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Intro duction:
         The cou pling of the solid  Earth  with  it s  atm osphere is  respons ible of 
ion osph eric pertu rbat ions  generated  after  som e m ajor earth quakes . These 
even ts  p roduce atm ospheric in frasound s p ropagating upward  and  
am plified  by the exponen tial dens ity decrease of the atm osphere. At  
ion osph eric heigh t  these acous t ic waves  gen erate  ionospheric 
pertu rbations  which  can  be observed  on  Total Electron ic Conten t  (TEC) 
along ray paths  from  GPS receivers  to  satellites .
       A previous  s tudy by Ducic et  al. (2003) has  dem ons t rated  th at  den se 
GPS networks  are able to  detect  ionospheric pertu rbations  p roduced  by 
th e seism ic surface waves  of big Ear thquakes , and  to  derive som e 
cons train ts  on  th e group  velocity of these waves.
       We presen t  here th e detect ion  of ionospheric per tu rbat ions  p roduced  
by the Great  Sum atra earthquake. Such  s ignals  are vis ible above the GPS 
japanese network (dense network closes t  to  the source), bu t  not  seen  
above European  an d  califo rn ian  networks. After  extract ing the ionospheric 
s ign al, filtered  Slan t  Total Electron  Conten t  (STEC) d ata exh ibit  both  
acous tic an d  gravity wave s ignals  associated  to  the quake with  a low S/ N 
rat io . We presen t  also a  3D tom ography of th e ionospheric pertu rbations  
generated  by the Rayleigh  waves .

Co nclus io n:
         A 3D m app ing of th e pos tseism ic ionospher ic p ertu rbat ions  
observed  on  TEC GPS data has  been  obtained . These electron ic 
dens ity pertu rbations  are related  to  in frasounds  p rodu ced  by a 
Rayleigh  seism ic surface wave an d  to  atm osph eric gravity waves  
p roduced  by th e t su nam i.
         The spat ial resolu t ion  of the 3D p ictu re is  lim ited  by the 
spat ial exten t  of the GPS network, the dens ity of GPS receivers  
an d  th e lim ited  num ber of satellites . These resolu t ion  p roblem s 
will soon  be solved  by the exten t  of GPS networks  and  the adven t 
of Galileo sys tem . The n ext challenges  are th e m odeling of 
in teractions  between  in frason ic (or gravity) waves  an d  the 
ionosphere in  order  to  recover the source s ign al from  electron ic 
dens ity p ertu rbat ions , an d  the defin it ion  of a new observing 
sys tem  ded icated  to  su ch  phenom en a above the ocean  where 
other  seism ic observat ions  are m iss ing.

     

GPS data and s ignal e xtraction:
         The TEC s ignal used  in  th is  s tu dy has  been  com puted  from  abou t 
1200 GPS receiver  RINEX files  from  GPS jap anese network. 
         These d ata have been  filtered  in  two  d ifferen t  frequency bands : 
•  between  3.8 and  7 m Hz  in  order  to  en hance the in frason ic s ignal 
associated  to  Rayleigh  surface waves .
•  between  1.0 and  3 .3  m Hz  in  the gravity wave frequency band .
As  seen  on  figure 1, th e background  n oise is  low in  the acou t ic frequency 
band , bu t  increases  at  lower frequencies  in  the gravity wave dom ain .
The ionosph eric p ertu rbat ion  p roduced  by Rayleigh  seism ic surface waves  
is  seen  on  figure 2 with  a poor S/ N rat io , bu t  it  arr ives  with  in  th e expected  
t im ing and  propagate at  ~ 4km / s  horiz on tally (seism ic su rface wave 
velocity) and  ~ 1km / s  vert ically (soun d  velocity). It 's  am plitu de is  of the 
ord er  o f 0 .06 TEC un it .

3 D inv ers ion:
         The electron ic den s ity p ertu rbation  m od el (∆Νe)  is  es t im ated  from  
th e filtered  TEC data (∆ ) at  each  GPS ep och  by a leas t  squares  inversion  đ
(Newton  m eth od) of the following linear  forward  p roblem : ∆  =  đ G ∆Ne . The 
m atrix G is  cons t ru cted  by in tegration  of th e electron ic dens ity pertu rbation  
along a s traigh t  lin e ray from  th e GPS receiver  to  the satellite. 
The m odel p aram eters  ∆Ne are p aram etriz ed  by their  values  in  blocks of the 
m odel gr id  com p uted  with  a cubed  sphere coord in ate sys tem . This  
param etrisat ion  allows an  analyt ical in tegration  along th e ray p ath , and  
produce blocks  that  possess app roxim ately the sam e s iz e. The com p arison  
between  th is  cubed  sp here grid  an d  a regu lar  grid  in  lat itu de an d  longitu de 
coord inates  is  shown on  figure 3.
    The in verse p roblem  is  ill- posed . So, a d am ping a p riori covariance 
m atrix of the m od el is  in t roduced  with  d iagonal elem ents  0 .1% of the 
IRI2001 ionospheric m od el and  a 100 km  h oriz on tal correlat ion  length . The 
resolu t ion  of the in verse p roblem  is  p resen ted  on  Figu re 4. As  seen  on  
figures 5 and  6, desp ite a low S/ N rat io , the in verted  m odel is  p resen t ing 
lin ear  featu res  p rop agatin g from  SW to NE along a great  circle  at  ~ 4 km / s , 
an d  from  bottom  to  top  at  ~ 1 km / s .

Figu re 2 : Filt er ed  STEC d at a a lon g th e r ay 
p a th s  fr om  all GPS s t at ion s  t o  sat ellit e 13  

p lot t ed  as  a  fu n ct ion  of t im e, an d  
ep icen t r al d is t an ce bet ween  th e 

ion osp h er ic p oin t  (alon g th e r ay p ath  at  
350 km  alt it u d e) an d  th e ear th qu ake. Th e 
d ash ed  lin e in d ica t es  t h e ar r ival t im e of 

t h e s u r face waves  on  th e gr ou n d t , an d  th e 
ba r  on  t h e left  in d icat e t h e ver t ical s cale in  

TEC u n it s

Figu re 1 : Back grou n d n oise in  
STEC GPS data above th e Japan ese 
GPS n etw ork , averaged over 3  days 
of  data, as a  fu n ction  of  f requ en cy

Grav ity  w av es :
         The STEC d ata filtered  in  the 1.0 to  3 .3  m Hz  are p resen ted  in  
figures  7  and  8 fo r two d ifferen t  satellites . A s t rong s ignal is  seen  
on  the left  of the figures  corresp on ding p robably to  a s trong 
Travellin g Ionosph eric Dis t rubance.
On the r igh t  part  of the figures  linear  featu res  are  observed  
corresponding to  waves  p ropagat ing horiz on tally at  ~ 200 m / s . The 
arr ival t im e of these waves  (5 hou rs  after  the earth quake) is  
cons is ten t  with  atm ospheric gravity waves  p rodu ced  by th e 
earth quake and  the tsunam i.

Dis cus s ion:
The exam ple of the great  Sum atra  earthquake is  giving 

an  overview of the poss ible  coupling phenom ena between  the Earth  
and  it s  atm osphere. The in frason ic waves  p roduced  by seism ic 
surface waves  are detected  and  im aged , an d  the gravity waves  are 
detected . The m echan ical coup lin g between  the ground  an d  th e 
upper  atm osphere is  dem on st rated . The 3D ionosph eric m on itoring 
of these pertu rbations  is  n ow well defin ed  and  appear to  be a 
powerfu l too l above h igh  den s ity GPS networks.
Unfortunately, th is  exam ple is  also illus t rat in g the d rawbacks  of 
ionospheric post - seism ic pertu rbations : th e S/ N rat io  at  far  field  is  
large en ough  on ly for  earth quake m agnitude greater  than  8.0, the 
atm ospheric gravity waves  generated  by the tsun am i are h idden  in  
the backgrou nd  TID noise, and  th e resolu t ion  of the inverse 
p roblem  is  low.
However, the d ata base of ionospheric pos t- seism ic s ignals  is  
increas ing an d  will allow the extraction  o f seism ic surface wave 
velocit ies  in  order to perform  lith ospheric tom ograp hy s tud ies .

Refer en ces :
-  Garcia  R., F. Cr esp on , V. Du cic, P. Logn on n e, in  r evis ion , 3D t om ograp h y of p os t -
seism ic p er tu rba t ion s  p r od u ced  by th e Den a li ea r th qu ake from  GPS d at a, Geop h ys . J. 
In t .
-  Du cic V., J. Ar t r u  an d  P. Logn on n é, 2003 , Ion osp h er ic r em ote sen s in g of t h e Den a li 
Ear th qu ake Rayleigh  s u r face waves , Geop h ys . Res . Let t ., v. 30 , n . 18 , d o i: 
10.1029/ 2003GL017812

Figu re 8 : Sam e as  figu r e 7,  Filt er ed  STEC 
d a t a  as  a  fu n ct ion  of t im e, an d  

ion osp h er ic p oin t  ep icen t ra l d is t an ce for  
t h e s at ellit e  n u m ber  20 .

Figu re 7 : Filt er ed  STEC d at a alon g th e r ay 
p a t h s  fr om  all GPS s t at ion s  t o  sat ellit e  11  

p lot t ed  as  a  fu n ct ion  of t im e, an d  
ep icen t r al d is t an ce between  th e 

ion osp h er ic p oin t  (a lon g th e r ay p a th  a t  
35 0 k m  alt it u d e) an d  th e ear th qu ake. Th e 

ba r  on  t h e left  in d icat e t h e ver t ical s cale in  
TEC u n it s

Ackn woled gm en t s : We t h an k  Makot o Mu r ak am i fr om  GSI for  it s  collab ora t ion  on  th e GPS 
d a t a fo rm  th e jap an es e n et wor k .

Figu re 3:Com p ar is on  bet ween  a cu bed  s p h er e gr id  (r igh t  an d  left  p an els ) an d  a  regu lar  gr id  in  
lat it u d e an d  lon gitu d e cood in at es  (m id d le p an el).

Fig u re 4: Isosu r faces  of t h e m od el p a r am eters  r es olu t ion  seen  fr om  above (r igh t  p an el) an d  
fr om  Eas t  (left  p an el). On  th e left  p an el t h e ver t ical s cale is  m u lt ilp lied  by a factor  3 . Th e 3  

con tou r s  in d ica t es  t h e in ver t ed  r egion .

Figu re 5 : ver t ica l cr oss  sect ion  alon g th e great  cir cle 
p a th  in  t h e in ver t ed  m od el. Ver t ical sacle is  

m u lt ip lied  by a  factor  3 . Des p it e t h e low S/ N r a t io , 
in clin ed  wavefr on t s  ar e vis ib le

Figu re 6 : Varian ce redu ction  as a  
fu n ction  of  tim e. Red arrow  

in dicate th e tim e of  th e Figu re 5  
p lot
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