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1. HUR EN PULSRADAR ARBETAR

En pulsradar sander ut korta pulser av elektromagnetiska
vagor. Fig 1.1 visar schematiskt hur en radar sander ut en
puls och belyser en del av ett meteorologiskt mal. Vidare
visar figuren nadgra relevanta storheter och ger en uppfattning
om radarmetodikens mojligheter och begransningar.

For vdderradar dr pulsernas varaktighet omkring 1 mikrosekund,
motsvarande en geometrisk ldngd av ca 300 m. Antalet pulser
per sekund, pulsrepetitionsfrekvensen (PRF), ar av storlek-
sordningen 1000. Vagornas frekvensomraden dr fixerade och ges
av tabell 1.1. De flesta radar arbetar pd en vaglangd, men det
finns dubbelvdglangdsradar.

Tabell 1.1: Frekvensomrdden for vidderradar.

Frekvens Vaglangd Band

GHz Cm

3 10 S
6 5 C
10 3 X

Beteckningarna S, C och X dr allmant vedertagna, och kommer
att anvdndas i fortsattningen. De vdderradar som pa 60-talet
anlades i de nordiska landerna arbetar nastan undantagsldst pa
X-bandet. Nyare radar i Sverige, Norge och Danmark arbetar pa
C-bandet. Finland har f n bland annat en dubbelvdgldngdsradar
(X och S), och kommer sannolikt i fortsdttningen att anvidnda
X-bandet.

Antennen fokuserar s%ra1n1ngen till en smal lob, bredd (eller
oppningsvinkel) ca 1

Under storre delen, ca 99,9% av arbetstiden, sdands inga pulser
ut, anldggningen ar "tyst" och instd11d for att motta strdl-
ning som returnerats av "md1". Intressanta mal for oss ar
nederbdrdspartiklar och insekter. Nederbord dr ju radarns tra-
ditionella arbetsfalt. Molndroppar dr sa sma att de ej ger
upptackbara reflexer. Trots detta kan atskilliga moln ses pa
radarn, men det dr sddana som innehdller partiklar av neder-
bordsstorlek. Nyare radar kan, forhoppningsvis, under sommaren
anvanda insekter som "spardamne" for att mata vinden i radarns
ndrhet (kanske ut till 50 km). Eftersom insekter i stort sett
-passivt foljer Tuften bor ocksa konvektion kunna observeras.

De signa1er antennen mottar forstdarks, bearbetas och presen-
teras. Pa a]dre, manuellt styrda radar sker presentationen i
realtid, pd ett oscilloscope, alltefter antennens riorelse. Pa
nyare radar styrs antennen av en dator, som ocksa insamlar,
bearbetar och presenterar resultaten. Presentat1onen, i form
av _kartor och vertikalsnitt, kan ske pa bildskarm i farg

eller pa papper. Berakn1ngsarbetet dr omfattande, bl a maste
uppgifterna, som ju fas i poldra koordinater, transformeras
till cartesianska. For att fa meteorologiskt anvandbara resul-

tat utfors huvudsakligen:



* berdkning av signalstyrka (avsténdsnormaliserad) for att f3
reflektivitet och nederbdrdsintensitet

* berdakning av fasforskjutningen fran returpuls till returpuls
for att fa malens radiella hastighet (rdrelse fran eller mot
antennen).

e e
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Fig 1.1: Né&gra radarstorheter. Eftersom luftens brytningsindex
: avtar med hojden bojs horisontella strdalar nedat.
Stralning med radarfrekvens bojs mer dn synligt 1jus.
Darfor ligger radarhorisonten bortom den optiska.



2. ANTENN, LOBER, STRALNINGSRISKER

Antennen fokuserar strdlningen till en smal strale,HUVUDLOBEN,
se fig 2.1. Observera att straining "lacker ut" aven i andra
riktningar, SIDLOBER. Sadana finns i alla riktningar, men
deras effekt ar avsevart mindre 3dn huvudlobens, typiskt mindre
an 1/1000 eller 30 dB Tagre. Rent praktiskt ger de dock en del
komplikationer:

* Kraftiga mal kan registreras av sidlober. Radarn lagger dem
da pd rdtt avstand, men i fel riktning. Darfor syns kraftiga
markekon aven dd antennen pekar uppat, och intensiva Cb kan
fa orealistiskt hdga toppar.

* Ndra radarn kan sidloberna utgdra en hdlsorisk

Fig 2.1:Principskiss av strdlningsménstret for
en parabolisk antenn. Definition av Tob-
bredden, 8.

Radarantenner placeras ofta pa byggnader, ndra arbetsplatser.
Riskerna med detta diskuteras ibland. Lat oss darfor se vilka
effekter man kan fa. Vi tar Norrkdpingsradarn som exempel. I
detta avseende har den foljande relevanta data (varsta
fallet):

Pulsrepetitionsfrekvens (PRF) 1200 (i dopplermode)

- Pulsldngd 0.5 usek
Uteffekt 250000 watt
Antenndiameter, D 4.25 m
Direktivitetsfaktor, G 43 dB (ett matt pad antennens
: formdga att koncentrera stral-
ningen)

I en nirzon, ut till drygt 100 m fran antennen "formas" Tloben.
StraTningen kan har betraktas som "inTast" i en cylinder ut
fran antennen, med antennen som bas, se fig. 2.2

Strdlningen utsands ju i pulser, och som medelvarde pa effek-
ten, Pm, fas '



Pm =uteffekt*PRF*pulslangd=250000*%1200*0.5*10-6=150 watt

Narmast antennen, i NARZONEN, fordelas denna effekt over en
yta Tika stor som antennens; '

(4.25/2)°%3.14 = 14.2 m%, dvs vi fir en EFFEKTTATHET

150/14.2 = 11 watt/m2

Fig 2.2: Schematisk bild av stralningstathetens fordelning
ndara antennen.
Pm= uteffekt, medelvdrde gver tiden.

G = antennens direktivitet. 43 dB motsvarar 104'3
D = antennens diameter
r = avstand till antennen

I praktiken dr effekten ej Jamnt fordelad over hela ytan. Max-
imalt kan man fa ca 3 ggr mer, dvs 33 watt/m?

Antennen roterar emellertid. Om loben &ar 1° bred och anten-
nen roterar med 18°/sek, kan man under 1 sek maximalt utsat-
tas for stralning under 1/18 sek, dvs maximala medeleffekten
blir mindre an 2 watt/m’

Detta bor jamforas med tilldtna HYGIENISKA GRANSVARDEN:

* For en minuts exponering tilldats 60 watt/m
* For 6 minuter eller mer dr motsvarande s1ffra 10 watt/m?



Om effekten Pm fordelades Gver hela sfaren, skulle pa
avstandet r effekttdtheten bli

Pm/ 4T r?

Antennen koncentrerar stra1n1ngen till en smal stra]e, inom
vilken strdlningstdtheten ar G gdnger den ovan givna, dvs

GPm/4wr?

Utanfor ndrzonen, dvs for Norrkdpingsradarn mer dn 130 m fran
antennen, avtar alltsd strdalningen med kvadraten pa avstandet
T ex 300 m fran Norrkopingsradarn mottar man 6 watt/m om

man befinner sig i huvudstralen och antennen star stilla.

Utanfor huvudstralen finns sidlober. Effekten inom dem ar
avsevart m1ndre, och utanfdr ndrzonen av stor]eksordn1ngen
0.001 watt/m2. Inom ndrzonen kan effekterna frén sidloberna
ej berdaknas, eftersom de kan koncentreras genom reflektioner
mot omgivningen. Man &r hdanvisad till att kartldgga stral-
ningen genom direkta mdatningar.

Eftersom de kraftigaste sidoloberna &r ‘mer &n 20 dB lagre (mer
an 100 ggr svagare) dn huvudloben, fordras mycket ogynnsamma
forhdllanden for att sidlobernas strdlning skall nd ens i ndr-
heten av de tillatna vardena. De direkta matningar som utforts
kring vdderradar i Sverige har gett vdrden avsevdrt under de
tillatna. ‘

Dessa strdlningsuppgifter avser Norrkdpingsradarn, som har
ovanligt stor antenn. Detta leder till att stralningen i nar-
zonen inom huvudloben blir re]at1vt lag (effekten fordelas pa
en stor yta) samt att ndrzonen nar relativt ldangt ut fran
antennen. Ca 5 ganger hdgre effekt inom ndrzonen och en ndrzon
som ar 5 ganger kortare kan betraktas som typiskt for vader-
radar. Aven d& dr, for en roterande antenn, t o m inom huvud-
Toben i narzonen, effekttdtheten ldgre an den tilldtna.
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3. RADAREKVATIONEN

Den meteorologiska radarekvationen avser reflexer fran partik-
Tar som &r mycket mindre an vaglangden. Partiklarna (madlen)
antas forekomma likformigt inom hela pulsens volym.

Ekvationen innehdaller ett stort antal faktorer. De meteorolo-
giskt mest betydelsefulla framgar om den skrivs sa héar:

-0.2fkdr

Pr = Z.10

Pr

returstralningens effekt, medelvarde over flera pulser
C = en apparatkonstant

|K|2= 0.93 for flytande vatten, 0.20 for is

r = avstand antenn-mal

k = ddmpningskoefficienten

Z = reflektivitetsfaktorn (se nedan)

1070- 2f k*dr ger den dampning som orsakas av atmosfdrens

gaser och hydrometeorer.

Bland de forenklande antagande som ger denna form av radarek-
vationen marks att mdlet bdde fyller hela pulsvolymen och &ar
Tikformigt fordelat inom den. FGr tunna nederbdrdsgivande moln
pd storre avstand ofta ej detta villkor uppfylit, jfr fig 5.1.
Om t ex sno faller ur ett moln med Oversida 2000 m passerar
redan pa 100 km avstdnd lobens Gvre delar over molnet t o m
for en radar med sa smal lob som Norrkdpingsradarn. Vidare ar
dropparnas storlek och spektrum hojdberoende. Vid torr atmo-
sfar kan avdunstning ske under pulsen. Alternativt kan drop-
parna vaxa i moln under den.

Ekvationen brukar uttryckas i decibel, dB, med 0.001 watt som
referens. For att nd denna form, multiplicera med 1000, Toga-
ritmera och multiplicera med 10.

Pr(dB) = 10*T0og(1000*Pr) =

= C1 + 10*Tog|K|2 + 10*TogZ - 20*Togr -2[k*dr

Vi skriver 10*TogZ ==> dBz dvs uttrycker dven Z i decibel
Pr(dB)= C; + 10xToglkl® + dBz - 20%logr - 2*[k*dr

Radar Vatska/Is Refl- Avstands- Atmosf.
faktor dampn. dampn.

Vi skall kortfattat diskutera de tre sista termerna.



REFLEKTIVITETSFAKTORN, Z

D6
Enhets-
vol.

Definitionsmassigt ar Z -

D = droppdiametern, mm
Z brukar ges i mm®/m’®

Antag att pd 1 m® finns en droppe med diametern 1 mm

z =18 -

dBz = 10*1ogl = 0

O samma vattenvolym fordelas pa 1000 droppar med diametern
0.1 mm blir
Z = 1000%(0.1)°% = 0.001

-30

dBz = 10*10g0.00T
Dropparnas storlek dr alltsa av vital betydelse for reflekti-
vitetsfaktorn.
AVSTANDSDAMPNINGEN, 20*logr

For att illustrera avstandsberoendet, antag att vi har samma
mal pa 10 resp 100 km avstand. Dampningen blir:

20 dB
40 dB

* pa avstédndet 10 km  20*1o0g10
£ " 100 km  20%10g100

dvs pa avstandet 100 km blir retursignalen 20 dB svagare.

Pa viaderradar finns STC (Sensitivity Time Control) for att
korrigera for avstandsdampningen. Signalstyrkan normaliseras
da till ett avstdnd, vanligen omkring 100 km. Signalerna fran
mal narmare dn detta avstdnd subtraheras dd med

20*1og(ro/r)
dar ro= normaliseringsavstandet

r = aktuellt avstand

e ot oex normaliseringsavstandet 100 km subtraheras fran md1 pa
10 km 20 dB. Mal bortom normaliseringsavstandet korrigeras ej.

For mal som ej fyller hela pulsvolymen, t ex flygplan, ter-
rang, ar avstandsdampningen betydligt storre. FOor punktmdl som
flygplan och master ar den 40*log(r_/r). Avstandskorrektion-
en for signaler fran flygplan och terrdang blir darfor for
lTiten, och sadana mal avbildas for kraftiga. Detta saknar dock
praktisk betydelse. Pa moderna radar bildas medelvdrde over
flera pulser, och ett punktmdl som ett flygplan upptar ju
endast en del av en puls och dampas darfor. Markekon framtrd-

der naturligtvis, men det problemet maste behandlas med spe-
ciella metoder.
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Grundlaggande for radarmeteorologin ar emellertid att den for-
hdallandevis svaga avstandsdampningen for nederbord medfor att
den kan observeras pa stora avstand. Detta trots att den ger
relativt svaga signaler.

DAMPNING AV ATMOSFAREN, 2Jk*dr

Den dampning som orsakas av atmosfarens gaser, moln och neder-
bord ar betydligt mer komplicerad an avstandsdampningen. BT a
dr den starkt vaglangdsberoende. ‘

De olika dampningskonponenternas storleksordning framgar av
tabell 3.1.

Tabell 3.1. Ungefarlig atmosfarisk dampning, dB/100 km

BAND ! GASER ! MOLN | NEDERBORD

% Syre. H20 % Vatten Is % Regn Sno+
X L 0.8 .08 | 9% 0.35M | 1.8xR  0.4%R
c E 0.8 o.oo3*w} 3%M 0. 1%M : 0.33*R  0.1*R
S | 0.8 0.008%W! 0.9%*M  0.08%M ! 0.09%R 0.03*R

gram vattenénga/m3 3
gram vatten eller is/m ‘
nederbdrdsintensitet, mm/timme

W
M
R
+ avser torr sno. Betydligt storre varden for vat.

[ LR TR [ |

Syredampningen dr ungefdr samma for alla vaglangder. Eljest
avtar ddmpningen markant med vaglangden. Gasdampningen blir
for C- och S-banden, med realistiska vdrden pa vattendngan, ca
1 dB/100 km, alltsa 1 dB dampning for mal pa 50 km avstand
(avstand tur-retur 100km). Denna korrektion dr mojlig att
genomfora.

Med realistiska vdrden pa vatteninnehallet kan moln, speciellt
i X-bandet, ge storre dampning dn gaserna. Korrektion ar emel-
lertid ej praktiskt genomforbar, eftersom molnutbredningen ej
dr tillrdckligt kand. Radarn kan ej upptdcka moln bestaende av
enbart molndroppar.

Nederbordsdampningen &r avsevart storre dn ovriga, och ger
mest problem. Ett 50 km brett regnomrdde med intensiteten 10
mm/timme ger t ex fdljande dampning:

+ X-bandet 18 dB
+ C- " 3.3 dB
+ S~ v 0.9 dB

Dampningen for S-bandet dr sa Tliten att den kan forsummas
eller enkelt korrigeras.

C-bandets dampning kan och bor korrigeras.

X-bandets dampning dr sa stor att den borde korrigeras. Det &r
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emellertid ej mojligt att utfora meningsfull korrektion. For-
sok har gett storre fel &an okorrigerade viarden.

Detta dar orsaken till att man alltmer overger X-bandet for
langre vaglangder. Fordelaktigast i detta avseende dr S-ban-
det, och ddr intensiv nederbord dr vanlig soker man anvanda
det. Ekonomiskt dr emellertid 10-cm-radarn ogynnsam, eftersom
den bl a krdver dubbelt sd stor antenn som 5-cm-radarn. v
C-bands (5 cm) radarn kan ses som en kompromiss mellan en bil-
1ig men dampningsbehdftad X-bandsradar och en dampningsfri men
dyr S-bandsradar.

Observera att dampningen for torr sno dr avsevdrt mindre dn
for regn. Att radar ofta har begréansad rdackvidd for sno kan
alltsa ej alltid tillskrivas dampningen, men val ofta att snon
faller ur sa laga moln att Toben (helt eller delvis) passerar
over dem. For vat sno daremot &r ddmpningen storre &dn for
regn.

Fig. 3.1 ger exempel pa mal som kan avbildas av en vaderradar.
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4. METEOROLOGISKA RADARMAL

I radarekvationen, se kap 3, beskriver Z hur effektivt malen
reflekterar stralningen.

6

Z = XD ddar D dr droppdiametern och summationen utfors

over en enhetsvolym.

Om droppférdelningen dr kdnd kan samband mellan Z och storhe-
ter som vatteninnehall och regnintensitet berdknas.

For regn finns en ndstan klassisk droppfordelning, Marshall--
Palmers. Den ger

7 = 200%R!*® - 30000%M}- 9

R = regnintensitet, mm/timme
M = vatteninnehall, gram/m3

Fér moln anvands ofta foljande relation

7 = 0.048%M°

Regn ger alltsa enormt mycket kraftigare eko @n moln. Skriver
vi om relationerna i dBz fas

45 + 19*TogM

* for regn dBz

~13 + 20%TogM

1

*‘fdr moln dBz

dvs i regnform ger en given vattenmingd ca 60 dB kraftigare
eko @n i molnform, jfr fig 4.1. De moln som observeras pa
radar innehaller NEDERBORDSPARTIKLAR.

I praktiken varierar droppfdrdelningen, och atskilliga under-
studier har genomforts for att bestdmma optimala Z-R-relatio-
ner. Ndagra for oss intressanta finns i tabell 4.1 och fig 4.2.

Tabell 4.1: Virden pd A och B i Z = A*RE

Regntyp A B Kalla

Duggregn 100 1.5 Joss, Schweiz
IhdaTllande regn 240 1.7 Puhakka, Finland
Ihallande regn

med skurar 283 1.6 " "
Isolerade skurar 330 1.8 " "

Tabellens vdrden dr klimatologiska. I enskilda fall forekommer
stora avvikelser.

Publicerade uppgifter visar en tendens for A att viaxa med
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nederbordens intensitet. Det dr svarare att finna ndgon ten-

dens for B. Detta d@r rimligt om varje regntyp har ett relativt
begrdansat intensitetsintervall.

SNO erbjuder speciella problem. Dels kan flingor vara stora i
forhallande till vdglangden, varvid D®-relationen ej gdller,

dels kan de vara torra eller vata, vilket paverkar faktorn

|K|? i radarekvationen. |K|? ir 0.9 for flytande vatten,

0.2 for is. Foljande varden ar typiska for dem som finns i
lTitteraturen

540*R*

* torr snd (sma flingor) Z

* sno (stora flingor) Z = 2000%R?

Vid jamforelse med regnrelationerna maste observeras att
radarn ej mater Z utan (]|K|2*Z). Skillnaden mellan

(|K|2*Z)--R-relationerna for regn och torr sno dr alltsa
mindre dn skillnaden mellan Z--R-relationerna. For vat sno

blir det mera komplicerat. Da &dr det oklart vilket |[K|?2% som
skall tillampas.

HAGEL karakteriseras av hogt Z och komplicerade Z--R-samband.

INSEKTER och SKARPA VARIATIONER I BRYTNINGSINDEX rdknas ocksa
til1l meteorologiska mal. Bdgge ger svaga ekon, som ldnge var
oforklarade och ddrfor kallades dnglar. Ekon frdn variationer
i brytningsindex ar sa svaga att de endast i undantagsfall kan
observeras ens pa kansliga vaderradar, som Norrkdpingsradarn

i dopplermod. Ddremot kan sannolikt insekter sommartid ge eko
pa den, datminstone ndra antennen.

En insekt av ca 1 cm ldangd har en mdlyta omkring 0.1 cm?
(varierar mycket med art och attityd). I en koncentration av 1

insekt/1000 m® bor de ge en reflektivitetsfaktor omkring 10
dBz, vilket dr tillrdackligt for avbildning pa radarn.
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dBz

04

4,04

0om . 0.00
0.001 0.01 01 1 0 mm/h R

Fig 4.1: Reflektivitetsfaktor for molndroppar och regn.

dBz

0 . . it . e v ————_ R
X 10 0 00 mm/h

Fig 4:2. Nagra samband mellan Z och R.
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5. MARKEKON, STRALGANG, ANOMALA MARKEKON

MARKEKON OCH SKUGGNING

Ndarmast antennen fas alltid ekon fran terréang, byggnader mm,
MARKEKON. En hogt placerad antenn ger mer markekon &@n en lagt
placerad. Detta kan tyckas paradoxalt, eftersom huvudioben
fran en hdgre antenn passerar over fler hinder. Forklaringen
dr att stralningsenergi finns utanfor (den relativt godtyck-
ligt definierade) huvudioben, jfr fig 2.1. Extremt mycket mar-
kekon fds om radarn placeras pa en fjalltopp, eftersom da dven
de undre sidoloberna ger markekon. Minst markekon skulle en
antenn i jamnhojd med jordytan ge, eftersom stralningens undre
delar da skulle blockeras av hinder nara antennen. I praktiken
finns dock alltid hinder ovanfor jordytan, och en sadan radar
skulle alltsa fa stora blinda sektorer, med ineffektiv over-
vakning som foljd.

Markekona dr koncentrerade runt antennen, ut till ndgot eller
nagra tiotals kilometrar. De flesta flygplatser med vaderradar
har antennen pa flygplatsen eller i dess omedelbara narhet,
vilket forsvarar eller t o m kan om0311ggora vaderovervakn1ng-
en av sjalva flygplatsen och dess ndarzon. Innan beslut om pla-
cering av en radarantenn fattas bor man ddrfor kartldgga hin-
der och vantade markekon.

Placering av antennen

Radarns lob &ar ca 1 grad bred. En primadr uppgift dr att avbil-
da nederbdord och vind nara marken. Darfor anvands liten ele-
vationsvinkel for antennen, ca halva lobens bredd. Darmed blir
radarn starkt beroende av horisonten. Hinder som nar over 1
grads elevationsvinkel slacker stralen. Ex i figur 5.1.

Aven lagre hinder pdverkar bilden. De kan vara forraddiska
eftersom de dampar ekona utan att direkt synas pa bilden.

Antag att det finns en as som nar 0.5 grader over horisonten och en radar
med 1 grads lob som arbetar pa elevationsvinkeln 0.5 grad.
Halva stralningsenergin, 3 dB, absorberas av asen, och ekona
blir 3 dB for svaga. Detta &dr omojligt att direkt se pa bil-
den. Men berdknar man nederbdrdsintensitet blir denna ca 40%
for 1ag enbart pa grund av skuggningen. Hartill kommer att
nederborden i Tdgre skikt skuggas; i extremfall med nederbdrd
fran l1dga moln kan den skuggade Toben passera dver den.

Den ideala placeringen av en radarantenn kan da forefalla vara
toppen av en hdg kulle eller en bergstopp. Da far man fri
horisont och ldang rackvidd, kanske t o m kan arbeta med nega-
tiv antennelevation utan att huvudloben traffar marken. Sa
enkelt dr det dock inte. I verkligen har Tloben ndmligen inte
den skarpa grans som antyds av definitionen. Aven ndgon grad
utanfor Tobbredden finns icke forsumbar stralning.

Langre utanfor huvudloben finns ocksa sidliober. De har
avsevart lagre e effekt &@n huvudloben (den narmaste nagra fa
grader fran huvudloben 20-25 dB lagre) men ar dock sa kraftiga
att de ger markekon. Ett kraftigt markeko ger ca 60 dB. I sid-
Toben ger da ett sadant eko 60 db-sidlobens dB, dvs for den
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ndrmaste sidloben ca 40 dB, motsvarande ekot fran ett kraftigt
Cumulonimbus. En antenn pa en bergstOpp ger darfor extremt
mycket markekon.

Den ideala placeringen dar dock fortfarande en bergstopp men
med ett villkor. Antennen skall vara omgiven av 'randberg’ (pa
nagot hundratals meters avstand) som just nar upp till hori-
sonten, men ej dver den. Da tar ‘'randbergen' hand om sidlo-
berna, och bilden blir fri fran markekon.

Dampning av markekon

Den ideala placeringen av antennen kan sdallan eller aldrig
uppnas. Man kunde tanka sig att eliminera markekona genom

att subtrahera dem fran ekobi]den. Detta dr dock ej prakti-
skt mojligt, eftersom dven de 'permanenta' eller 'fasta' mar-
kekona fluktuerar i saval styrka som utbredning, beroende pa
att utbredn1ngsf0rha11andena, antennens elevation o s v alltid
varierar ndgot. For att dampa markekona finns tvd huvudprinci-
per: .

1. Identifiera omrdaden med markekon och ersatta dem med ekon
som saknar markstorningar. I allmdnhet tas da ekon frdn
hogre nivaer. Av tidigare angivna skal skulle eliminering
krdva att ett stort omrade kring antennen ersatts med
information frdn (mycket) hdga nivder, och man frdnhander
sig dd mycken information

2. Utnyttja nagon skillnad i signalen mellan ekon fran neder-
bord och mark. I en dopplerradar t ex har marken radial- .
hastigheten 0, medan nederbdrd ror sig. Da kan man anvédnda
sig av detta for att ddmpa eller rentav eliminera marke-
kona. (Inte sda enkelt som det kanske Tater, medfdr alltid
komplikationer, men mojligt).

Den forsta metoden &r den mest anvanda. Norrkdpingsradarn t ex
arbetar med s k pseudo-CAPPI, dvs man har en lagsta niva som
avbildas sa 1angt ut som m0311gt och foljer darefter ldgsta
strdlen. Omradet narmast radarn avbildas dd av stralar med hog
elevationsvinkel och huvudloben ger da fa markekon. For

denna radar ger trots detta CAPPI- -nivan 500 m atskilliga mark-
ekon, varav en del ndr over 40 dBz. De ges saval av den stral-
ning som finns just utanfor huvudloben som av sidloberna. Des-
sa permanenta ekon kan avldgsnas genom att ekot fran en hdgre
'obesmittad' niva ersdatter 500 m - ekot.

Denna metod fungerar praktiskt endast for de permanenta mar-
kekona dvs de terrdngformationer nara radarn (upp till 30 km
avstand) som alltid framtrdder och i praktiken blir markekona
ej alltid eliminerade. Men de blir i regel svaga, omkring O
dbz, och stor ej namnvdart bilden. S k anomala markekon, som
fas dd stralens krokningsradie dr mindre an jordytans, dampas
ej av denna metod.

For skuggade sektorer kan ocksd denna princip tilldmpas. Man
tar da ekot frdn den lagsta elevation som gar fri fran hind-
ret. Da uppstar emellertid tva bieffekter:

* Om ett eko finns under denna strale fas d@nda inga ekon pa
bilden.
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Fig 5.1 Ndrbeldgna hinders skuggningseffekter :
ZIDIFF dr medelvdrdet av dBz for azimut (i) - dBz
for azimut (i-1).
LIDIFF ger for 3 antennekvationer O. 5 1.0 och
1.5° Vid 1.5° gdr strdlen fri fran alla hinder
utom de tva granarna.
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* Om ekon ej finns i ldgsta skikt men hdgre upp (molnekon)
kan de avbildas som ekon i lagsta niva, vilket fdrsvarar
savdl tolkning av bilden som bestamning av ekonas hastighet.

Med den andra gruppens metoder dampas dven anomala markekon.
Norrkdpingsradarn utnyttjar t ex dopplereffekten for att dampa
markekon. I princip sker detta genom att ta bort ekon med
radialhastigheten omkring 0 m/s, dvs man blockerar nagot eller
nagra av de 'hastighetsfack' som ekona sorteras in i. Hur den-
na metod fungerar visar fig 5.2. Man far ej utsldckning av
alla markekon, men de dampas med ca 20 dBz. For att slacka
markekona mdste ytterligare egenskaper hos den utnyttjas,
sasom deras hastighetsspektrums bredd och 'signal/noise
ratio'.

STRALGANG, ANOMALA MARKEKON

Atmosfdrens brytningsindex avtar med hojden. Ddarfor kommer
horisontellt utsianda stralar att bojas nedat. I regel dock ej
sa kraftigt som jordytan. I standardatmosfdren (ldgsta skikt)
blir deras krokningsradie ca 4 ggr jordytans. (Motsvarande
krokningsradie for synligt Tjus dar ca 6 ggr jordradien).
Strdlgdngen i standardatmosfaren illustreras av fig 5.3.

Fig 5.3: Técgning for en 0.85%-stréle med elevationsvinkeln
0.59.

Om krdokningsradien avsevart avviker frdn normalvdrdet sdgs
ANOMAL utbredning rdada, se fig 5.4. Man sdarskiljer

* SUBREFRAKTION, krokningsradien mycket storre dn normalvardet
* SUPERREFRAKTION, " " mindre " !

Speciellt intressant dr superrefraktion. Denna intraffar da
brytningsindex avtar kraftigt med hojden. Villkor &r att tem-
peraturen tilltar och/eller angtrycket avtar med hdjden.
Extremfallet dar s k LEDSKIKT, vilket kan utgoras av en mycket
lag subsidensinversion. Delar av strdIningen kan dd& "stangas
in" mellan marken och ledskiktet, varvid markekon kan synas pa
100-tals kilometers avstdnd, s k ANOMALA MARKEKON. Sadana ekon



upptrdder @ven med antennen ovanfor ledskiktet.

De viktigaste meteorologiska situationer som ger anomala mar-
kekon ar

* advektion av varm, torr luft dver kallt hav. Vanlig over
Ostersjon, Bottenhavet och Bottenviken under var och fdrsom-
mar. En radar vid kusten kan da ofta se motsatta kusten.

* stralningsinversioner under natten och vintertid over snd-
tackta ytor.

* kalluftdomer efter skurar. Skurekon kan da eftertriadas av
markekon.

En komplikation vid Tedskiktsutbredning ar att ekon bortom
radarns maximala rdckvidd kan registreras. Sadana ekon hdrror
ej fran senaste pulsen utan frén tidigare. Radarn antar emel-
Tertid att alla ekon kommer fran senaste pulsen. Ekon fran
tidigare pulser kommer dd att avbildas 1 ratt riktning, men pa
fel avstand.

Radarns maximala rackvidd ar

Fmax - C/(2*PRF)

¢ = ljushastigheten ( 300000 km/sek)

PRF = pulsrepetitionsfrekvensen, dvs antalet pulser per
sekund. T/(PRF) dr alltsa tiden mellan pulserna.

Ett eko frdn ndst senaste pulsen pd avstdnd r> r .. kom-

mer att avbildas pd avstdndet (r - r ) och synas om det-

maXx

ta avstand ticks av bildskdrmen.
Ex: PRF = 1200/sek

Fmax = 300000/(2*%1200) = 125 km

Ett anomalt markeko pa 200 km kommer att avbildas pa (200 -
125)= 75 km avstand. - I extremfall kan ocksda ekon fran ndst--
nast senaste puls osv registreras.

Pulsrepetitionsfrekvensen for vaderradar brukar vdljas sd lag,
PRF omkring 300, att maximala rdackvidden blir sa stor att
“problemet ej upptrdder. Undantag ar dopplerradar, dar hdgre
pulsrepetitionsfrekvens maste valjas.

Den enklaste tekniken for att eliminera markekon dr s k
"blankning'. Man sldcker da ekona i de omrdden som ar nedfldc-
kade av markekon. En mojlig forfining ar att ddar ta in ekon
fran hogre nivaer. Detta forutsdtter datorstyrd radar med
volymavsokning. Nackdelen med metoden &dr att markekonas utst-
rackning varierar. I praktiken fé&r man alltsa arbeta med flera
s k 'clutter maps', och trots detta kan man ej gardera sig for
anomala markekon.

25
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Fig 5.4

Utbredningstyper. P& bildskdrmen syns ej skilinad
mellan sub- och normairefraktion. Superrefraktion
och ducting (ledskiktsutbredning) yttrar sig sa att
markekon syns pd onormalt stora avstand. Det gdller
att ej forvaxla dem med nederbdrdsekon.
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Inledning

For narvarande pdgar pa manga hall i varlden en féornyelse
eller nyinkop av vdderradaranlaggningar. Det gemensamma for
dessa anlaggningar dr att radarbilderna databehandlas och pre-
senteras pa en fargdisplayer med mojlighet att lagra radarin-
formationen. Borta ar de morka radarrummen med de roterande
PPI-bilderna.

Beroende pa olika a@ndamdl for anvandandet av vaderradarinfor-
mation finns idag ett stort antal olika presentationssatt. I
Sverige dr huvudandamalet korta vaderprognoser. Utomlands ar
det pa mdnga hall de hydrologiska anvandningsomrddena som
styrt kraven.

Bildpresentation

I Sverige har vi valt ett presentationssystem sd att man
snabbt kan fa en tredimensionell bild av radarekonas fordel-
ning i atmosfaren. Iden till presentationssdttet dar hamtat
fran Schweiz. Var radar i Norrkdoping gor en tredimensionell
volymavsokning genom att for 11 olika elevationer avsdka
atmosfdren. De 11 elevationerna Tigger mellan 0,5 och 20 gra-
der. : .

Fig 1. 3-dimensionell avsokning fran radar

Volymavsokningen ger radarinformaticn i poldra koordinater.
For att kunna presentera informationen relaterat till fixa
nivaer over marknivan sker translantation till cartisianska

" koordinater. I Norrkdpingsradarn har man valt antalet nivaer
til11 13. Nivaerna kallas for CAPPI (Constant Altitude PPI). En
av de 13 nivaderna ar ej last till en fix hojd over marken,
utan tar istdllet information fran den ldagsta hojd som finns
med hdnsyn till jordens krdkning. I Norrkopingsradarn dock ej
lagre dn 500 m. Denna nivad kallas for pseudo-CAPPI nivan och
motsvarar i stort sett en vanlig PPI-bild.

Forutom pseudo-CAPPI bilden eller nagon bild frén de 12 speci-
fika CAPPI-nivaerna finns det oversiktliga s k maxbilderna.
Dessa bilder dr inte relaterade till nagon speciell niva, utan
ger det hogsta pixelvdrdet (intensiteten) oberoende av hojd.
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For att fa en snabb overblick av hdgsta nivan for radarekona
finns en speciell bild kallad ekotopp. Den ger hGogsta nivan
for radarekona uttryckt i km over markytan. Mycket anvdandbar
vid kartldggning av Cb-moinens toppar.

For kartldggning av radarekonas vertikala fordelning finns
dven tva stycken tvdrsnitt. Tvdrsnitten finns liangst upp pa
bilden och till hoger om horisontalbilden. Vertikalsnitten gar
att erhalla langs tva vinkelrdta linjer, pa Norrkdpingsradarn
endast i vdst-ostlig och syd-rordlig riktning. Dessutom gar
vertikalsnitten att fa som maxprojektion. Ex. For en viss
koordinat med hojden h och horisontala koordinaten x tas det
hogsta pixelvardet oberoende av y-koordinaten.

Fig 2. Exempel pa bild med tvarsnitt Tidngs tvd vinkelridta
lTinjer.

Samtliga bilder gar att erhalla i olika kartskalor med bak-
grundskarta. Mojligheten att lagra bilder gor att bildsekven-
ser kan spelas upp s k timelapse.

Forteckning over bildinformation

Z = reflektivitet

P = reflektivitet relaterad till nederbordsintensitet
E = ekotopp

ZMax = maxprojektion av reflektivitetsvirdena

Horisontalbilder Samtliga skalor

--- Z-bilder. Samtliga nivader
--- ZMax bild
--- Ekotoppbild



--- P-bild. Kan erhdllas for samtliga nivaer, men ar natur-
ligtvis endast meningsfull for den Tadgsta n1van P& Norr-
kopingsradarn finns 4 relationer att vdalja pda mellan Z
och P.

Tvarsnitt

Till samtliga horisontalbilder gar tvdrsnitt att kombinera.
Observera att tvarsnitten tar bort en del av horisontalbilder-
na. P3 tvarsnitten finns dock information med fran de avskurna
omradena. Foljande tva typer av tvarsnitt forekommer.

--- Z-vdrden projekterat langs tva Tinjer

--- Z-vdarden maxprojektion i x resp y-led

Doppler-radar

For radar med dopplerfunktion tillkommer pixelvdrden for
radialhastighet W och turbulens T.

Radarekonas radiala hastighet presenteras pd samma satt som Z-
viardena. Hastighetsinformationen gar dock endast att erhalla
ut till 120 km radie.

Tolkning av radarinformation

Det gar inte att betrakta radarbilden enbart som ett facit om
var och hur intensivt nederborden faller inom ett visst omra-
de. ,

Sdvida inga tekniska fel finns pd radarn dr naturligtvis alla
ekon reella.

Nar det gdller t ex beddmning av markvader sasom regn eller
snofall maste hansyn tas till flera faktorer utover nederbord-
sintensiteten for att kunna tolka ekointensiteten riktigt.

Vilka reflektionsvarden som erhalles beror férutom pd neder-

bordsintensiteten pa bl a fo]aande faktorer: Typ av hydrome-
teor (droppspektrum), radarstralens hojd over marken, absorb-
tion av radareffekten i nederbdrd och atmosfdr, avstandsdamp-
ning (volymdkning av radarpulsen), anomal vagutbredning.

For att tillgodogdra sig radarinformation dr det darfor vik-
tigt att man dr vdl insatt i den synoptiska vddersituationen.
" Om sd icke dr fallet &dr risken stor att radarekona feltolkas
och ddarmed ar risken stor att meteorologen tappar fortroendet
for radarn. Speciellt noga bor intilliggande sonderingar stu-
deras.

Det radarn mdater &dr reflektionen fran hydrometeorer i radarst-
ralens vag, medan det vi dr intresserade av i forsta hand éar
intensiteten av nederbdrden vid marken. Endast i radarns
ndaromrade kan vi erhdalla reflektionsdata fran marknara nivaer.
Pa 100 km avstand tacker t ex strdlen vid lagsta elevation
hojdintervallet 0,5 - 2 km. For mer avldagsna mal dr vi darfor
tvungna att gora en bedomning hur representativa dessa ekon ar
for nederbdrden vid marken. Inga radarekon behover dessutom
inte innebdra att det dr helt nederbdrdsfritt, dd de neder-
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bordsbildande molnen helt kan Tigga under den ldgsta radarst-
ralen (CAPPI-nivadn). Observera dock att radarekona fran hogre
nivaer icke skall ringaktas, da dessa i vissa fall har stort
analys- och prognosvdrde. For flygtrafiken dr naturligtvis
radarinformation fran hogre nivader viktia, t ex vid beddomning
av isbildning. Om stratucumulusmoln ger radarekon och tempera-
turen dr den riktiga dar det ett bra tecken pa svar isbildning.
For att identifiera radarekona kommer de automatiska neder-
bordsmatarna sannolikt att bl1i till stor hjalp. Observera dock
att automatstationerna ger punktvdrden under ett tidsinter-
vall. Radarn ger ett ytvdarde momentant. I skursituationer kom-
mer det darfor att bli svart att dra nagon nytta av automats-
tationerna. Det ar dock i skursituationer radarn visar sina
storsta fordelar gentemot konventionell synoptisk information.
Radarreflektionens beroende av droppspektrum och anomal
utbredning i klarTuft kommer att behandlas i annan del av den-
na kompendieserie.

Nar det galler tolkning av radarinformation bor man forst gora
en grov uppdelning i tva huvudgrupper, dels nederbdrd i sam-
band med frontala moln (skiktade molnslag) och for det andra
nederbdrd orsakad av konvektion (skursituationer). Utmdrkande
och svarigheten med konvektiv nederbdrd ar att man har att
syssla med stora horisontella nederbordsgradienter. I frontala
system Tigger problemet i att man har nederbdrdsgivande moln i
flera olika nivader. Fronten i sig sjdalv har ju en viss Tut-
ning.

Frontala vddersystem

For all radarmatning av nederbdrd dr det av stor vikt att mat-
ningarna sker sda ndra marken som mdjligt. I samband med fron-
tala vadersystem dr detta extra viktigt.

Ett pdtagligt problem dar att inom ett frontalt molnsystem
varierar den vertikala utbredningen av ekona oregelbundet. Det
ar inte ovanligt att ekona tilltar med hojden. En av orsakerna
till detta d@r bright band. Ndar snoflingorna borjar smalta blir
de vata forst i ytterkanten och registreras da som mycket sto-
ra vattendroppar med kraftig reflektion. Detta yttrar sig pa
en viss niva (smaltnivan) som ett band med hogre reflektion &n
omgivningen. Vid frontala vaddersystem dr det ddrfor viktigt
att kdanna till nijvan for 0 -isotermen. Bright band gar i regel
att urskilja fran kraftig nederbdord genom att det begrédnsas
till ett smalt vertikalt skikt, i regel omkring 500 m tjockt.
Pa radarn syns bright bandet darfor bdst pa vertikalsnitten
som_en niva med avsevdrd hdgre intensitet &n intilliggande
nivaer.

Ett annat problem ar de frontala molnens Tutning speciellt vid
varmfronter. Vid altostratusuppdrag erhalles i regel ganska
kraftiga radarekon fran hojder mellan 2 och 4 km, utan att
ndgon nederbdrd kan observeras vid marken. P3 stora avstand
dar man p g a jordens krdokning endast dr hdnvisad till dessa
nivier kan det ddrfor vara svart att avgora nederbdrdsomrdde-
nas verkliga framkant.
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Fig 3.

Det van11gaste problemet vid nederbdrdsdetektering pa storre
avstand ar dock att radarstrdlen passerar ovanfor nederbdrds-
moinen. Detta &r vanligt vid 1&tt regn eller snofall fran
stratus eller stratocumulusmoln. Vintertid kan dven Cb-moln
bl1i svara att upptdcka pd storre avstand, da molntopparna
ibland endast nar 1,5 - 3 km Over markn1van Hoga hinder ndra
radarn kan dven medfora att matn1ng av nederbord i Tadga nivéer
omo jliggors. :

Vid radarskugga orsakad av ett fysiskt hinder dr det dock
Tdngt ifrdn alla fall som total utslackning sker. I midnga fall
stannar det vid en partiell ddmpning av radareffekten, da
endast en del av radarloben trdffar hindret. Hur stor damp-
ningen blir beror pa radarlobens bredd. Norrkdpingsradarn har
en lobbredd pa 0,85°

)

Fig 4.

Orografin innebdar inte bara dampning av radarekona. En reell
nederbordsforstarkning ger naturligtvis i resultat en fors-
tarkning av radarekona. Dessa radarekon bor naturligtvis
urskiljas vid en eventuell extrapolation.

Korrektion for dampning av nederbdrd sker automatiskt. Damp-
ning p g a nederbdrd &r visserligen inte kdand pa forhand, men
kan uppskattas med hjalp av reflekterad effekt i varje upplos-
ningselement.
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Avstandsdampn1ngen som beror pd radarstrdalens volymokning med
okat avstand korrigeras med hjalp av normaliseringen.

Anomal vagutbredning av radarstrdlen kan forekomma ibland i
samband med fronter p g a existerande stabila skikt. Detta
medfor att hojdangivelser pa reflektiviteten kan bli osdkra
och att markekon kan forekomma. Markekon eliminieras till viss
del av dopplerfunktionen. Anomal utbredning med atfoljande
markekon pa stora avstdnd ar dock mest vanligt vid Tugna
vdderforhallanden, da kraftiga markinversioner forekommer.
Speciellt vanligt ar det med anomal utbredning Over kallt vat-
ten under vdren och forsommaren, vilket kan forekomma i kombi-
nation med nederbdrdsekon (frontuppdrag).

I nedanstaende figur har Dr Keith Browning sammanstdllt de

.~ problem som dr forknippade med frontala nederbdrdssystem.

6
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Fig 5.
1. Radarstralen passerar ovanfor nederbdrden pa stora
avstand.

2. Avdunstning pa 1ag nivad under radarstralen.

3. Orografisk forstdrkning ovanfor berg, vilket ej upptacks
av radarn.

4. Kraftig reflektivitet p g a smdTtande iskristaller (bright
band) .

5. Underskattning av duggregn p g a franvaron av stora drop-
par.

6. Radarstralen bojer av p g a kraftig fuktighetsskiktning.

Prognosbarhet

Pa vilket avstdand man kan upptdcka frontnederbdrd beror natur-
Tigtvis i stor utstridckning pa de nederbordsgivande molnens
vertikala utstrackning. Frontal nederbdrd av mattlig 1ntens1-
tet och vid marktemperatur Gver 0° upptdcks i regel pa 200

km avstand. Ericssons 5 cm radar har hog kdanslighet och upp-
tacker utan svarighet 1dtt nederbord. Latt snofall har obser-
verats pa over 120 km avstdand. Oftast ar dock ldtt regn och
speciellt snofall kombinerat med ldga moln varvid rackvidden
begrdnsas patagligt.



Erfarenheter fran vintern 1985 visade att ldatt snofall upp-
tacks i allmanhet pa 80 - 110 km avstand. Mattligt tiil kraf-
tigt snogfall pa 120 - 160 km.

Vid fronter och speciellt da varmfronter bdor dock beaktas att
radarekon pa stora avstand kommer fran molnskikt pa 2-4 km
hojd dver marken och har ddlig korrelation med nederbdrden vid
marken. Mdnga ganger kan ratt kraftiga ekon forekomma utan att
ndgon nederbdrd observeras pa marken. Extrapolation av neder-
bordsomradenas framkant bor darfor inte goras forrdn radareko-
na natt 120-140 km avstand fran radarn.

Ndr nederbdrdsomradet narmar sig radarn tilltar i regel de
hogsta intensiteterna beroende pa att mindre intensiva neder-
bordselement bdrjar uppta hela pulsvolymen.

En kanske viktigare uppgift for prognosmeteorologen ar att
svara pa ndr nederbdrden ska upphora. Vanligtvis "orkar"
radarn endast igenom ca 100 km av ett regnvdader. Om nederbor-
den dr 1dtt begréansas rackvidden oftast av for lag vertikal
utstrackning. Om nederbdrden ar mattlig till kraftig begrdansas
rdckvidden av att radareffekten absorberas i nederbodrden
(dampning). Observera dock att en 5 cm radar har betydligt
battre rackvidd dan en 3 cm radar. Det kan darfor vara vissa
problem att avgdra om radarn visar en reell baksida eller om
den dr falsk.

Om bakkanten har en r1ngformaé struktur centrerad kring radarn
ar det ett tecken pd att det dr en falsk bakkant. Nar baksidan
pa radarekona bérjar rata ut sig overgar baksidan pa radareko-
na till att bli reell. Tvdrsnitten kan ocksd vara till stor
hjalp da en reell bakkant i regel &r kopplad till att ekoni-
vaerna vertikalt sjunker.

Dopplerfunktionen ar ocksa anvdndbar for fastlidgande av baksi-
dan av nederbordsomraden, da dessa ar kopplade till en front-
passage. Pd hastighetsbilderna gar vindshearen tydligt att
iaktta i samband med fronten.

r=20km
I'=40k.m '
a= varmfont

b= kallfront

c= ocklusionsfront

Fig 6. Schematisk illustration av PPI-bild av hastighetsdata
fran Dopplerradar. Isotacker for 0 m/s dr svart, a' =
radarelevation.
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Nar bakkanten borjar ndrma sig radarn brukar det ganska snabbt
dyka upp en del ekon fran ldttare nederbdrd som ej tidigare
synts p g a dampning och 1ag vertikal utstrdckning.

Flera av ovanstaende problem minskar naturligtvis pdtagligt om
ett ndt av radar placeras ut med ett avstand pad ca 200 km fran
varandra och sampresentation mojliggors.

Aven om de horisonella gradienterna i ekointensitet &r betyd-
ligt mindre i frontal nederbdord dn i situationer med Cb-moln,
sd& saknas ej pataglig variation. Ofta kan man se s k regnband.

Dessa orsakas av konvektiva celler pa hdg hojd, vilka besar
underliggande moln med iskristaller och orsakar ddarmed neder-
bordsférstarkning. D& dessa konvektiva celler lTigger pa hogre
hojd @an de regngivande skiktade molnslagen ror sig regnbanden
oftast snabbare an regnomrdadet sjalv.

1 . _@___}ﬁ“___»ﬁ

—>

Fig 7. Principen for regnband

—

Ur prognostisk synpunkt och da speciellt fran flygtrafiksyn-
punkt ar det viktigt att dven ha upps1kt over ekostrukturen pa
hoga nivaer. Radarekon pd hdgre nivaer (2-5 km hgjd) som sak-
nar kontakt med marken (lagsta nivan) och ddrmed ej géer nagon
nederbdrd kan vara ett nederbdrdsomrade under bildning. Om
intensiteten i de hdgre nivaerna bdrjar tillta och dessutom
vdxa nedat ar det en bra indikation pa att nederbdrd snart
borjar falla.

Detta ar mycket vanligt i samband med fronter som aktiveras t
ex efter att ha passerat over en bergskedja.

Ett frontsystem som passerat fJa11kedJan ir ofta svart att
folja pd synopkartan, dd nederbdrden torkat ut i 1d av berg-
skedjan. I regel finns dock nederbdrdspartiklar kvar pa de
hogre nivaerna »2 km varvid fronten gar att folja pa radarn.

I god tid kan man dessutom se nar fronten borjar aktiveras och
foérutse nar och var nederborden kommer Gster om fjallkedjan.
Utnyttja ddrfor d@ven ZMaxbilderna. Information om radarekon
frdn hogre nivaer dr naturligtvis ett bra hjalpmedel vid
faststallande av isbildningsrisker.

Bright- band ar ett bra hjalpmedel for fastldggande av 0°
isotermen. Bright bandet iakttas i regel som ett band av
betydligt hdgre intensitet begrdsat till en niva. Kraftigt



regn ar oftast kopplat till flera nivier.

Konvektiv nederbord

Vid analys av regnskurar eller sndobyars intensitet dr den tre-
dimensionella bilden av radarekona en ovdrderlig hjalp. Eko-
toppnivan dr det basta och enklaste sdttet att uppskatta en
konvektiv cells intensitet. Naturligtvis har dven absolutvdr-
det pa reflektivitetsvardena stor betydelse.

For t ex analys av dska har Dr King pa finska vadertJansten
utarbetat en anvdndbar klassificering. Metoden bygger pa
utnyttjande av ekotoppnivda och den maximala reflektiviteten.

Om folJande tvaparameterekvation overstiger 4,5 foreligger
risk for aska.

(h - ho)(z - zo) ho = 4,5 km z, = 21 dBz

Metoden verkar vara mycket anvandbar. Nagra objektiva tester
har dock ej forekommit i Norrkoping.
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Fig 8. Tvaparameterdiagram baserat pa molntoppshdjd och max-
imala reflektiviteten. Svarta omrdden markerar fore-
komst av aska.

~ Naturligtvis kan mman tdnka sig ménga andra kombinationer med
ekotoppnivan. Exempe1v1s borde nagon s]ags integration av ref-
Tektiviteten i nivderna strax ovanfor 0°-isotermen vara till
god nytta. Aven den horisontella utbredningen av ekona har en
viss betydelse.

Ett anvant kriterium for existens av hage] ar att reflektivi-
teten ska overstiga 45 dBz pa nivdn for 0° -isotermen plus 1,4
km. Detta kriterium fangar ndstan alla fall med hagel. Metoden
ger dock falskt alarm i ca 50% av de fall kriteriet dr upp-
fyllt.
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Fig 9. Hagel om Hyg > H0 + 1,4 km

Vid matningar av reflektivitet i samband med Cb-moln bor vissa
radarfysiska realiteter beaktas. '

P g a att konvektiva celler har Titen horisontell utstrdackning
underskattar radarn oftast de mest intensiva kdrnorna. Detta

galler speciellt pa stora avstand. Orsaken till detta ar att

radarpulsen okar i volym med okat avstand fran radarn, vilket
medfor att regnskuren eller den mest intensiva delen i en kon-
vektiv cell ej fyller upp hela radarpulsen. Avstandsdampningen
som bygger pa %2 relationen narmar sig istallet %4 relatio-

nen for punktmal. I Norrkdping har radarn en pulsbredd pa
0,85° vilket medfor att pa 200 km avstand radarpulsen har en
bredd pa ca 3 km. De mest intensiva karnorna i t ex hagelsku-
rar overstiger i regel ej 1 km. Speciellt problematiskt blir
detta vid snobyar i mycket kall Tuft. Da uppfylls ocksa i ver-
tikalt led endast en ringa del av radarpulsen redan pa ganska
mattliga avstand.

Vid kall vaderlek med snobyar har radarns rackvidd visats vara
som s3amst. Aven snobyar av mattlig intensitet kan ligga helt
under 1,5 km hojd. Snobyar av den dimensionen forsvinner i
a]]manhet redan pa 70-80 km avstand fran radarn. Detta &r
forklaringen till att frontala nederbdrdssystem kan ses pa
storre avstand an bynederbdrd av samma intensitet. Vintertid
dr det alltsa speciellt viktigt att gora klart for sig hur
hdga Cb-molnen kan vantas bli innan man drar nagra slutsatser
fran radarn om existens av bynederbord.

Molntopp och ekotopp overensstammer i regel bra, da iskristal-
lerna i Cb- topparna ger tillrdcklig reflektion. Utbredningen
av radarstra]en kan dock variera nagot vilket medfor att hoj-
den pd ekotoppen vid avlagsna mdl kan vara ndgot osaker. Over
kallt hav kan dock patag11g anomal utbredning forekomma och
helt vilseledande varden pa ekotoppar forekomma. Bright band
forekommer mycket sdllan i samband med Cb-moln p g a den tur-
bulenta omblandningen av regn och snoflingor.



Prognosbarhet

For lokalisering av regnskurar och snobyar dr radarn ett ovar-
derTligt hjdaTpmedel. Aven for en grov klassificering av neder-
bordens intensitet dr radarn overldgsen. Radarns hdga uppdate-
ringsfrekvens gor den dessutom overlagsen synopinformation och
satellitbilder for snabb upptdckt av Cb-celler.

Jamfor nedanstdaende synopkarta med radarbild for samma tid.

Fig 10

Synopkarta 850104 12z Radarbild 850104 1201z

Synopkartan ger ingen information om att sndbyarna &r koncent-
rerade till ett eller tvd band in mot kusten fran nordost. En
vantad @ndring i vindriktningen och dess foljder fGr snobyban-
dets position kunde omgdende observeras. Observera dock att i
detta fall endast de kraftigaste sndobyarna syns pa radarn.
Snobyar av T3att till mattlig intensitet syns ej da dessa har
for ldag vertikal utstrdckning. Denna vadersituation pagick i
ca 3 dygn och gav Tokalt upp till 100 cm nysnd.

Sommartid, da solens upphettning av markytan dr den domineran-
de drivkraften, dr enskilda celler i regel mycket kortlivade
“(mindre an 1 timme). Detta gor att man inte kan gdra prognoser
for enskilda skurar. Istdllet fdar man analysera hur regnsku-
rarna dr orienterade till den synoptiska vadersituationen. I
vissa situationer dr regnskurarna utspr1dda utan ndagon storre
systematik, men i ganska manga fall gdr det dock snabbt att
notera en viss lokalisering till Tlinjer med bynederbdrd (kon-
vergensband). Det kan vara trdglinjer, fronter, SJobr1sfronter
eller kustkonvergens som ar den utldsande faktorn. Fran Norr-
kopingsradarn har det speciellt noterats att vid nordlig vind
regnskurar i hog utstrdckning bildas strax innanfor kustlinjen
(kustkonvergens). Radarn dr utan tvivel ett utmarkt instrument
att kartldgga den klimatologiska fordelningen av nederbdrd for
olika stromningsbilder.
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Anvdndning av doppler i samband med konvektiva system

Vindfaltet gar att erhalla fran dopplerbilderna och kan vara
till hjalp vid forvarning om intensifiering av ett konvektivt
viadersystem. Kraftiga horisontella vindar i samband med askva-
der, hagel och tromber bor ocksa kunna observeras.

Observera dock att radarn endast mater den radiella vinden,
vilket innebar att de absoluta vdardena pad vindhastigheten &r
beroende av hur radarn dr placerad i forhdallande till vindfdl-
tet. Exempelvis far regndroppar som ror sig tangentialt till
radarn hastigheten noll.

Nedanstaende figur visar hur olika vindfdltet blir analyserat
beroende pa radarns placering i forhdallande till vindfdltet.

HORIZONTAL

HORIZONTAL
22 ! I

DISTANCE WEST OF CP-2 (km)

Fig 11.

a) Dopplerradar placerad i b) Samma situation men med
sydost ldngs axeln i maxi- dopplerradarn placerad i
mal windshear. nordost.

En forutsattning for att erhdlla det exakta vindfaltet dr
siledes att avsokningsomrdadet tacks av minst tva dopplerradar.

Det finns dock utarbetade metoder for erhallandet av det verk-
lTiga vindfidltet fran en ensam dopplerradar. Hir mdste dock
vissa krav uppfyllas pa divergensfri rorelse, atminstone inom
vissa sektorer.

Pa Ericssons radar dr mdtning av vindhastigheten mojlig ut
ti11 120 km radie. Forutsattningen for matningen av vindhas-
tigheten dr att det finns nederbordspart1k1ar Insekter kan
ibland observeras ut till ca 50 km fréan radarn.
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SURVEY OF METEOROLOGICAL DOPPLER RADAR PRINCIPLES
1. INTRODUCTION

Doppler radars have been used meteorologically for several
decades now, but almost exclusively for research. It has been
shown that the Doppler effect can be used for measuring the
echos' (targets') velocity and/or suppress non-precipitation
echos. The principles are well-known and the techniques are
well-developed. Most of the Doppler weather radar development
has occurred in the USA. Now, after 20 years of work, it is
considered ready for operative use. The prototype radars for
USA's new weather radar network, NEXRAD, have Doppler capabi-
1ity, as do those in the new Swedish very short-range forecas-
ting system, PROMIS.

The main objections to the operational use of the Doppler
capability have been its expense and the question of its ope-
rational usefullness. Whether the expense is justified
depends, of course, on its usefullness. In addition to the
obvious use of Doppler information for modifying reflectivity
data, knowledge of the air motions within echos is certainly
necessary in order to understand the dynamics of the precipi-
tation, to diagnose their structure, and to predict their
behavior. With the aid of manual or automatic interpretive
techniques, the Doppler facility can provide such air motion
information with a space and time resolution not feasible with
other instruments. The operational use of this information is
currently being studied (e.g. Wilson and Roesli, 1985). Its
direct use by the forecaster depends on the types of forecasts
to be made, the forecaster's understanding of the mesoscale
structure of precipitation systems, and, in some cases, the
forecaster's ability to intrepret Doppler information. Its use
as input to operational numerical models is a Togical next
step that has not yet been tried. The experiences in the USA
and Sweden will show the extent of the usefuliness of opera-
tional Doppler weather radars.

This compendium is intended as a general aid for meteorolo-
gists in understanding the Doppler information obtained from a
Doppier weather radar. First, the main principles involved in
the processing of Doppler signais to obtain radial wind velo-
cities are discussed. Typical radar parameter values are
given, with values for the Swedish radar in Norrkdping in
parentheses. Then, manual and automatic techniques for the
meteorological interpretation of this radial velocity informa-
~tion is briefly discussed, using examples from various radars.
More detailed and mathematically rigorous explanations are
presented by Doviak and Zrnic (1984).

2. DOPPLER RADAR PRINCIPLES
2.1 Definitions and Pulse Radar Function

A pulse Doppler radar transmits a pulse at a pulse repetition
frequency (PRF) of about 1000 per second (900 and 1200 /s),
yielding a pulse repetition time (PRT = 1/PRF) of 1000 micro-
seconds. The pulse duration, Ty, or pulse Tength is general-
ly either 0.5 or 2.0 microseconds (0.5 microseconds), and is
quite short compared to the PRT (Fig. 1). This pulse length
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. PRT{=1/PRF) |

r —1

first pulse sent second pulse sent

~140'S = pulse duration

Jji A
12500 -50710% " t=999-1ooond@'f=nwnm% time

"huise, 5 km  1%hulse, 75km  pulse, B0 km Z%pulse, 15 km

Fig. 1 Schematic diagram of the operation of a pulse radar

determines the smallest possible range gate spacing, R, or
measurable range increment, by

R = 0.5 x Tp X C (= 75 m)

where ¢ = speed of light. Once the pulse is transmitted, the
radar is switched to a receiving mode until the next pulse is
to be sent. In the receiving mode, the radar detects signals,
or echos, returning from remote objects (precipitation,
insects, hills, etc.). It is assumed that the returning echo
is caused by the most recently transmitted pulse, so the dis-
tance, R, to the object is determined by the time difference
between the transmission of the pulse and the reception of the
echo, Tp» and the relation

R = Tp X c/2 (1)

The pulse repetition time Timits the size of TR, resulting
in a limit to the unambiguosly observable range, Rpyy, to

Rmx = PRT x c¢/2 (2)

After the radar has been in the receiving mode for a time PRT,
it switches back to a transmitting mode to send the next pul-
se. The radar is continuosly rotating at a typical rate of 2
rpm (2 rpm), so the angle scanned during one PRT is typically
.01 degrees, corresponding to 13 meters at 60 km range.

2.2 The Doppler Principle

A pulse is sent out with a known phase, p, wavelength, X, and
frequency fy (= ¢/x) (Fig. 2). When the pulse strikes an
object moving with radial velocity v, towards the radar, it
causes the molecules in the object to vibrate with frequency
fo + Vo /A, This molecular vibration sends a signal back to
the radar with a frequency equal to the molecular vibrational
frequency and an additional correction due to the movement of
the object, resulting in a received frequency at the radar of

fre = o T 2 v./2



Fig.

2

The frequency shift associated with the Doppler
effect on a single pulse from a radar
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The signal sent forward has a frequency of fg + vpe/A -

= f,», the same as the original pulse frequency. The
cﬂange in frequency between the transmitted pulse and received
signal could theoretically be detected by observing the change
in phase between the transmitted and received pulses and the
relation

Ap = Zﬁ(fr - f )T = 4n Vi T /A

o p Y
However, with typical atmospheric motions (10 m/s) and the
Norrkoping radar parameters (X = .053 m, = .5 micro-
seconds), Ap = .07 degrees, which is too sﬁa]] to measure

accurately. Hence, one can not use only one pulse to detect
the radial velocity.

If two pulses are sent with the same phase (or with different
but known phases) separated by time PRT (Fig. 3), the radial

V.0

Pulse?

Fig. 3 The change in phase angle from one pulse to the next
associated with the Doppler effect

velocity of the target can be determined by the phases of the
received signals from the two pulses, Py and Py, respectively
and the relation

bp = pp- 0= 4y VrPRT/A

With v, = 10 m/s and PRT = 1/1200 s, o = 120 degrees, a mea-
surable phase angle difference. Therefore, the radial velocity
of the object can be determined from the returned signals from
two pulses by

v, = ABP/(4TPRT) o (3)

Generally, however, a series of discrete phase measurements
obtained from a series of consecutive pulses (32 in the Norr-
képing radar) are used to determine the objects radial velo-
city.
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2.3 Processing of Discrete Phase Measurements

The most common ways of processing the series of discrete pha-
se measurements have been pulse-pair processing and Fast Fou-
rier Transform (FFT) processing. The pulse-pair processing
technique was the primary technique used in earlier research
Doppler radars, but, due to recent hardware improvements and
the better accuracy obtained with the FFT processing, this
technique is being used more frequently now. The Norrkdpng
radar has a FFT processor.

Pulse-pair processing involves  the use of the autocorrelation
function between two successive pulses to provide an estimate
of vp. In simplified terms, the phase shift between two pul-
ses in a pulse pair is used to compute v, for each pulse

pair as in equation (3). Then the average value of the radial
velocity is determined by averaging the measured v, from a
series of pulse pairs.

The FFT processing technique performs a Fast Fourier transform
on the series of pulse measurements (16, 32, 64 or 128 pulses)
from one range bin. This produces a Doppler spectrum where the
x-axis is the Doppler frequency or phase shift (easily conver-
ted to vp) and the y-axis is the signal power associated

with each Doppler frequency (radial velocity) (Fig. 4). The
peak (or the first moment) corresponds to the mean

p
a) 1.50 km
€01 0 101
Radial Velocity (m/s)
p
b) 0.25 km
104 0 101

Radial Velocity (m/s)

Fig. 4 Doppler spectra obtained from a vertically pointing 5
: cm radar in Finland on Oct. 7, 1984, in a) snow at
1.5 km height and b) rain at 0.25 km height. Signal
power, P, is shown as a function of Doppler frequency
(radial velocity) (Puhakka - private communication).

radial velocity of the observed target(s), while the spectral
width characterizes the velocity variation of the target(s).
Two examples of Doppler spectra collected in Finland are shown
in Fig. 4. Note the differences in radial velocity and spect-
ral width between the two figures. Ground clutter echos have
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an even narrower spectral width, centered at 0 m/s, than shown
in 4 a). In the Norrkoping radar, 32 pulses are transmitted,
yielding 32 discrete spectral points (or velocity bins).

2.4 - Ambiguities

There are two types of basic ambiquities that arise in obtai-
ning Doppler radar measurements. These ambiguities are deter-
mined by the physics and the hardware constants, and are,
unfortunately, related to each other. The first ambiguity is
the range ambiguity. As mentioned previously, the maximum
range for which signals can be obtained is determined by the
PRT and equation (2). Obviously, one wants to use a large
PRT in order to maximize the unambiguous range, Rpyx. A
velocity ambiquity arises due to aliasing by the use of
discrete phase shift angles, or frequency shifts. The maximum
Doppler frequency observable, or the Nyquist frequency, is
determined by the time interval between samples, PRT. This
leads to the unambiguous velocity interval, Vi, being given
by the equation

VI = XM/(2xPRT) (= 24 m/s and 32 m/s) | (4)

which is the Tength of the velocity interval represented on
the x-axis of the Doppler spectra (see Fig. 4). The velocity
interval can be chosen to be centered around, for example, O
m/s (e.g. Vi =24 m/s so -12 m/s < v < +12 m/s), or some
other value (Fig. 5 a), but Vi determines the size of the
interval. By comparing equations (2) and (4), one can see that

Rmx and Vi are inversely related via PRT. For meteorolo-

gical purposes, one would want Vy = 100 m/s (-50 m/s - +50
m/s), but this would give a maximum range of only Ry, = 40

km. Hence, in radars with one PRT (PRF), a compromise is gene-
rally obtained with Ry, =150 km and Vi=25 m/s. If the

true radial velocities are outside the unambiguous velocity
range, they are represented as values in the range, as they
can not be distinguished from those within the range,.as sche-
matically illustrated in Fig. 5 a). For example, the deduced
radial velocity of +10 m/s in 5 a) can be caused by other true
radial velocities, such as -14 or -38 m/s. Therefore, with
most Doppler weather radars, it is necessary to perform a
time-consuming "unfolding" process on the data.

Another solution has been theoretically recognized for some
time, and has now been implemented in the Norrkdping radar.
This solution involves using two PRFs, and utilizes the mean
velocity values obtained from each as well as the difference
between these two velocities. This velocity difference will
then indicate in which unambiguous velocity interval each of
the two velocity values is located (Fig. 5 b). This resolves
the true radial velocity within a much Targer velocity inter-
val (-48 m/s - +48 m/s at Norrkoping). For example, the solid
slanted Tines represent the unambiguous velocity ranges cor-
responding to PRF = 900 /s and the dashed slanted lines repre-
sent those corresponding to PRF = 1200 /s in Fig. 5 b. Each
unambiguous velocity range can only display velocities 0 - 24
m/s or 0 - 32 m/s, rspectively, while the true radial velocity
is given by the x-axis. If a radial velocity of +18 m/s is
measured by PRF = 900 /s and one of +2 m/s is measured by PRF



= 1200 /s, these two values correspond to the same true radial
velocity at -30 m/s, which is the desired value. In practice,

Unambiguous interval

1 1 L 1 1 I { 1 L 1 1
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Velocity (ms”)
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Unambiguous interval
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(b)
Fig. 5 Schematic illustration of the unambiguous velocity

intervals for a) a single PRF (= 900 s 1) radar

and b) a double PRF radar. The circles represent
radial velocities that are represented by the same
value on the unambiguous velocity interval for each
PRF.
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this idea functions reasonably well, though occasional Tlarge
errors result from an incorrect resolvation of the true velo-
city from the two PRFs, especially when the beam width is large
and/or strong wind shear occurs. These errors can often be
edited with further data processing. Hence, radial velocities
over the entire meteorological speed range can be obtained in
real time without the need for time-consuming unfolding.

3. USE AND INTERPRETATION OF DOPPLER RADAR INFORMATION

The Doppler spectra information is used in editing measured
radar reflectivity values and radial velocities are used in
providing meteorological wind information. Manual and automa-
tic techniques for interpreting the radial velocities to
meteorological information exist. Some of the automatic tech-
niques are well-established, while other techniques are still
undergoing study and modification. The principal problem to be
overcome by these techniques is the 1-dimensionality of the
measurements.

3.1 Spectral information

Doppler spectra information is used to edit radar reflectivity
values. By removing the intensities with a zero velocity in
the spectrum, ground clutter can be reduced.

Also, by using the spectral width as well as the signal to
noise ratio, echos due to a previous pulse (returning from a
range >Rpyx) can be identified and removed. This is due to

the use of a different phase with each pulse.

3.2 Radial Velocities - Manual Interpretive Techniques

In most situations, Doppler radial velocities represent the
motion of precipitation particles. These particles are assumed
to move with the three-dimensional wind, as well as having a
fall speed of their own. Hence, the radial velocities are only
a measure of one component of the precipitation particles'
three-dimensional movement. Raw radial velocities are often
presented in a few different ways. These fields of velocities
need to be interpreted by the radar meteorologist, as descri-
bed by Wilson, et al., 1980.

The PPI (Plan Position Indicator) display is just the display
of the raw radial velocities in their original polar coordina-
te system. One elevation angle is displayed at a time. With a
Tow elevation angle (Fig. 6), one can deduce the general wind
direction, obtain an estimate of the horizontal wind speed,
and detect the areas of strong horizontal shear. The wind
direction 1is most easily determined by observing the "grey
band", or 0 m/s radial velocity band. In the grey band, the
wind direction is perpendicular to a ray from-the radar at the
center of the display to a point in the band (or there is no
wind at all). In Fig. 6, one can see that within 40 km of the
radar, the wind is from the SSW. At 60 km towards the NNW, the
wind direction is from the WSW. The wind speed at various
ranges (and, therefore, also heights) can be estimated from
the maximum and minimum radial velocities at a constant range.
The wind direction can also be estimated at these points. For
instance, at 60 km range, the maximum and minimum radial velo-
cities are located NE and SW of the radar, respectively, rep-



resenting a wind of about 24 m/s from the SW (negative values
indicate motion towards the radar and positive values away).
Note that these speeds and directions are not surface

values, but values at the beam height at the ranges and direc-
tions of the observations. Even at 0 degree elevation angle,
the height of the center of the beam is at 212 m at 60 km
range due to the curvature of the earth. Only very close to
the radar, or under very well-mixed atmospheric conditions,
will the radar estimated wind speed and direction match the
surface observations. Therefore, the increase in the wind
speed from the radar to the maximum at 60 km range is Tlikely
to represent a wind speed increase in the vertical (within the
boundary layer) as well as a possible increase horizontally.
Areas of horizontal wind shear are detected by observing the
areas of strong gradient of the radial velocities, or a dis-
tinct bending of the velocity bands. In Fig. 6, a sharp hori-
zontal wind shear line is seen about 40 km to the west of the
radar. This wind shear Tine corresponds to a cold front.

If a high elevation angle PPI is displayed, the vertical
atmospheric wind structure is revealed. Here, again, the loca-
tion of the grey band indicates the wind direction, and, with
the assumption that the changes in the wind direction with
increasing range are due to the vertical changes in the wind
direction, levels of cold and warm advection can be determined
(Fig. 7). If, with dincreasing range, the grey band curves to
the right, the wind is veering with height, indicating warm
air advection (from 0 - 10 km range in Fig. 7). If the grey
band curves to the Teft, cold advection is indicated (at 27 -
35 km range to the NW in Fig. 7). Regions of wind jets can
also be determined, such as at about 25 km range in Fig. 7,
with a 40 m/s wind from about 250 degrees. Note the low-Tevel
jet at 5 km range with a speed of about 36 m/s from about 155
degrees. Of course, the actual heights of these features must
be calculated using the elevation angle and the range. The PPI
display has probably been the most traditional display techni-
que, particularly in real-time displays during the collection
of research data.

Some attempts have been made to interpolate the naturally
polar data to a cartesian grid and interpolate a volume scan
of radial velocities to constant altitude PPIs (CAPPIs) or
hybrid PPIs and CAPPIs ("pseudo-CAPPIs"). The CAPPI presenta-
tion has the advantage that all the values displayed on the
screen are from the same altitude (a coordinate system better
suited to the meteorologist), and the problems of misinterpre-
ting vertical gradients as horizontal gradients, for instance,
do not occur. Fig. 8 shows the radial velocities displayed on
a CAPPI Tlevel (5.5 km) with a west wind of over 40 m/s. The
black disc centered on the radar is due to the use of 20 deg-
rees as the highest elevation angle. With the CAPPI display,
one can obtain information similar to a low-level PPI, but at
various heights. However, to obtain estimates of the vertical
wind shear (cold or warm air advection), one needs to display
at lTeast two CAPPIs. Also, the interpolation needs to be quite
sophisticated in order not to produce circular false horizon-
tal wind shears, as those seen in Fig. 8. In cases of strong
vertical wind shear, this interpolation effect can be much
more disturbing than that shown in Fig. 8 and can totally
mask Tocal areas of strong wind shear. The
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pseudo-CAPPI display is a CAPPI level out to the range where
the Towest elevation beam intersects the CAPPI height, with
the Towest beam displayed at farther ranges. It is similar to
a low elevation PPI, but avoids some ground clutter and some
of the strong boundary lTayer vertical wind shear sometimes
observed on a PPI. At Norrkoping, the 500 m pseudo-CAPPI is a
standard presentation (Fig. 9). The CAPPI portion extends to a
range of 55 km, with the farther ranges being the Towest e]e-
vation (0.4 degrees) PPI.



3.3 Radial Velocities -- Automatic Intérpretive Techniques

To extract more precise information about the three-dimensio-
nal wind field, further processing of the radial velocity
information is necessary. One such processing technique is the
Velocity-Azimuth Display (VAD) technique (Browning and Wexler,
1968; Testud. et al., 1980), which is currently being tes-

ted on the Norrkoping radar. This technique provides vertical
profiles of wind speed, wind direction, divergence, and defor-
mation at the center of a column of radius of about 2-20 km
centered on the radar. It is very similar to the manual method
discussed in connection with the PPl displays. To obtain one
point in these profiles, the radial velocity at a constant
elevation and range (constant height) is sampled for an entire
sweep (Fig. 10 a). When the radial velocity is plotted as a
function of azimuth angle, a curve approximating a sinusoid is
generally obtained (Fig. 10 b). It is then assumed that

1) The vertical fall speed (Vf ) is horizontally constant

and

2) the horizontal wind components (u and v) vary Tinearly wit-
hin this circle and can be expressed by

U U
= + 2= x o+ 22
u u, 5% X 5y Y
EYl 3V
= + = + —
VoV T X Ty Y

where u, and v, are the horizontal wind vectors at the

center of the circle directly above the radar. If the measured
radial velocity, vy , is expressed in terms of u and v and

the geometry shown in Fig. 10 a, (with v, being negative
towards the radar), one obtains

_ au IV .
V. = 1/2r(cosoc)(3x ay) vfos1na +uo(cosu)(cosB)

I“’I

+ vo(cosu)(sinB)+1/2r(cosu)(sinZB)( %:)

[

y
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which can then be expanded in a Fourier series of form

8

V. = 1/2aO + I (ancosnB + bnsinnB) (5)

By matching the coefficients of equations (4) and (5) it can
be seen that
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Wind direction = : (6)
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Deformation = FEBEE(aZ +b2 )

Orientation of axis of dilatation =
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by, 72
L by = 0

Hence, 1in practice, it is a matter of 1) obtaining radial
velocities at a constant elevation and range with regular azi-
muthal spacing (interpolate if necessary), 2) solve for the
Fourier coefficients by

N
fo 7 ‘% T
a = 2 2 v cosho,) n=1,2
n Noowoy Ty i ’ ’
b = 2 g v sinho.) , n o= 1,2
n Noaoy Ty i

where N = number of equally spaced points (e.g. N = 36)

and 3) solve for the desired meteorological parameters using
relations (6). If the divergence is to be computed, the par-
ticle fall speed must be obtained, either from direct measu-
rement with the radar pointing vertically, or by some other
technique. By varying the range and elevation angle within the
Timitations described by Browning and Wexler (1968), similar
information can be obtained at other heights, providing a pro-
file. Profiles of wind speed, wind direction, and divergence
obtained 1in this manner through a warm front are shown in
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Fig. 11. Further analysis of these profiles are then possible,
such as the computation of vertical velocity and thermal
advection. These profiles can also be presented in a time-
height cross-section to help visualize the structure of the
precipitation system (Fig. 12).

The uniform wind technique is a technique for estimating the
horizontal wind field from a single Doppler radar (Doviak et
al., 1981). This technique, which is being tested in the
U.S., and also now in Sweden, requires the assumption that the
horizontal wind vector is constant within a limited area of
the echo field. This area has the approximate dimensions 20-30
degrees 1in azimuth and about 5 km in range. Several variations
to the technique exists. However, the principal technique
involves 1) using low elevation angles to minimize the effects
of the particles' vertical motion, 2) averaging the radial
velocities to reduce the number of computations and editing
this data (by various techniques), 3) computing the tangential
wind component at a point by estimating the azimuthal gradient
of the radial velocity at this point, and 4) combining this
computed tangential component with the measured radial compo-
nent to obtain the true wind vector., This provides estimates
of the true horizontal wind vectors on conical surfaces with
the apex at the radar. The assumption of a constant horizontal
wind vector 1is necessary to perform step 3. This assumption is
not always valid, and incorrect (sometimes obviously so) wind
vectors are obtained. An example of the result of this techni-
que is given 1in Fig. 13, obtained as a squall Tine passed the
Norrkdoping radar. (This squall Tine toppled trees in several
lfocalities). Many features of the wind field agree semi-quan-
titavely with available surface wind registrations, such as
the strong winds (up to 75 kts) at the leading edge (eastern
edge) of the echo region and the weak easterly winds northwest
of the radar. However, the strong horizontal shear 45-50 km
directly north of the radar might be questionable, though
verification is difficult.

A technique for estimating the horizontal divergence within
echo regions has been tested in the USA (Koscielny, et al,
1982). This technique, often called Volume Velovity Processing
(VVP), is a statistical regression technique using the radial
velocities sampled within an atmospheric volume (Fig. 14).
This volume has the approximate dimensions of 20-30 km in
range, 0.4-2 degrees in elevation angle, and 30-40 degrees in
azimuth angle. Using the VVP technique, Koscielny, et al,

- found areas of convergence which appeared to be related to
thunderstorms several hours later (Fig. 15).

These are only some of the automatic interpretive techniques
that have been tested, but those shown represent the range of
information that is available from a single Doppler radar and
is likely to be important to the meteorological forecaster. It
is likely, that some, if not all, of these techniques will be
utilized if Doppler radars are to be used operatively.
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Fig.14 The spherical coordinate system used in the VVP tech-
nique. (From Koscielny, et al., 1982).
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The divergence pattern produced by applying the
modified Velocity Volume Processing (VVP) method for
sectors 40° wide and 20 km in range. Elevation
angles of 0.4° and 0.8° were used. The data were
collected in clear skies, except for congestus
clouds to the southwest, using a 10 cm NSSL radar

in
Ok Tahoma, USA, in June 1980. (From Koscielny, et
al., 1982). -
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RADAR AND SATELLITE MAPPING OF RAINFALL DISTRIBUTION

by
C. G. Collier

Meteorological Office Radar Research Laboratory,
Royal Signals and Radar Establishment,
Malvern, UK.

1. INTRODUCTION

The requirement to measure the depth and duration of rainfall was
generated long before meteorology became organised nationally. Indeed, the
earliest known reference to raingauges dates from the fourth century BC
(Folland and Wales-Smith, 1977). However, it was not until extensive rain-
gauge networks, such as that organised in the UK by G.J. Symons in 1860, were
established that rainfall distribution began to be mapped with any degree of
precision and reliability. Over the following 100 years considerable rain-
gauge data were recorded, being used principally for both meteorological and

hydrological research on timescales of one day or more.

In spite of the enthusiasm of the amateur observers, and the steady
acquisition, throughout this century, of responsibility for precipitation*
measurement by national meteorological and hydrological services, gaps in pre-
cipitation monitoring remain. The need for real time precipitation measurement
and forecasts over short time periods (a few hours to less than one hour) has
increased with the recognition that a real-time appreciation of precipitation
distribution is an important element in modern short-period weather forecasting
(see for example Browning, 1979; Booth, 1984). Likewise, with the development
of low cost, reliable computer systems the requirement for real-time precipita-
tion information for flood forecasting has assumed increased importance

(0'Connell and Clarke, 1981).

The problem of the real-time measurement of precipitation has been
tackled using telemetering raingauge networks (see for example Mogil et al, 1978),
but inevitably these systems produce limited coverage and can be costly. Over
the last ten years or so advances in computer technology, digital communications
and display have permitted progress in the operational development and imple-
mentation of digital weather radar systems for measuring precipitation. At the

same time the potential of satellite-borne measurement systems was recognised,

* The word precipitation will be used in this paper to refer to rainfall and

snowfall, although the main theme of the paper is the mapping of rainfall.



and parallel development of precipitation measurements from space has taken

place.

In this paper we will consider the use of ground-based radar and satellite
techniques for measuring rainfall amount and distribution. The measurement of
snowfall will also be considered briefly. Whilst it might appear that systems
based upon these two technologies compete with each other, we will show that

ground-based radar and satellite techniques are generally complementary.

2. GROUND-BASED RADAR TECHNIQUES
Many techniques of measuring precipitation by radar have been proposed,
but basically there are three methods, each using particular types of radar

measurements:

(1) Measurements of the intensity of the backscattered radiation
 (radar reflectivity), and measurements of the difference in reflectivity

between vértically and horizontally polarised radiation.
(1i) Measurements of the attenuation of radar energy.

(iii) Measurements of attenuation and reflectivity made simultaneously

at two wavelengths.

The last technique has been proposed in both the USSR (Abshaev, 1971) and
the USA (Eccles and Mueller, 1971; Atlas and Ulbrich, 1974), but requires
further research before it can be assessed operationally. It will not be con-

sidered further here.

_Radiation with a wavelength less than about 3 cm is attenuated by rainfall,
the relationship being almost lineér (Ryde, 1947; Wexler and Atlas, 1963). This
fact may be utilised to measure the integrated rainfall between two points (for
a review see Harrold, 1967); provided the rainfall is not so heavy as to remove
the signal altogether. Because of the practical difficulties of making spatially
well resolved measurements in all rates of rainfall, this technique has not been

developed for operational use.

The technique which has been developed extensively is that based upon the
use of radar reflectivity. Considerable effort is also now being put into
examining the potential‘of the use of differential reflectivity measurements.
These two techniques will be considered in some detail.

2.1 The use of radar reflectivity measurements in estimating precipitation
rate ’ )

Measurements of the energy backscattered from precipitation particles in

volumes above the ground at many ranges out to 100 km or more, and at different



azimuths as the radar beam rotates about a vertical axis, may be related to the
rate of precipitation. Probert-Jones (1962) demonstrated that, provided liquid

precipitation uniformly fills the pulse volume,

6
§r B C1C2 KZZ
r

where ?; is the average of the power Pr returned from precipitation at range r;
C1 is a function of the radar parameters; 02 is approximately a constant
related to the dielectric properties of the precipitation particles; ZD6 is the
summation over unit volume of the sixth powers of the raindrop diameters D; and
K is the attenuation as the radiation traverses to and from the range of
interest. The radar reflectivity, Z, is defined by Z = ZD6, and Z is empiri-
cally related to the rate of rainfall (or snmowfall) by,

7 = ARD

where R is the rate of rainfall, and A and B are empirically determined
constants. The values of A and B depend upon the type of rainfall being
observed. Many values have been specified (see Battan, 1973), although values

which are often used are A = 200 and B = 1.6.

The variability of all the terms in the above equations affects the
accuracy of the measurements of rainfall (or snowfall), although Harrold
et al (1974) have shown that the variability is almost completely due to meteor-
ological factors. Several sources of error have been identified (for a more

detailed discussion see Browning, 1978):

(1) Variations in the relationship between the backscattered energy

and rainfall rate within the radar beam, due to dropsize distribution
variations, the presence of hail in the radar beam, and also to the
occasional presence of snow or melting snow. When the radar beam inter-
sects the region where snow melts to form rain, the radar reflectivity

is enhanced producing the "bright-band". Measurements of radar reflectivity

within the bright-band can lead to overestimates of the surface rainfall.

(ii) Changes in the actual precipitation intensity, both within the
radar beam and between the radar beam and the ground, due to raindrop

growth or evaporation,
(i1i1) Variations in the performance of the radar system.

(iv)  Attenuation of the radar signals due to heavy rainfall along the
beam and due to the effects of water on the radome (the housing used to

protect a radar from the effects of the wind and ice).



(v) Radar signals produced by the ground especially when the path of
the radar beam is affected by anomalous conditions in the lower parts

of the atmospheré.

These errors are summarised in Figure 1. The dominant importance of the
first two types of error has been stressed by Browning (1981), although the
others may contribute very significant errors on particular occasions. The
accuracy of the radar measurements of rainfall may be improved somewhat if a
raingauge is used to calibrate the system (Wilson, 1970). This is usually
achieved by setting the exponent B in the relationship between reflectivity and
rainfall equal to a fixed value, 1.6 (say), and deriving the coefficient A.-
Such a technique goes some way to correcting the radar estimates of rainfall

for the errors noted above but, as we shall see, does not solve all the problems.

2.1.1 Accuracy of surface rainfall estimates made using radar calibrated
with raingauge data o

The accuracy of radar estimates of rainfall has been the subject of
considerable study in many countries over the last ten years or so, notably in
the United Kingdom (Harrold et al, 1974; Collier, 1977), in the USA (McGrew, 1972,
Woodley et al, 1975; Saffle, 1976), in the USSR (Beryulev et al, 1980), in the
Federal Republic of Germany (Attmannspacher and Schultz, 1981), in Switzerland
(Joss et al, 1970), in Japan (Okamura et al, 1980), and in Canada (Humphries
and Barge, 1979). A review of this work has been produced by Wilson and Brandes
(1979). Although the emphasis in various countries has often been different,
most of the results appear to be consistent if allowance is made for the differ-
ent areal coverage, time resolution and rainfall types. Hence, in this paper
we will illustrate the potential accuracy of radar measurements by reference to
one particular project, namely the Dee Weather Radar Project (DWRP) carried out

in the United Kingdom between 1970 and 1976.

The accuracy with which a 10 cm radar with a 2° conical beamwidth and also
a 5.6 cm radar with a 1° beamwidth were able to measure areal rainfall in a
hilly region of North Wales was assessed in the DWRP by comparison with a dense
network of 76 autographic raingauges distributed over an area of about 1000 kmz.
Measurements of rainfall made with the raingauge network were also subject to
errors including those arising from the unrepresentativeness of individual
gauges in particular rainfall situations. For this reason the accuracy of the .
radar, calibrated using a specified small number of raingauges, was assessed
against a so-called optimum rainfall field. The optimum réinfall field was

derived from all the raingauges assuming that each gauge measured the rainfall

accurately at its location (unless comparison with its nearest neighbour



Figure I:

Cross-section through an area of frontal precipitation illustrating
six sources of error in the radar measurement of surface rainfall
intensity, namely: (1) radar beam overshooting the shallow
precipitation at long ranges, (2) 1low-level evaporation beneath
the radar beam, (3) orographic enhancement above hills which

goes undetected beneath the radar beam, (4) anomalously high

rédar signal from melting snow (the bright-band), (5) under-
estimation of the intensity of drizzle because of the absence of
large droplets, and (6) radar beam bent in the presence of a
strong hydrolapse causing it to intercept land or sea: (from

Browning, 1981).
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indicated a gross error) but using the pattern of radar reflectivity to inter-
polate between the gauges to obtain the best possible rainfall field. Any bias
introduced into the asséssmentvby this procedure was considered to be out-

weighed by the advantages.

On occasions when the radar beam did not intersect the bright-band, the
radar estimates of hourly rainfall over river subcatchments of typical area
60 km2 were found to differ from the optimum estimate by about 157 within 15 km
of a calibration gauge, and 207 at distances of about 20 km from a calibration
gauge. When the bright-band was intersected by the radar beam, these errors
increased on. average by a factor of about 1.5. Figure 2 shows how the accuracy
of the radar estimates of rainfall increased as both the averaging period and
the averaging area increased. For areas in excess of about 450 km2, however,
the accuracy began to decrease'again because the calibration gauges became un-

represéntative of the larger area.

Figure 3 shows a comparison between the accuracy of radar with that
achievable with raingauge networks of different densities. The full curves
represent the accuracy of hourly rainfall totals over subcatchments that can be
achieved with a calibrated radar located within 50 km of the area of interest.
The dotted curves represent the accuracy achieved with networks of raingauges
in the absence of radar. For both sets of curves the accuracy is plotted as a
function of raingauge density. From this figure it can be seen that when a
radar is calibrated using one gauge and the beam is below the bright-band, then
a raingauge network with only five gauges per 1000 km2 in typical uniform rain
gives comparable accuracy to the radar, but in typical isolated showers the

required network density is around 40 gauges per 1000 km2.

Although the main assessment of accuracy in the DWRP was carried out over
a limited azimuth sector with an area of only 1000 kmz, the area covered quanti-
tatively by such a radar is more than an order of magnitude greater. However,
to realise the level of accuracy specified in the DWRP over the whole of. this
potentially quantitative area, whilst making measurements in real—time; is very
difficult. Indeed, the transfer of the results of experiments such as the DWRP
to truly operational systems is only now being addressed. One such system
being tested in North West England and known as the North West Radar Project
(NWRP) has the specific aim of "developing hydrological forecasting techniques,
using radar derived data, and to incorporate these into the North West Water
Authority's operational system'" (Collier et al, 1980). It was found necessary
in the NWRP to develop a radar-raingauge calibration procedure which derived

calibration factors from a few telemetering raingauges and then applied different



Figure &:

Mean error (without regard to sign) in the measurement of areal
rainfall, using a radar calibrated against a single raingauge,
plotted as a function of the area and period of integration

(from Collier, 1977).
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Figure 3:

Mean error of thehourly rainfall totals in subcatchments of average
area 60 kmz. as determined from radar measurements in various
kinds of rainfall conditions, plotted as a function of the number
density‘of.calibrating raingauge sites (full curves). Also shown
for comparison is the mean error of thehourly subcatchment totals
‘as determined from a network of raingauges in the absence of
radar, again plotted as a function of the number density of rain-
gauge sites (dotted curves). The set of four dotted curves
represents the measurement errors for the raingauge network in the
presence of (1) extremely isolated showers, (2) typicai showers,
(3) typical widespread rain, and (4) extremely uniform rain.

For all curves the mean error is defined as the mean value of the
difference between the estimated rainfall and the 'optimum
estimate’ (defined in the text) without regard to sign (after

Collier, 1977, from Browning, 1978).
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calibrations in different areas for different rainfall types (Collier et al 1983).
The overall performance of this procedure has been analysed by Collier (1984(a)).
Figure 4 shows the percentage amount of radar data with errors greater than
stated values for both no bright-band and bright-band affected hours. The
improvement produced by raingauge calibration is particularly evident for

heavier rainfall when the bright-band is not preseﬁt. The reliability of the
radar system is extremely important, and Figure 5 indicates that high reliability
is achievable with modern radars. Hence, the accuracy specified in the DWRP

can be achieved in real-time, particularly in frontal rainfall, over the whole
quantitative area of the radar, taken as the area within about 75 km of the

radar site, some 15000 kmz.

This being the case it will be unrealistic to use
raingauges alone for accurate measurements of rainfall over large areas,
especially when the gauges have to be telemetered to provide data in feal-time.
It has been estimated (Water Resources Board, 1973) that, if an accuracy of 257
is required, the cost-effectiveness of a calibrated radar system exceeds that
of a telemetering raingauge network, provided measurements are required over an

area larger than 3000 km2;

2.1.2 Accuracy of measurements of snowfall made using a radar

Radar is capable of making measurements of snowfall as accurately as those
of rainfall except for greater wind drift problems beneath the beam. The
technique is based upon the conversion of radar reflectivity measurements
through an empirically determined relationship of the form Z = ARB. As for
measurements of rainfall, there is considerable variability in the values of
A and B (Ohtaka and Henmi, 1970). Values most commonly used are A = 2000 and
B = 2.0 (Gunn and Marshall, 1958), although Imai (1960) suggests values for A

of 540 for dry snow and 2100 for wet snow.

Much work has been done on the accuracy of radar measurements of rainfall,
but only a limitedbamount of data on the accuracy of radar measurements of snow-
fall has been obtained. Jatila (1973), using as a calibration the water equiva-
lent of snow collected in a single raingauge, found that 607 of the snowfall
amounts derived from radar measurements within about 50 km of the radar site
fell in the interval -247 to.+327 of the daily amounts of snowfall measured by
gauges. The most extensive measurements to date have been carried out by
Pollock and Wilson (1972). This project used three radars and an extensive
gauge network which included 13 weighing/recording precipitation gauges (Peck
et al, 1973). The accuracy of radar measurements of snowfall was found to be
similar to that reported by Jatila within about 30 km of the radar; but it

rapidly decreased as the hefght of the radar beam increased with increasing
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distance from the radar. Both of the above studies were made over flat terrain,
but Collier and Larke (1978) showed that comparable accuracy can also be
achieved in hilly terrain. More recently Boucher (1981) reported additional
measureménts;confirming the accuracy ndted by Jatila and Pollock and Wilson
within 50 km of the radar, although Browning (1983) points out that snowfall
development below the radar beam due to orographic effects can lead to signifi-

cant underestimates of the surface snowfall.

2.2 The use of differential reflectivity (dual polarisation) measurements
in estimating precipitation rate

Seliga and Bringi (1976) have proposed the use of a single 10 cm wave-
length radar which combines reflectivity factor measurements at horizontal'(ZH)
and vertical (ZV) polarisations to measure raindrop size distribution and hence
rainfall. These measurements are interpreted in terms of differential reflecti-

vity, Z., = 10 log (ZH/ZV) and ZH'

DR »
This technique is based upon the facts that raindrops have a nearly
oblate spherioidal shape, on average, with their axes of symmetry highly
aligned and close to the vertical, and that the degree of oblateness depends on
the size of the drop. ZDR gives,a measure of the median volume diameter of the
drops, Do, for rain with an exponential distribution of drop sizes. This
distribution is of the form N (Neq) = No exp (-3.67 Deq/Do), where Deq is the
diameter of a spherical drop equal in volume to the oblate drop. Measurements
of Z, and Z__ allow No and Do to be estimated, and hence measurements of rain-

H DR

fall rate evaluated. Since ZH and ZV are used as a ratio in deriving ZDR’ the

technique 1is reiatively free from transmitter-receiver—antenna bias.

Seliga et al (1981) report the results of limited comparisons of measure-
ments made using this technique with those made using raingauge-calibrated
reflectivity data. They found in convective rainfall that differential reflecti-
vity rainfall measurements differed by about 227 from raingauge measurements,
compared with differences of 42% using raingauge-calibrated reflectivity

27y

measurements, and 477 using an appropriate mean Z:R relationship (Z = 187R1'
It was noted that the lowest percentage difference (24%) achieved using cali-
brated reflectivity measurements reported by Wilson and Brandes (1979) was
obtained after the storm bias (adjusting the average radar derived rainfall
rates to the average raingauge derived rates for each event) had been removed.
Further excellent agreement between rainfall measurements made using the
differential reflectivity technique, and measurements made using a distrometer

(Joss and Waldvogel, 1967), have been reported by Goddard et al (1982) and
Goddard and Cherry (1982).



It would appear that the z radar technique has the potential for

accurately measuring rainfall ragi without any need for raingauge calibration.
However, as Jameson et al (1981) point out, single point measurements of ZDR
may be associated with significantly diverse rainfall rates. Although two
radar variables are used (_ZH and ZDR)’ two additional parameters (the ‘maximum
dropsize and the drop shape) are considered, so that there is little net gain
in quantitative information and further radar parameters are required‘(Atlas

et al, 1982b), or temporal and areal averaging, perhaps even some form of
calibration in particular meteorological situations. Hence the technique could
begin to suffer from the same kind of problems as the reflectivity alone
technique. Goddard et al (1982) have addressed these problems, and suggested

ways of empirically reducing the errors which result from them.

Furthermore, the differential reflectivity technique, like other radar
techniques, is adversely affected by the presence of reflectivity gradients
below the radar beam, which may be significant in cases of isolated thunder-
storms or orographic rainfall. In other words, even if the radar measures the
rainfall rate accurately aloft within the beam, this measurement may still be
unrepresentative of the rainfall rate at the surface. The use of a narrow
beamwidth (£0—1°) helps but does not entirely overcome such problems, particu-
larly where measurements of surface rainfall are required at ranges up to around
100 km from the radar, or in hilly areas of specific interest to hydrologists.
The use of such narrow beamwidths and high powers does increase systems costs
and adds to the complexity of the data processing, which result in a less

attractive system for operational implementation.

2.3 Radar networks

Over the last few years the emphasis in the operational use of radar has
moved towards the implementation of a number of quantitative weather radars
working together as a network. This has been particularly evident in Europe
where the UK now have a network of five radars (Collier, 1984b), France a
network presently numbering 11 radars (Gilet et al, 1984), Switzerland two
radars (Joss 1981, Cavelli, 1984), Sweden plan an extensive network, the first
of which is now operational, and many other countries are moving in the ' same

direction.

Data from these networks provide real-time precipitation information over
wide areas. An example from the UK network is shown in Figure 6. Plans to
implement data exchanges between countries promise even more extensive data such

as the example shown in Figure 7. Here geostationary satellite infrared data

13
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FIGURE 6:

Composite display of instantaneous rainfall data from four radars

at 2300Z on 2 May 1982. The original picture is in colours, showing
the rainfall intensity intervals in presélected colours. The numbers
an the right hand side of the frame refer to radar sites (1=Camborme,
2 = Upavon, 3:= Clee Hill and 4 = Hameldon Hill), and the letters
indicate the sites at which real-time raingauge calibration has been
applied (F= frontal rain). Calibration was not installed at the Cam-
borne~and Upavon sites at the time these data were recorded.

221 08, 02-05-52




FIGURE 7

The radar-satellite(IR) combination projected in polar stereographic
coordinates on the 25 July 1984. In this picture data from three of
the UK radars and two 8wiss radars were available. The radar data
have been used in areas enclosed by continuous or broken white lines
(see figure 6). The original figure shows the rainfall intensity
intervals in different colours. The coastline and political boundaries
are shown by white dots. Time in @GMT is shown in the top left hand

corner of each picture.
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have been used to fill in the gap between radar data over the UK and that over
Switzerland. These data were. combined as part of a European project COST-72
which aims to demonstrate the feasibility and utility of european wide radar

data exchanges.
3. SATELLITE AND AIRBORNE TECHNIQUES

In this section we will discuss measurement techniques exploiting instru-
ments mounted upori satellites or, in some cases, high altitude aircraft. The
use of satellite data in monitoring rainfall has recently been reviewed in
detail by Barrett and Martin (1981), and in what follows we present only a
brief overview in order to assess the accuracies which are achievable. Each
technique will be considered separately, and their accuracies discussed

together.

3.1 " Cloud indexing methods

The first type of technique for estimating rainfall to be developed
involved the evaluation of a rainfall coefficient or cloud index from features
of the satellite cloud field defined by visible or infrared images for example
brightness or texture. These indices could then be related via regression
equations to raingauge observations of rainfall (Barrett, 1970; Follonsbee, 1973;
Follonsbee and Oliver, 1975; Follonsbee, 1976). These techniques were most’
successful for rainfali over periods of days or months, partly because the
satellite data were available only every twelve hours. It was quickly recog-
nised that clouds with similar appearance do not always precipitate equally,
and some form of calibration was necessary. Indeed, Scherer and Hudlow (1971)
used ground-based radar data to evolve a relationship which would allow satel-
lite data to define the distribution of 'radar echo' beyond the area of radar
coverage. Accurate estimates of rainfall over short timescales, less than a

day, and small areas, subcatchments, are not possible with this technique.

3.2 Life-history methods

Stout et al (1979) were able to estimate the rainfall produced by convec-
tive clouds from the sum of the area of the clouds and the rate of change of

that area, that is

. dA

. . . _ c
- Volumetric rain rate for a particular cloud, RV aOAC + a, 49r
where Ac is the area of the cloud, dAc/dt is the rate of change of cloud area,
and ag and a, are empirical coefficients. This type of technique requires
satellite images at frequent time intervals which can only be provided by
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geostationary satellites (stationary relative to the earth) as opposed to polar

orbiter satellites.

Variants on the Stout et al technique have been produced by Griffith et al
(1976, 1978) [also described in Woodley et al, 1980], and Scofield and Oliver
(1977a,b). 1In the latter technique precipitation is favoured by high cloud
brightness (low cloud top temperature), and heavy rainfall is favoured by cold
cloud top temperatures, growth and merging of clouds. An example of a rainfall
field deri?ed from infrared satellite data using this technique is shown
in Figure 8. Negri and Adler (1981) found that thunderstorm top ascent rates
are correlated with maximum storm radar reflectivities, and the minimum black-
body temperature’ observed during the lifetime of a storm is correlated with the
maximum volumetric storm rainfall. In general this technique only produces

acceptable estimates of convective (as opposed to frontal) rainfall.

3.3 Bi=-spectral and cloud model methods

Infrared sensors on satellites provide information on temperature, and
thus indirectly on the heights of the tops of clouds. On the other hand visible
sensors provide information on the thickness of clouds, their geometry and
composition. If a technique can be evolved to combine this information so that
high cloud tops associated with thick clouds can be recognised, then, since
such clouds afe likely to produce significant rainfall, a method of estimating
rainfall is possible. Early work on such a technique was carried out by
Lethbridge (1967), Dittberner and Vonder Haar (1973), and Reynolds et al (1978).
However problems arising from registration errors between visible and infrared
images, instrument calibration, time difference between images, and illumination
geometry caused the results of the early work to be less encouraging than
workers had expected. These problems have been partially overcome with the work
of Lovejoy and Austin (1979a). Several investigations using models of convec-
tive processes aimed to tackle the problems from a physical, rather than a
statistical, point of view (Gruber, 1973; Wylie, 1979). The technique is able
to define rain areas. However, the estimation of rainfall amounts is more
problematic, and ground-truth data such as that provided by radars are needed
for calibration of the satellite data when making estimates of rain amounts or

reliable estimates of rain area.

Recent work in the UK (Carpenter, 1984 unpublished report) has gone a
stage further by deriving rules for the diagnosis of rainfall rate that maximises
an objective skill. However, at present the satellite data used do not observe

rainfall, and the use of this imagery to diagnose rainfall rate, or merely the
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(v)

(e)

’ FIGURE 8:
Rainfall estimates from IR satellite data (from Scofield,1981)

NEW YORK

(a) 3-hour observed rainfall, 0000-0300 CMT, August 15, 1980.

NEW YORK

3-hour satellite-derived rainfall estimate in inches ending
at 0300 GMT, August 15, 1980. The dots are the locations
of the rainfall observations in (@).

1°LAT

NEW YORK 1

PENN,

3-hour satellite-derived rainfall estimate in inches modified
for warm tops ending at 0300 GMT, August 15, 1980. The dots
are the locations of the rainfall observations in (o.).
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the presence of rain, provides guidance only. An example when the transfer

function is trained using radar data is shown in Figure 9.

3.4 Passive microwave methods

The satellite techniques described so far have utilised measurements made
in the visible and/or infrared portions of the electro-magnetic spectrum.
However, there is a third part of the electro-magnetic spectrum which has been
exploited with satellite-borne instruments. This is ' the microwave region from
about 3 to 300 GHz (10 to 0.1 cm wavelength), which is also used by ground-based
radar. This has the advantage of detecting the precipitation itself, with the

clouds being wholly or partly transparent.

One of the first instruments to be.used meteorologically to measure the
natural radiation in the microwave region was ESMR-5 (Electrically.Scanning
Microwave Radiometer) launched on Nimbus-5 in 1972. Simple comparisons of the
ESMR-5 imagery operating at 19.35 GHz (1.55 c¢m wavelength) with imagery from
visible and infrared wavelength radiometers, ground-based radars, and conven-
tional meteorological observations established, over water, an association of
areas of relatively warm brightness temperature (the product of the surface
temperature and the emissivity of the surface) with areas of rainfall (Theon,
1973; Wilheit et al, 1973, 1976). Curves of 19.35 GHz brightness temperatures
and rainfall fate were published by Wilheit et al (1977) using a model based
upon the concept of many optically thin layers bound on top by a variable
freezing level. The scattering of the microwave radiation by rain was assumed
to obey Rayleigh theory. 1In this early work several problems were identified,
notably that rainfall was rarely uniform over the whole field of view of the
instrument and the non-linearity of the relationship between rainfall rate and
brightness temperature. Improvements to the technique, including the use of
both vertical and horizontal polarisation for measurements over land, have been
proposed by Wilheit (1975). Nevertheless, measurements over the land are much
more difficult due to variability of the emissivity and hence the background

‘radiation measured by the satellite instrument.

3.5 Active microwave methods

Since ground-based radar (section 2) can estimate rainfall with acceptable
accuracy for many hydological purposes it seems logical also to investigate
the use of spaceborne radar (ie active microwave satellite systems). A space-
borne radar might be expected to provide much greater spatial coverage than a

ground-based system, but lower resolution.
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Figure 9.

(a) Surface rainfasll estimsted using Meteosat I.R. and visitle
PDUS (Primary Data User Station) data. The transfer function
was derived using the contemporary redar data shown in (b).

(b) Radar rainfall data for the same time and date as the estimated
rainfall shown in (a). The radar covering the South East (Upavon)
was out of action and this explains the apparent discrepency near
London. Notice also that the radar data suggest a break in the band
of rain to the south east of Devon that is not apparent in the
satellite estimate., This is a known area of poor radar coverage, and
the satellite field is probably better..



Atlas et al (1981a) state that there is no doubt that "satellite active
microwave systems could provide precision global distributions of rain rate
given no constraints on the number of spacecraft, antenna size, and power".
Problems of radar beam filling and the unwanted effects of radar echoes from
the ground might be overcome by using a sufficiently large antenha. However to
keep the antenna size practical means the use of shorter wavelengths which are
attenuated by heavy rainfall. One possible solution, proposed by Atlas et al
(see also Inomata et al, 1981) is to use two wavelengths, one attenuating and
the other not. A further problem is that the signal averaging time needed to
obtain a reliable estimate of the radar echo power implies either a very high

radar pulse repetition frequency or a very slow scan.
The following possibilities were put forward by Atlas et al (1981):

(a) use of a modified radar altimeter operating at 13.5 GHz (2:2 cm
wavelength) used in conjunction with infrared images or a passive

microwave radiometer;

(b) use of a short wavelength scanning radar operating at two

wavelengths (0.86 cm and 3 cm say);

(¢) use of a surface target attenuation radar using the scattering

properties of the surface as a calibration for attenuation measurements.

The first technique is the simplest and least costly, but the most serious
limitation is the restriction to nadir only measurements. The use of infrared
images or a passive microwave radiometer to define the rain area, with the radar
altimeter providing a calibration of rain amount, might provide a practical

system.

The use of a short (< 3 cm) wavelength radar would enable a very narrow
beamwidth to be obtained with a practical size antenna. Rainfall rate would
be derived from measurements of the reflectivity and attenuation estimated from
measurements at two wavelengths, The system would scan to produce wide coverage.
Unfortunately severe attenuation would occur in rainfall of only moderate

intensity, limiting the accuracy which could be achieved.

Finally, the use of the relationship between the difference in scattering
properties of the surface in situations of rain and no rain, and the attenuation
through the rainfall, can be used to provide a calibration for attenuation .
measurements made from space. However, the scattering properties are influenced
by soil moisture, and it is not yet clear what épatial averaging is required to

overcome this problem. All these techniques are far from being operational.

21
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assessments have been made as integrations over areas greater than 10

Nevertheless they do offer the possibility of the full global measurements of

rainfall albeit a long way in the future.

3.6 Accuracy of satellite rainfall measurements

All tﬁe techniques described in this section claim particular accuracies
for the measurements of rainfall they produce. Most of the assessments, however,
have been carried out on a limited case study basis, as opposed to the continuous
assessment studies over periods of several years carried out with some ground-
based radar techniques. Lovejoy and Austin (1979b) discuss the sources of error
in the estimation of rainfall from visible and infrared satellite date and
compare the various techniques. The accuracy of microwave-based techniques has
been considered by Lovejoy and Austin (1980) and Lovejoy (1981) who reference
the large amount of work which has been carried out in the USSR. They stress
that improvements are only likely to be achieved by using systems with very high
spatial resolution (< 10 km) and temporal resolution (~ 1hour). In particular,
Lovejoy (1981) indicates that improved accuracy may be possible by combining

bi-spectral and active microwave techniques.

In Table 1 we have attempted to summarise the accuracies of rainfall
measurements made using the various satellite techniques drawing on various
published references. Two points emerge. Firstly that most of the accuracy
3 km2 and
are therefore appropriate for medium and large river catchments. However, some
techniques are capable of measurements over areas as small as 50 km2, or over
areas_approaching global scales. Secondly most of the studies have been con-
cerned in the méin with the measurement of convective rainfall rather than
frontal rainfall. Most of the techniques described are not appropriate, as they
stand, for frontal rainfall. The first point is reinforced by the work of
Augustine et al (1981), who found that the best correlations between satellite
estimates of rainfall made using the Griffith/Woodley technique and raingauge/
radar data were achieved for six hour periods over 9350 km2 (the largest area
considered). The worst correlations were found for half hour rainfall totals
over areas of 55 kmz. The most accurate rainfall estimates in all rainfall
types would appear to be obtained by the Lovejoy and Austin bi-spectral technique
with an error of around 497 for rainfall totals of 4 to 1 hour over areas of
around 105 km2. Other techniques (Griffith and Woodley, 1981) tuned to making
measurements in convective rainfall may attain this accuracy over areas of

4 2

around 10" km~ . The accuracy of active microwave techniques remains to be

demonstrated.



TABLE 1: Summary of the performance of satellite rainfall estimation
techniques (partly based upon Lovejoy and Austin (1979b, 1980))
; Area over which| Period of | Approximate Sample references
Technique estimates are |integration| percentage describing techniques
assessed (km?2) (hours) accuracy (%) (rainfall types)
Cloud 105 24 122 Follonsbee and
indexing Oliver (1975)
(convective/frontal)
Life-history 104 1 85 Griffith et al
10° 24 55 (1978)
(convective)
104 5 50 Wylie (1978)
(convective)
6 x 10° ) 65 Stout et al (1979)
(convective)
Bi-spectral 105 i -2 49 Lovejoy and Austin
(1979 a, b)
(convective/frontal)
Passive 103 24 70 Lovejoy and Austin
microwave (1980) (convective/
frontal)
Wilheit et al (1973)
Active 103 12 20 The accuracy of this
microwave (when combined| technique is unknown,
with bi— but Lovejoy (1981)
spectral suggests the figures
technique) given may be ‘
possible.
The main points to emerge from this summary may be noted as follows:

(a) Rainfall varies on short timescales and if measurements of rainfall

are required on these timescales then data from satellites in geostationary

orbit are essential.

A high frequency of observations can only be

obtained from polar orbits if many satellites are used.

(b)

The variability in 'space of rainfall may be very large.

To observe

such variability from satellites requires either the use of higher

frequencies or large antenna systems. The antenna system has to be very

large indeed for use on a geostationary satellite.

‘The use of active sensors is further complicated by large power requirements.
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3.7 Snow

Seasonal changes in snow cover can be monitored regularly from satellite
visible images, although accurate classification of snow types and distribution
require the use of multi-spectral data with a digital terrain model
(Lichtenegger, 1981). The use of the techniques in the USSR has been reviewed
by Deleur (1980), and elsewhere by Rango and Itten (1976), Rango and Peterson
(1979).

In general many users are interested in the water equivalent of the
lying snow as well as its spatial.distribution. Measurement techniques based
upon the use of visible and/or infrared images (Martinec and Rango, 1981) are
limited to sensing the surface conditions of the snow, but microwave measure-
ments, either passive or active, should be capable of utilisation for direct
estimation of snow water equivalent. Stiles et al (1981) report the results
of experiments using active and passive microwave systems which demonstrate
the potential of such techniques for sensing the subsurface properties of a

snow field. No such techniques are presently operational.

As the snow field melts it becomes even more important to the hydrologist
to assess the runoff potential, and techniques for evaluating this potential
have been developed in the USSR (Vostryakova, 1981), Europe (Odegaard et al,
1980) and the USA (Rango and Martinec, 1981). 1In particular, Odegaard et al
(1980) demonstrate the use of high resolution satellite data with in situ
surface observations in hydrological studies of snow melt for hydroelectric

generation.

Although satellite techniques of measuring snow water equivalent have
the advantage of large areal coverage, other techniques have been developed
using instruments mounted on aircraft. Such measurements are useful as snow-
pack characteristics change only slowly from day-to-day rather than hour-to-
hour during much of the winter period and sufficiently accurate sampling can
be carried out using aircraft. These techniques make use of the fact that the
natural gamma radiation emitted in the ground by potassium (“OK), and the
nuclides in the thorium and uranium decay series, is attenuated by snow. The
water equivalent of the snow may be calculated by comparing the radiation

received from the same ground before and after the snow has fallen.

Work to develop practical methods of using measurements of gamma radiation
has been carried out in the USSR (Vershinina and Dimakayan, 1971) in. the USA
(Peck et al, 1971), in Norway (Dahl and Odegaard, 1970), and in Canada (Loijens

and Grasty, 1973). Grasty (1982) reports errors in a snow water equivalent of
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140 mm, of 16 mm with the aircraft at an altitude of 90 m, and 35 mm with the
aircraft at an altitude of 210 m. It is clear that such techniques cannot
easily be used in hilly areas. In areas with no other means of determining
snow water equivalent such techniques are presently used operationally (Carroll
and Vadnais, 1980).
4, THE USE OF RADAR AND SATELLITE DATA IN OPERATIONAL SYSTEMS FOR MAPPING

PRECIPITATION

The principal advantages of remote sensing techniques for measuring
precipitation amount and distribution are the availability of data in near
real-time, usually at a single location, covering wide areas. However, there
is a temptation for users to compare the measurement accuracy of individual
techniques without assessing whether or not the same parameter is being
measured over the same area. Ground-based radar and satellite techniques are

sometimes compared with a view to rejecting one or the other.

The use of radar data for areas greater than about 103 km2 requires an
increase in the number of calibration raingauges, which could be used perhaps
equally as well to improve satellite rainfall estimates. However the satellite-
rainfall conversion algorithms are less reliable. A combination of data from
Figure 2 and Table 2, shownin in Figure 10, indicates quite clearly that, at

present, radar and satellite techniques are complementary. The data used to

compile Figure 10 are derived from techniques developed for use with polar
orbiter and geostationary satellites. Such techniques use a variaty of
different sampling periods and spatial resolutions ('footprint' size). 1In
Figure 10 only the results of the assessments of these techniques are assembled
for hourly estimates. Many of the techniques are capable of making estimates
over a variety of space and timescales. Satellites are more suited to providing
rainfall estimates over large areas. This view has been expressed by a recent
workshop on Precipitation Measurements from Space (Atlas and Thiele, 1982).

In regions where it is impractical to operate a radar and in which conventional
measurements are sparse, then satellite measurements do provide useful data for

meteorological forecasting over large areas o 104 kmz).

With the availability of 1arge amounts of data from remote sensing
measurement techniques, it is important to automate the tailoring of particular
products. This requires the development of a total systems approach to data
acquisition, which has been recognised and discussed by Browning (1979). Such
integrated systems are presently being developed in the UK (Browning and
Collier, 1982; Carpenter and Browning, 1984), the USA (Ahnert et al, 1981,
Beran and MacDonald, 1982; Hudlow et al, 1981), Canada (Bellon et al, 1980),
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Switzerland (Cavelli, 1984), Sweden (Bodin, 1982), and Japan (Tatehira et al,
1982).

The UK system has been developed as part of the Frontiers program
(Browning, 1979). This program is centred upon an interactive computer
facility that receives radar, satellite and traditional data, and enables the
operator to produce quality controlled surface rainfall actuals and forecasts
rapidly, in real-time (Carpenter and Browning, 1984). The operator interacts
with the computer using simple analogue devices such as touch screens and a
joystick.A Radar analysis involves the deletion of spurious echoes, bright-
band correction, corrections for low level orographic rainfall not properly
seen by the radars, and improvements to radar calibration. Satellite data are
registered, and used to extend the estimates of rainfall beyond the areas
covered by ground-based radar, as shown in Figure 9.. Quality controlled radar
analyses are available about 23 minutes past the nominal datavtimé, and
extended radar analyses using satellite data about 32 minutes past the nominal
data time. Hence the timeliness of the data can be preserved by using such a

system in spite of the need to carry out real-time quality control.
5. CONCLUSIONS

Techniques, using ground-based radar and satellite imagery provide
measurements which, in general, are complementary, and which are ndw, or
likely to be in the near future, of sufficient accuracy to meet many of the
requirements for precipitation data. Nevertheless, more assessment of whether

or not individual techniques are meeting particular requirements is needed.

The full benefits of remote sensing, principally near real-time measure-
ments over large areas from a single location, cannot be realised unless a
total systems approach is developed. Such an approach involves bringing
together measurements from different techniques in order to extract the best
aspects of each measurement, and combine them to provide a more accurate and

timely product tailored to particular applications.

Copyright © HMSO London 1984



FigureloO:

Illustrating the ranges of percentage accuracy of hourly

measurements of rainfall, presently attainable by ground-based

radar and satellite techniques as functions of the area over

which the measurements are assessed.
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