foldover from distant weather can serious-
ly degrade the quality of Doppler weather radar data. The TDWR system must therefore
make provisions by which to minimize the amount of range obscuration due to distant
weather.

The specification 'or the TDWR system calls for adaptive and selective PR. p'-
cedures as the means by which to minimize obscuration due to ambiguous range fold,. v,r
The procedures and the criteria for the selection of PRF in order to accomplish this t Ak
have been specified herein. Procedures have been defined by which to identify distant
weather, assess obscuration which would be attributed to this distant weather as a func-
tion of PRF value, select that PRF which minimizes obscuration according to specifed
criteria, and finally, provide a means by which to flag any regions of anticipated obscitri-

t ion.

Tlhis document demonstrates that range obscuration for a Doppler weather rad:tr (:I
be minimized in real tire exercises according to the procedures specified above. An d-
.orithrm is being developed to satisfy minimization objectives, and is currentlv undhlr.,
ing real time tests at the TDWR testbed radar in Denver, CO. This algoriin \\t:s in-
troduced in this docum nent,, as were examples of its performance during a variety of dt:t
zat hering exercises condclted di ring the su mer of 1987.
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Appendix A Distant Weather Considerations

Appendix A of this report is to develop thc TDWR requirem~ent whichl spIecifies that

reflectivity measurements be obtained out to a maximium rarnge of' 160 kml. Ibis require-

ment supports the PRF selection algorithm during the distant weather identification por-

tion of the analvsis. NWithin the context of this report. .160 kmn bounds, the fuirthes,-t range
extent which mn'ust be examined for the occurrence of distant weather........ill he

dleveloped, this value has theoretical Justificatioti as well as operational justihecationl.

Reflectivity measurements out to the 460O kmn maxim urn range will be mlade during
the distant weather surveillance scan. These mea-suremients are madle in order to ch arac-

terize the p reva ilinrg distant weather situiion. The s.canl Itself is cii dud eel at a, low

elevation an 17)le (onl the order of I (leg). Due to the curvatu re )f thet earl I. A con1stanlt

elevation scan will ob~serve stormis at varying altitudes along the raY pathI. TPhis Is illus-

trated in Figure A-1, from '5. Here, heighit abhove the surface is; showii as a, fu netion of'

Eart h arc dIist ance. wvith ray p atlhs Illustrated for a varlet ' of elvvttion a ii gles. ( R frac-
tive effects (fle to the atmosphere have been Includled inI the derivat ioll ,,f thlese lplots.
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Figure A -1. A re distance vs altitude.

(1liracterist ics o~f storms- which maxv he blservcdl a> dist ulit \ (-eat ll ;11.( Owtn t-

ine(1 1o (leteriflie what ty.t,.pes of storntis will be observed :ligthe laY Imth of thle rahdir.

lii 61, the altitude and reflectivitY profiles of' ,IN cLisss'es (4 tom 0' NVa-liig iilestcltv

ire, examuinedh over tIne, with class I being a1 siml)e suiiniie aiher and)( 6Is h ell)"
a thiunderstormi of tornad ic p~roport ion. Figure A\-2, f'rorin G . slicciliciIv lYis 1.Irates soeine
o)f the Iintdings of that. report.. H ere, typiical growlIi pat1tern-is'f tilt- val oils class'es of

stor i are seen to evolve over trinie. sflirt her ilisetissd nIII h le At it id, chimiraceris-
tics of this profile are expectedl to vary S"Iruwhl1 f' r I 1'-iltl eg~hi oa is
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By combininig information in the previous two plots, characteristics of weather which

may be observed at different ranges from the radar can be determined. Of particular in-

terest is any significant storm which may be located beyond .160 ki. vet which attains
an altitude to cause its echo to be returned to the radar. That storm would thus appear

range aliased, even using the maximum unambiguous (lata gathering interval This, of

Course. is the situation to be avoided. As can be seen, storms other than the most, severe

(i.e.. class 6) which are located beyond .160 kmn are not. expected to he visible using a sur-

veillane scan which is placed at the horizon, covering from 0.0 deg to 0..5 deg in elevation.

These are assurned to be adequately covered, and attention turns to a. storm of supercell

proportion, i.e., cla.sis 6. It is conceivable, based on these two plots alone. that such a

storm, located just beyond 4160 km from the radar could resulIt in some ohscuration dur-

ing the surveillance mode of operation.

l'h e rationale for the 460 kmn maximum unambiguous range follows. First, figure A-I
was generated assurning "perfect" conditions; i.e., no blockage duIIe tIo terrain or structural

buildings. .Mountains, hills, minor variations in the terrain, and. even simple obstructIons
will operationally reduce this visibility profile. As identified above, storms whose echo
height suirpasses an altitude of approximately 14 km may potentially cause obscuration
(luring the surveillance scan. As was investigated in 71, the probabilit y of occurrence of

storms whose echo height surpasses this altitude is low. (Storms rarely ascend above the
tropopause.) Figure A-3, from that report, illustrates the percentage of storm cells which

attain the various altitudes shown, regardless of reflectivity. Even considering geographi-
cal variations in storm characteristics, one can conclude t hat, the prob)aility for such an



occurrence is less that 5%. To determine the probability that such a storm would subse-
quently cause obscuration during the surveillance scan, this storm is further required to
be located precisely between 4160 km and say 500 km from the radar. This conditionality
requirement further reduces the probability of obscuration from such a storm.
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Figure A-3. Percent of cells reaching an alitude.

Two final arguments are presente lo I -itippfor t the con tention that the probability of'
obsicuration by storms beyond I160 kmi is extremely uinlikely. The reflectivity effects of'
such a storm would be reduced by nearly 30 (113 (due to range dlependlencies in the
reflectivitY calculation, henice the 50 (18/ listaint storm (celf wvou d appear in-trf) as 20
(113. A stormi which may be on the ordfer of 10 k in in diameter and located ata range
u lst beyond .160 kmi would cause in-i rip ()5(11j rallt ion to app~roximately I radial of' (fat a.

aind this represents a, very sm all 1'ra'tioii of thle total area uindler investigation.

I a.N~o~agto pat hs,. st orin cliaraict eri-t ic". and( argumlents to justifyai x r ii

uin am biguous range of' 160 ki were fpreselntIed :i hove. As inmport ant aus all of' (the above
dIiscussion . however, is the operatilollal cx per iei e i I(i e observance of' distant weathfer byv
rad ars. Indi1cat ions '8' are tht NSSLI personniiel are in axware of' obscu rat ion effects from)
any storms beYond 4160 k m; likewise N W rad ars ii ave been uinaffectedl by such
ph enomen a. The FAA testhbed raidar in D)envyer Iinis iiot ob~served any storms beyond its
-129 kmi maximiumi unambiguous range limit AS a final argUIment, 1foi' this value, the
muaximum mnmininbiguious range for the 'NICVA l) svsi (iii filis also been specified at 160 kill
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A t 0 lH~T IS Mistnt ill t itov (2022 ')

The PV vanliis t ilt are )tiie ' Iv tile iaigoiiitim ;Ire :iiitcmItiii *N Ii.ei du i rg
ibsequelit scatisal, tile list bed radlar site. Data collectedl ott theise sibseqiiettt scabe. call

I herefore b~e ti.-edl to vei cruv tha the predictedl obseitratioti id inditeedl occur. This fiti:uI
step comptiletes Ohe algoritlrim verilieatioti. Figiure .1-22 illist rates thle rellectiVitrV and( rku-
dial velocity (Iata thItat were recordled itt thle gust front, t.denif uicationi regiotn wh[ell thei
-,,iCteit Pill was- ttsedl. 'Fhe ilistictive lotng atnd narrow signature of' the rantge aiuasiil

echlioes are se i to occ u r as p rediceted.I
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N PRF VALUES (Hz)

a) OBSCURATION PROFILES b) OBSCURATION MAP

Figure 4-17. Microbursi region obscuration assessment at 1849 UT
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oR VALUES (Hz)

.0)I OBSCURA TION PROFILEfS 1' I)RSII ION MAP

Figure 4-20. ficroburi region cohvuramuln a.ne.%.sienl at 202/ 1* T
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Figure 4-22. Range ahiased ret urns at 2023 (T
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lIn 6i the altitud(e aiid rellectivitY i tIles t Xsix ut.esses I, r Il- I Id%:iII Il itI I Ic11it V

it tltitit(Iers to rin olt toittlolie p ropoti ion. ligiite A-2. Froiii to . >utwtotiV cillisi -mci

of' the findings at' that report. I Icte, tvptial growtIip0et th oto VIiI misl ilass ,I'
stor -;are se en to evolve over tit iIe. As I'l rt liet ijscuss I].- d [16.( I k ~t 1(h I I [.;I(.(titis-

tics 0f this prottle ate ixpeeteil to v:)irV so \ ioljit Ftt dilro-I rtspi I-ti 1.
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Thet rationale for h le -160 kni maximumiii unii iiii rimp, i' I Vwirst , hgiire A- I
wa:.s 'geiieratedl :ssuiliiig fperitect eoiidii oils: i.e., no lblockaig c i terrain or sitructu rau
huilding's. Mlountain-, hills, minior variations in thle terrain. :111( ven ,implie oustritiotis
kViii ofperatioi:dfV redutce t is visihifityv profile. As ideiitified ihbove. stormls whfos ,e choic
height siirfpases ait altitude of' approximately 1.4 kmin ma poteliallY eaims obhscuraitioii
du r ing the so r veil latte scan. As w as investiga-ted in 7 li p rohbhiit y of' occr rren ce ofi
S to rms w hose echo h eight tsurpasses thItis a tit ide is low. (Stormis ta;re Iv ascend I hoe t ilie
tropopatise.) Figure A-3, r'roni that report, lillustrates the p~ercen tage of storm cells,, wliil
attain the v'arious altitudes shown, regardless3 of' reflectivity. Eveni rotiideritig geogricplii-
cal varitionJS in storm characteristics, one( can concilide h'lat, tile prohdbilii v ror such anl
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