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A I ~ U C T I O M  

During the pa8t years a new range of inventigation 
han bmmn opmnod by thm application of 
electromagnetic localization techniques to the 
field of thunderstorm remote nensing. VHF 
localization techniques were used in particular 
for the analysis of lightning discharges and gavs 
for the first t i m e  accesn to time resolved 3D 
imaqem of lightning discharger within 
thundercloude. 
The Frmnch national agency for aerospace research 
(ONtRA) ham been active for more than ten years in 
thie domain. It developpad nystems baned on the 
principle of VHF interferometry for remearch in 
lightning physics and thunderetorm phenomenology. 
Today theme techniques are ueed for operational 
application.. The DIMENSIONS company, a mpin-off 
of ONERA, develops thunderetorms monitoring and 
lightning warning systems for uee in fields such 
as aeroepace, industry, military activities and 
meteorology. 

collieionm and to thoir mepaiation by differentid 
vmrtlcal motionm within the cloud. Theme 
procansen rooult in a triple olmctrical mtructure 
with a main negativm charge around 6 km at the 
-15.C level, a ponitive charge in tho upper part. 
of the cloud from 8 to 12 kilomotera and a small 
ponitive charge at the cloud bas. (Xrmhbim1,1986). 
Winter thundmretorma havm a eimilar structure, 
somewhat tiltmd, but over a nmaller vertical 
extent . 
The eloctrification Of the thundmrcloud createe A 
strong electric field (FFlguro J [ A ] ) .  It can 
exceed 10 kilovoltm per mmter on the ground in the 
vicinity of the thundormtorm, and reachmm several 
hundred kilovoltn pmr motet within the cloud, 
Thie initial electrification phaee can h o t  lesn 
than 10 mn. Tho activo phase ntartm with the 
flrmt lntra-cloud diochargor (fipuro I [B)) which 
occur when and whero tho conditions within the 
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Fig I: Typical phases in the development of d 

thunderatorm 

Thundermtorms are convective cloud. created by the 
thermal inmtability of a humid alr mass. They are' 
mad. of convoctive cella. Theme c e l h  develop 
very rapidly, they last a few tens of minutes, 
grow up to altitudee of 10 to 15 km and have a 
dismmter of about 10 km. Thunderstorme nre 
froquently multicellular, they can extend over 
tens or hundr.de of kilometers and laet several 
hours. 

During ite development a thunderstorm c e l l  
preeentn very strong updraft. (up to 50 m / s )  
carrying up precipitation particle8 such as ice 
crystals, nupercooled droplets and graupels. 

The main electrification procens of the 
thundercloud during its development ita due to the 
charging of graupels and ice crystal8 by 

D 
cloud (otrong eloctric field and presence of 
hydrometeore) are SUffiCimt for the production 
of liphtning dimchargoe. During the firet part of 
the active sta9er thm vertical dmvelopment of the 
thundercloud poem on. Thm activity is made of 
intra-cloud diechargmm occuring bmtummn the main 
neqativo and the uppor pomftivo charge regions. 
They have bman obemrvd to be wmll corrolatrd with 
the upward dmvolopmmnt of thm thundmrcloud and are 
most invigorated in tho prommnco of updrafts 
carrying precipitation particloe. Their rate 
increanme until the cell reaches its maximum 
vertical devolopnt (Nguro 1 [Cl). 

Intra-cloud lightninge are thum thm principal 
electrical manifastation of thmsm charged and 
convective tonom. Thoy radiate mlectromagnetic 
waves ovmr a very wide frequency npmctrum and can 
be detectod and located at long range. 
In multfcollular thundorstotme, intrA-ClOud 
lightning. can extend over very large distances 
(several tenn of kilometmrs) between cell., within 
the anvil or in the diSmipAtfng part of the 
thundercloud. Intra-cloud lightning. are much more 
frequent than cloud to ground lightninge, they 
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t y p i c a l l y  r e p r e r e n t  7 0  t o  90% of t h e  t o t a l  
l i g h t n i n g  a c t i v i t y  of a t h u n d e r s t o r m .  
P i r m t  c l o u d  t o  g r o u n d  l i g h t n i n g s  are u n u a l l y  
observmd 5 t o  30 m i n u t e a  a f t e r  t h e  f i r e t  
i n t r a - c l o u d  l ightning. ,  d u r i n g  or a f t e r  t h e  
t h u n d e r c l o u d  maximum dmvolopnent .  Thmy are d u e  t o  
t h e  oubmmqumnt damcent o f  p r e c i p i t a t i o n  particles 
b e l o w  t h o  mnin negntive chargo l a y e r .  A t  t h i s  
moment t h a  i n t r a - c l o u d  a c t i v i t y  rate begina t o  
dOCrOA80 a n d  t h e  c l o u d  t o  g r o u n d  r a t e  i n c r e a m e r  
(liguro 1 [D]). Cloud t o  ground l i g h t n i n g  a c t i v i t y  
culminatmm d u r i n g  t h e  d e c a y  of t h e  t h u n d e r s t o r m  
ce l l ,  it i m  accompanied i n  n e v e r e  t h u n d e r s t o r m s  by 
a t r o n g  downdraf t*  a n d  i n t e n s e  p r e c l p i t a t i o n n  a t  
g r o u n d  l o v e l i  t h e s e  s e v e r e  phenomena have  been  
obmorvmd t o  f o l l o w  t h o  poak i n t r a - c l o u d  a c t i v i t y  
w i t h  A d o l a y  of 5 t o  10 minutme ( W i l l i ( l m B  e t  a l ,  
1988). 

U S C T X W M M I C  RADIATION LICElWIRG 

L i g h t n l n g  dimchargem p r o d u c e  e l e c t r o m a g n e t i c  
r a d i a t i o n  o v o r  a vory large f r e q u e n c y  s p e c t r u m .  
The o v e r a l l  epec t rum of l i g h t n i n g  p e a k s  a t  a f e w  
hundrod  W l t  a n d  axtandm u p  t o  t h e  C h r  w i t h  a l / f  
dmpendanco. The  e l o c t r o m a q n e t i c  e m i r a l o n e  are d u e  
to  thm o c c u r e n c e  of Lntenme a n d  r a p i d l y  v a r y i n g  
c u r r e n t .  w i t h i n  t h e  l i g h t n i n g  c h a n n e l s .  

Thm moat  p o w e r f u l l  r e d i a t i o n  i m  t h e  p u l s e  producad  
b y  t h e  r e t u r n  a t r o k o  wave d u r i n g  c l o u d  t o  ground 
flaahmm. Thio wave t y p i c a l l y  o c c u r s  when a 
pre- ionizmd leader  c h a n n e l ,  p r o g r e s s i n g  downward 
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Cloud t o  ground r r turn  r t rokr r  (2-D) 

from t h e  t n u n d e r c l o u d ,  r e a c n e 8  t h e  g r o u n d .  A t  
t h i s  moment a n  i n t e n o e  c u r r e n t  p r o p a g a t e n  upwarc' 
w i t h i n  t h e  l i g h t n i n g  c h a n n e l  a t  a b o u t  1 / 3  t h e  
v e l o c i t y  of l i g h t .  The c u r r e n t  waveform h a s  a 
t y p i c a l  rioetime of a fow peak  v a l u e  o f  
e e v e r a l  t e n s  of M. T h i s  phenomena r a d i a t e s  a t  
low f r e q u o n c y ,  m a i n l y  below 1 W e .  T h i e  
r a d i a t i o n  is u r o d  p r i n c l p a l y  f o r  t h e  meanurernent 
of thm c h a r a c t o r i . t i c m  of thm c l o u d  to g r o u n d  
r e t u r n  r t r o k e  c u r r o n t  ( p o a k  v a l u e ,  p o l a r i t y ,  
e n e r g y  ...) And f o r  t h e  l o n g  rang. l o c a l i z a t i o n  of 
l i g h t n i n g  e t r o k e a  t o  ground.  

But l i g h t n i n g  d inchargem radiate much more 
f r e q u e n t l y  at h i g h e r  trequmnclmm. Thm r a d i A t i o n  i m  
made o f  v o r y  mhort  pulmos of a t a w  no rimetime, 
t h e y  c o v e r  t h o  whole  HF-VHP-UHF rpectrurn.  These  
r a d i a t i o n  p U l B m E  coma from a l l  a l o n g  t h e  
l i g h t n i n g  channmls  d u r i n g  t h m i r  f o r m a t i o n ,  or 
d u r i n g  thm rnpid p r o p a g a t i o n  o f  a c u r r o n t  wavm 
w i t h i n  a n  mrlmtlng p r o - l o n i t o d  Channel  . Thmy arm 
m a i n l y  dum t o  f a r t  t r a n m i t l o n s  o c e u r i n g  barweon 
low and h i g h  c o n d u c t i v i t y  phasoa  o f  t h o  l i g h t n i n g  
c h a n n e l  plasma i n  n o g a t i v e  p o l a r i t y  brmakdowns. 
They arm obmorvmd i n  all t y p o s  of l i g h t n i n g  
f l a m h e a  ( i n t r a - c l o u d  a n d  c l o u d  t o  g r o u n d ) ,  and  i n  
mont p h a a e e  of a d i m c h a r g e  ( p r e l i m i n a r y  
breakdowns ,  .topped lmader, dart l e a d e r ,  recoil  
mtremer a n d  r o t u r n  o t r o k o ) .  Thmrm pulamo u s u a l l y  
o c c u r  i n  buro tm h a t i n g  f rom a few hundrmd pm t o  
several me; thm p u l s o  r a t e  can r a n g e  f rom a p u l s e  
e v e r y  50 pm u p  t o  mevmrnl t e n s  per p a .  
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VHF dotoction and location tochniquor havo beon Of 
groat intoroot for tho analymis of lightning 
diochargom proportiem, in particular wlthin the 
thundorcloud, whore provioum optical techniques 
wore inoffoctivoo, and which contain the large 
majority of lightning dlschatpeD phenomona. Figure 
2 presents momr of tho rosults obtainod at ONEFW 
with a 3D intorforomoter, Lt illumtratos moms Of 
tho main charactoriotics of lightning dinchargee. 

Naamur-nt principlem - Intorforomotry Le baeed 
on tho moamuromont of phaoo differences between 
oignalo roceivod on difforont antonnar of an 
antonna &rray. Thorn. phamo difforencom are 
diroctly rolatod to tho dlrmction of arrival of 
tho mignal and aro umod to calculato tho angular 
pornition 02 tho mourco in azimuth and olovation. 
ZD or 3D mpati.1 location can thon bo obtained by 
tho combination, through triangulation, of angular 
data givon by at loart two different 
intortoromstric statlono. 

Chuactuimticm and advmtagoo 

Tho main advantage of thio type of measurement 
io that it io indopondont of tho mignal wave 
form oinco moamuroment io only madm on the 
oloctromagnotic wave phamo. Thlm i m  to bo opposed 
to other modoo of radio localization uoing 
amplitude meamuromonts and wavo form 
idontification. Intorforomotric localization in 
thum not tributary to tho idontification of a 
typical wavo form and can bo made on any type 
of rAdiatiOn from lightning phenomena. In 
addition tho us. of tho VHF froquency range allows 
tho localization of a largo variety of atmospheric 
dimchargoo phonomona in thim band and the fine 
roconrtruction of the opatial structure of 
lightning diochargos in itm different phasee of 
d o v e l o p ~ n t .  

Dotoction and localization techniquom developped 
at ONIRA during lightning reooarch programm h a m  
boon appliod to tho dooign of the SAFIR oystom. 
Thim dovolopmont had for main objoctivo the deaign 
of an operational oymtom capablo to amsome and 
warn in roal-timo f o r  lightning hazards and 
potOnth1 thundorotom hazard.. 

Tho baric principlo is that a11 along the 
dovolopmont of a thundormtorm coll, tho oloctrical 
activity (production of lightning dischargae and 
gonoration of an oloctromtatic fiold) is cloooly 
rolated to tho different stager of evolution of 
tho call and to the thundorstorm nevority. The 
eloctrical activity of a thundoratorm can in 
conooquonco bo uoed for achieving thunderstorm 
oarly dotoction and lightning hazard early 
warning, and for evaluation of potential 
thundorotorm hazorde. 

Tho SAPIR oymtom maLn dotoction technique is the 
long rango intorforomotric localization of 
thundorstorm oloctromapnotic Activity; the 
oymtom porformo tho localization of intra-cloud 
And cloud t o  ground lightning dimcharges and the 
analyrim Of tho charactorioticm of the activity. 

Application. and capabllitiom of tho SAFIR 
tochniquo in tho fiold of thundorotorm monitoring 
and ILghtnLnq warning can bo DUmfnArLZOd am follow: 

Eigh efficiency &taction and wnitoring 
capabilitlem - SA?IR can locat. VH? sources 
prooont in all typom of lightning diochargom 
i intra-cioud and eloiil-t;-gr=uxd;, :ad can 
thoreforo locate and monitor tho total lightning 
activity of a thundorcloud. Tho additional 
detection of intra-cloud activity umually 
repreoontm a three-fold to ten-fold improvement in 
monitoring officiency, it ham boon observod to 
roach a hundrod fold in .om. caseo of mevere 
t hundermtorm . 
early lightning y ~ i a g  capmbility - 
Dotoctablo at long r&ngo, intracloud dimchargoo 
are tho firrt oiqnr of tho olactrical dovolopnont 
of a thunderotorm. 
By localizing thoro diochargom SAIIR can provide 
early warning Of thunderrtorm dovelopmente~ and 
lightnlnq hazardo boform tho firmt cloud to ground 
discharges. Warning dolayr botwoon first IC and 
first CC ranqe from 5 to 30 minute.. 
I I 

mapping and monitoring of olrctricrlly active 
h a r u d  u o a o  - Lightning dimchargoo can oxtend 
OVOK dimtancos of movoral ton. of kilomotore, tho 
localitatlon and monitoring of thooo dimchargom 
0nabl.m tho mystom to dolimit tho r0.l oxtonmion 
of oloctrically activo aroas 6nd to ootimato tho 
potontlal lightning hazard levo10 on tho ground 
and in tho air. In conjonction with provioum 
capabllltles the myotem 1s able to precisely 
analymo the mtago of development of the 
thundermtorm And can projoct at mhort term its 
evolutionm in opaco and timo to give a 
previsionnal mapping of lightning hazard areas. 

potential for tho aomeawant of mevere thunderstorm 
h a r u d 8  - A clooo corrolation eximts botween the 
convoctivo mtate and oovority of tho thunderstorm 
and tho charactarlrtica of ita lightning 
activity. Maximum vortical dovolopnent of the 
thundorcloud coincidom with tho maximum in total 
f1A.h rate. Tho oovarm phonomena occurinq at 
ground love1 during tho thundorotorm decay much 
am maximum cloud to ground flsmh rate, intenme 
procipitationm, otrong downburrtm, have been 
obaerved to cccur 5 to 10 minutrr after the peak 
in IC flash rat. (Williamm et. al., 1988). 
Roal-time localization and monitoring of total 
thundormtorm activity im thuo a potential tool 
for tho aoooormont of woathor hazard. produced by 
thundorstormm. 

SAFIR SYSl" ARQIITKCl" 

A SAFIR oyotom baric configuration im mad. of 3 
dotoction rtationr and 6 central ptoceaelng 
rtation (ffguro 3 ) .  Each detection mtation 
perform. tho interforomotric angular localization 
of lightning dimchargem. Data are trannmitted to 
the contra1 station where the mpatial locations of 
diechargoo are calculated by triangulation 
techniquo 

The central mtation porformm the real-time 
monitoring and analyois of tho activity and 
displays the hazard map. and warning Lnformatlons. 
Thooe informations can thon be transmittec 
automatically or on request to remote display 
torminalm. 

! 
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Fig 3: SAFIR system typical configuration 

Fig 4: Real time Dlsplay 

Real time functions are displayed in full ecale in 
the 3 secondary windows 

A: location of lightning flanhee 
8: present mapping of electrically 

C: previsional mapping of hazard areas 
active hazard areas 

Each function can be displayed in the  main window 
( D )  here in an enlargement of the previsional 
mapping of hazard areas; present contours of celle 
are displayed am well a8 nhort term previeional 
positions. Preeent and previsional activity levels 
are color coded for each cell 
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T y p i c a l l y ,  t h e  coverage o f  t h e  eye tem is 300 by BU)IPLgS 01 T B o m X M S l W M 8  SITO&TIONS. 
300 km, t h e  dintancen between n ta t ions  c a n  r a n g e  
f rom 20 t o  100 km a c c o r d i n g  t o  a p p l i c a t i o n e ,  and T h e m  examploo  i l l u n t r a t e  t h e  f u n c t i o n n  and  
t h e  loca t ing  a c c u r a c y  i n  between a f e w  hundred per formancem o f  t h e  eyntem.  
mtern a n d  f i v e  k i l o m e t e r e  d e p e n d i n g  on  t h e  eYetem Tho f i r s s t  mituation (figure 5 )  i n  a t h u n d e r s t o r m  
c o n f i g u r a t i o n  and t h e  l i g h t n i n g  l o c a t i o n .  which  o c c u r e d  i n  t h e  SW o f  F r a n c e  i n  j u l y  1989. 

The local moteorologlcal e i t u a t i o n  Le 
c h a r a c t e r i z e d  b y  a etrong c o n v e c t i v e  a c t i v i t y  a n d  
a v i o l e n t  a d v e c t i o n  t o  t h e  Nor thfNor th-Eant  h i g h  OPERATIORAL FONCTIONS 

The main real time o p e r a t i o n a l  f u n c t i o n e  o f  t h e  
SA?IR myntem are p r e m e n t e d  on a g r a p h i c  d i e p l a y  
( f i g  4 ) ;  t h e y  i n c l u d e :  
- 1 o c r l i u t i o n  of l igh tn ing  d i m c h u g e n ;  

d l n c h a r g e a  are d i m p l a y e d  on background mapn w i t h  
color c o d i n g  of  t h e i r  c h a r a c t e r i n t i c a  a n d  t i m e  of 
occurencm 

-mapping of o l o c t r i c a l l y  active hazard areas; 
t h e  a c t i v i t y  l e v e l  i n  c o l o r - c o d e d  w l t h l n  pixels 
of 2x2 km, e v a l u a t i o n  i n  baaed  o n  t h e  r e a l  t ime 

a l t l t u d e .  On t h e  wind  p r o f i l e  w e  
c a n  n o t e  v e r y  h i g h  wind  v e l o c i t l e n  above  3000m u p  
t o  8 5  k n o t e  a t  7000m. 
T h i n  thundermtorm propagate8 Over  a d l s t a n c e  of 
140 km a t  an a v e r a g e  # p o d  of 100km/hour .  I t  
p r o d u c e r  a t o t a l  numbor of 867 l i g t n i n g  f l a s h e e  
among w h i c h  13 aro c l o u d - t o - g r o u n d  n t r o k e n .  The 
t i m e  d e l a y  betwean t h a  f i r s t  i n t r a - c l o u d  l i g h t n i n g  
and  t h e  f i r n t  c l o u d - t o - g r o u n d  l i g h t n i n g  in 2 8  
m i n u t e s .  

T h i o  p a r t i c u l a r  example i l l u n t r a t e o  t w o  of t h e  
p r i n c i p a l  f e a t u r e s  of t h e  SAPIR eye tem : 

a n a l y o i n  of t h e  n p r t i a l  and t e m p o r a l  
c h a r a c t e r i e t i c e  o f  l i g h t n l n q  a c t i v i t y .  

-previsional mapping of e l e c t r i c a l l y  active h a z a r d  
uoam md a u t m t i c  wrrnlng ; t h e  r e a l  t ime 
proconring f u n c t i o n  d e t e c t n  6nd t r a c k 8  
o l o c t r i c a l l y  a c t i v e  c e l l o ,  t h e  a c t i v i t y  10  
a n a l y n e d  w i t h i n  e a c h  ce l l  and  a mapping of ehort 
t e r m  p r o j e c t i o n a  of t h u n d e r s t o r m  p o s i t i o n  a n d  
i n t e n e i t y  i n  p r o v i d e d  ( t y p i c a l l y  up t o  30 rnln) .  
F o r  n e n m i t l v e  a l t e e ,  t h e  eyetem c a l c u l a t e 8  
w a r n i n g  i n f o r m a t i o n .  and can  warn a u t o m a t i c a l l y  
t h e  umer of a n  a p p r o a c h i n g  d a n g e r .  

The early l i g h t n i n g  warning  f u n c t i o n  b e f o r e  
c l o u d - t o - g r o u n d  a c t i v i t y ,  and t h e  m o n i t o r i n g  
c a p a b i l i t y  m a i n l y  b a e e d  on t h e  locat ion of  
i n t r a - c l o u d  a c t i v i t y .  
An a d d i t i o n a l  application i n  t h e  aneemament of 
n e v e r e  w e a t h e r  h a r a r d e  a m n o c i a t e d  t o  a 
t h u n d e r a t o r m .  T h i r  p a r t i c u l a r  t h u n d e r s t o r m ,  t h o u g h  
g i v i n g  o n l y  a small number o f  c l o u d  t o  ground 
d i s c h a r g e e ,  p r o d u c e d  heavy p r o c i p l t a t i o n m  a n d  
c a u s e d  i m p o r t a n t  d e n t r u c t i o n s  o n  t h e  g r o u n d .  The 
p l o t  of l t e  l i g h t n i n g  f l a a h  r a t e  Le premented  i n  
f i g u r e  5 8  t o g e t h e r  w i t h  i t a  maxlrnum r a d a r  

~ l l  d a t a  are s t o r e d  for a n a l y e l 0 .  Poet  e r o c e s 9 i n g  reflectivity and its radar reflectivity. 
e n a b l e s  t h e  u s e r  t o  p e r f o r m  n t a t i a t i c a l  ana lye18 Ln  radar ref lect ivi ty  o c c u r , 5  to 
o n  t h e  electrical a c t i v i t y  i n  order t o  

a w h o l e  region. 

m i n u t e e  a f t e r  t h e  p e a k e  i n  t h e  f l a s h  r a t e ,  and t h e  
lightning O n  Or  Over t o t a l  p r e c l p i t a t i o n  r e a c h e n  L t m  maximum 35 m i n u t e e  

a f t e r  t h e  t i m m  of maximum f l a a h  r a t e .  

Llghlnlng rata Raflec l lvll  y (mm/h) 
1000 

- Nb 01 FlbahaalPrnnJO 
B 

... Pbak RADAR RbIIaot. n 
I l  

o t io  20  30 40 60 eo 70 BO r *. 90 - e  

f 1r.1 ic 
Fig 5: 

R - L o c a t i o n  of l i g h t n i n g  d l n c h a r g e a  
a - E v o l u t i o n  v e r e u e  t i m e  of  t h e  t o t a l  f l a e h  

rate, 
t o t a l  r a d a r  r e l e c t i v i t y  o f  t h e  t h u n d e r s t o r m  

t h e  p e a k  r a d a r  r e l e c t i v i t y  and t h e  
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Tho OOcond mituation was obmerved in aprii 1989 in 
the South-Womt of Prance. 
The thunderstorm presented i n  fzgure 6 A  lasted f o r  
lH3Omn and moved slowly to the North over a 
distance of about P O  km I t  produced io5 1ightnir.q 
flashes with 39 cloud to ground strokes 
F i g u r e  68 presentn separately the temporal 
evolutions of intra-cloud and cloud-to-ground 
flash ratee. We can note that the warning delay is 

27 mn between frrst IC and flret CG; equaly 
remarkable LE the 5 mn time delay between peaks 
in IC activity and peakn in CC activity which 
again appoar in good agreement with tho typical 
thunderstorm phenomenology. Both results confirm 
the IC 
flashes 

Several 
day in 
delay. 
between 

_ _  
activity as an offective solution for CG 
warning. 

thunderetorms were observed on the same 
the name meteorological situation. T i m e  

between first IC and first CG ranged 
8 minutes to 31 minutes. 
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fig 6A: Location of lightning dlscharges 

OPERATIONAL A~PLICAZIOI~S 

S a f i r  1s already in Operation at tho Iuropoan 
Space Center in ~ o u r o u ,  French Cuiana. A second 
system im in U ~ O  at the "Centre d'emmais des 
Landee", a flight t e e t  center in the southwest of 
France. 

Early lightning warning and thundermtorm 
monitoring function8 have applications for the 
safety and efficiency of ground and airborne 
operationm. Applicationl on the ground range from 
the management, protection and maintenance of 
telecommunication and powor notworkr to docieion 
making end active lightning protoction for 
indurtrial and military oitoo. 

For civil and military aoroopaco' activities, the 
system in an important componont in ensuring 
in-flight safety of launch vohicloo and aircraftr; 
principal applicatione aro for .pace centers, 
test ranges, and airport., whore it0 lightning 
warning and thunderstorm monitoring capabilities 
aids in terms of air-trafflc control and safety. 
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