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1.  I NTRODUCTI ON

Due  t o  at mospher i c  wat er  vapor
r ef r act i vi t y,  mi cr owave  si gnal s
t r ansmi t t i ng  f r om t he  gl obal  posi t i oni ng
syst em  ( GPS)  sat el l i t es  ar e  f ur t her
del ayed  af t er  t hey  pr opagat e  t hr ough  t he
at mospher e  and  ar e  r ecei ved  by  GPS
r ecei ver s  on t he gr ound.  These del ays  ar e
i nt egr at i ons of  t he r ef r act i vi t y al ong GPS
sl ant  pat hs  bet ween  sat el l i t es  and
r ecei ver s.  Si nce  r ef r act i vi t y  i s  a
f unct i on  of  wat er  vapor  ( Bevi s  et  al ,
1994) ,  a  sl ant  wat er  vapor  del ay  i s
def i ned as  a f unct i on of  i nt egr at ed wat er
vapor  al ong a  pat h.  Br aun et  al . ,  ( 2001,
2003)  devel oped a scheme conver t i ng sl ant
wat er  vapor  del ays  i nt o  i nt egr at ed  sl ant
wat er  vapor  ( SW)  al ong  t hese  GPS pat hs
under  cer t ai n assumpt i ons.  They f ound t hat
t her e  ar e  0. 15- 0. 23  mm er r or s  due  t o
var i ous  er r or  sour ces  i n  SW  wi t h
magni t udes  of  5mm,  f or  exampl es,  doubl e-
di f f er ence  f or  el i mi nat i ng  cl ock  er r or s,
mul t i - pat h caused by gr ound r ef l ect i on f or
l ow el evat i on  angl es,  and  ant enna  phase
er r or s.  The  l owest  el evat i on  angl e
di scussed  i n  t hei r  val i dat i on  i s  10
degr ee.  Such  accur at e  sl ant  wat er  vapor
dat a shoul d r esul t  an accur at e wat er  vapor
di st r i but i on t hr ough a t omogr aphy anal ysi s
combi ni ng  wi t h  some  ot her  dat a  sour ces
based  upon  an  OSSE by  MacDonal d  et  al .
( 2002) .  Thr ough  si mi l ar  OSSEs,  MacDonal d
and  Xi e  ( 2003)  al so  showed  t hat  a  GPS
r ecei ver  net wor k wi t h 100 km densi t y coul d
pr ovi de  r easonabl e  wat er  vapor  anal ysi s
f or  mesoscal e  wat er  vapor  pr edi ct i on.
However ,  t her e has  not  been any  r eal  dat a
GPS t omogr aphy  exper i ement  comf i r mi ng t he
OSSE r esul t s i f  accur at e SW i s pr ovi ded.  

The I nt er nat i onal  H2O Pr oj ect  ( I HOP)  2002
i s  a  f i el d  exper i ment  over  t he  Sout her n
Gr eat  Pl ai ns  ( SGP)  of  t he  Uni t ed  St at es
f ocusi ng  on  di st r i but i on  of  wat er  vapor
and  i t s  appl i cat i on  t o  i mpr ovi ng  t he

under st andi ng  and  pr edi ct i on  of
convect i on.  The  r egi on  was  an  opt i mal
l ocat i on due t o exi st i ng exper i ment al  and
oper at i onal  f aci l i t i es,  st r ong var i abi l i t y
i n  moi st ur e,  and  act i ve  convect i on.  The
I HOP r egi on i s shown i n Fi g.  1.  

Fi g.  1.  I HOP r egi on i s shown i n t he bi gger
r ect angl e  f r ame.  Our  GPS anal ysi s  domai n
i s  mar ked by  a  t hi cker  r ect angl uar  f r ame
over  t he r i ght  cent r al  I HOP domai n.

Ther e  ar e  number s  of  GPS  r ecei ver s
oper at i ng over  NOAA/ FSL st at i ons,  Suomi Net
st at i ons,  and speci al  st at i ons depl oyed by
CNRS CNRM/ GAME Fr ance.  I n t he r i ght  cent er
of  t he  I HOP r egi on  wi t h  l ef t  cor ner  at
l at i t ude and l ongi t ude ( 34. 5,  - 100. 0)  and
r i ght  cor ner  at  ( 38. 5,  - 95. 0)  as mar ked by
a  t hi cker  f r ame,  t her e  ar e  25  r ecei ver s
cover i ng t hi s  500 km by  500 km ar ea.  The
l ocat i ons  of  t hese  25  GPS r ecei ver s  ar e
pl ot t ed i n Fi g.  2.  Thi s  GPS net wor k  has  a
r oughl y  100  km densi t y  cl ose  t o  t he
densi t y r equi r ement  di scussed by MacDonal d
and  Xi e  ( 2003)  and  pr ovi des  a  r easonabl e



r eal  t i me  GPS  t omogr aphy  exper i ment
envi r onment .  

Fi g.  2.  The  25  GPS l ocat i ons  i n  our  GPS
anal ysi s domai n.

A  GPS  t omogr aphy  anal ysi s  under  t hi s
envi r onment  coul d  pr ovi de  us  some
conf i dence on t he qual i t y of  t he GPS sl ant
wat er  vapor  dat a as  wel l  as  t he GPS sl ant
t omogr aphy  t heor y.  We choose a st or m case
dur i ng  June  12- 13,  2002  and  compar e  our
anal yses  wi t h  t he  act ual  GOES sat el l i t e
i mages  and  soundi ng  dat a.  The  anal ysi s
basi cal l y  r ef l ect s  t he  wat er  vapor
di st r i but i on dur i ng t he st or m,  and t hus i s
a  r eal  GPS dat a case t o conf i r m t he OSSE
r esul t s  and  t he  accur acy  of  SW f or  t hi s
st or m case.  Mor e  r eal  GPS cases  wi l l  be
anal yzed i n t he f ut ur e.

The  GPS t omogr aphy  t echni que used  i n  t he
anal ysi s  wi l l  be  descr i bed  i n  t he  next
sect i on;  a  di scussi on  i s  pr esent ed  i n
Sect i on  3  on  sol ut i on  mul t i pl i ci t y  of  a
gr ound- based  GPS t omogr aphy  anal ysi s  and
some  si mpl e  const r ai nt s  f or  r est r i ct i ng
t he  mul t i pl i ci t y.  Real - t i me  GPS  wat er
vapor  t omogr aphy  anal yses  wi l l  be
demonst r at ed i n Sect i on 4.  Fi nal  comment s
wi l l  be pr esent ed i n Sect i on 5.

2.  GPS TOMOGRAPHY

GPS t omogr aphy  i s  a  di r ect  anal ysi s  of
obser ved  GPS  sl ant  wat er  vapor  f or
der i vi ng  a  t hr ee- di mensi onal  wat er  vapor
di st r i but i on,  i ndependent  of  obser vat i ons
of  ot her  at mospher i c  el ement s  and
numer i cal  model s  as  needed  f or  ot her
var i at i onal  anal ysi s.  MacDonal d  et  al . ,
( 2002)  pr esent ed  t hei r  GPS t omogr aphy  i n
det ai l  usi ng gr i d cont r ol s combi ned wi t h a
mul t i gr i d  t echni que  i n  r et r i evi ng  wat er
vapor  di st r i but i on over  r esol vabl e scal es
f r om GPS sl ant s.  Her e  a  di f f er ent  met hod
i s  t est ed  as  an  al t er nat i ve  of  mul t i gr i d
t o  sol ve  t he  t omogr aphy  pr obl em.  A
r ecur si ve f i l t er  ( Hayden and Pur ser ,  1995)

i s appl i ed t o t he cont r ol  gr i d i n or der  t o
r epl ace  t he  mul t i gr i d  t echni que.  I t s
smoot hi ng  par amet er  i s  used  t o  di r ect l y
cont r ol  i t s  anal ysi s  scal es.  A f i l t er  i s
appl i ed t o x,  y and z di r ect i ons one af t er
anot her  t o  achi eve  t hr ee- di mensi onal
f i l t er  ef f ect .  Assumi ng  t hi s  t hr ee-

di mensi onal  f i l t er  t o  be  F ,  def i ne  a

var i abl e w such t hat

         Fwq = ,  

wher e  q  i s  t he  wat er  vapor  gr i d  f unct i on
t o be sol ved.  Usi ng t he gr i d f unct i on $q$
t o cal cul at e t he Ri emann sum ( MacDonal d et
al . ,  2002)  al ong a gi ven GPS pat h bet ween
a  sat el l i t e  and  a  r ecei ver ,  a  GPS
t omogr aphy  cost  f unct i on can be f or med by
summi ng  t he  squar es  of  t he  di f f er ences
bet ween obser ved GPS sl ant s of  wat er  vapor
and  t he  cor r espondi ng  Ri emann  sums  whi ch
appr oxi mat e  t he  i nt egr al s  of  t he  wat er
vapor .  By  choosi ng  a  pr oper  r ecur si ve
f i l t er  smoot h  par amet er ,  i r r esol vabl e
smal l - scal e  wat er  vapor  di st r i but i on  i s
el i mi nat ed f r om t he  anal ysi s  so  t hat  t he
mul t i gr i d  t echni que  can  be  ski pped.  We
choose  t he  r ecur si ve  f i l t er  scal e
par amet er  7.0=a f or  t he  hor i zont al
f i l t er s  and  5.0  f or  t he  ver t i cal  f i l t er
wi t h 21 gr i d- poi nt s i n each di r ect i on.  The
r eason of  havi ng a smal l er  scal e par amet er
i n  t he  ver t i cal  di r ect i on  i s  t hat  wat er
vapor  has  si gni f i cant  ver t i cal  var i at i on,
as  i t s  magni t ude  decays  exponent i al l y  as
hei ght  i ncr eases.  The cost  f unct i on can be
vi ewed as  a f unct i on of  w  t hr ough q and
whenever  q i s  needed,  appl yi ng F t o w t o
yi el d t hi s gr i d f unct i on.  

A di sadvant age of  t he  f i l t er  appr oach i s
t hat  some  si mpl e  known  bounds  of  wat er
vapor  cannot  be  di r ect l y  appl i ed,  f or
exampl e,  0³q  i n  addi t i on  t o  t he
empi r i cal  sel ect i on of  a scal e par amet er .
For  GPS  wat er  vapor  t omogr aphy,  t hi s
si mpl e  bound  not  onl y  makes  t he  anal ysi s
physi cal l y meani ngf ul ,  but  hel ps t o r educe
sol ut i on  mul t i pl i ci t y  shown  i n  t he  next
sect i on.  For  t he  f i r st  pass  of  t he
r ecur si ve f i l t er ,
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i t  i s  suf f i ci ent  f or  0³q  i f  0³w .

Thi s  bound  of  0³w  i s  appl i ed  i n  t he
mi ni mi zat i on pr obl em.

To  sol ve  t he  t omogr aphy  pr obl em wi t h  a
bound of 0³w ,  a l i mi t ed BFGS f or  si mpl e
bound mi ni mi zat i on al gor i t hm ( Byr d et  al . ,
1995)  i s  used.  The  gr adi ent  of  t he  cost
f unct i on  i s  comput ed  by  an  adj oi nt  code
gener at ed  by  t he  TAMC sof t war e  ( Gi er i ng
and  Kami nski ,  1998) .  The  adj oi nt  code  i s
car ef ul l y  t est ed  usi ng  f i ni t e  di f f er ence
appr oxi mat i on of  t he gr adi ent .  

3. SI MPLE CONSTRAI NTS



No mat t er  how many gr ound based GPS sl ant s
wat er  vapor  i nt egr al s  ar e avai l abl e,  t hey
cannot  uni quel y  det er mi ne  a  t hr ee-
di mensi onal  wat er  vapor  f i el d.  A si mpl e
exampl e t o i l l ust r at e t hi s  pr obl em i s  t he
f ol l owi ng.  Consi der i ng  a  const ant  wat er
vapor  f i el d i n an x  and z  pl ane ( assumi ng
a wat er  vapor  f i el d i s not  a f unct i on of  y
i n  a  t hr ee- di mensi onal  wat er  vapor
t omogr aphy) ,  and a l i near  decr easi ng wat er
vapor  f i el d i n hei ght  i n t he same pl ane as
shown i n t he f ol l owi ng di agr ams.  

Al ong t he l i nes,  L and L' ,  i nt egr at i ons of
t hese wat er  vapor  f i el ds  wi l l  be t he same
as  l ong as  t he sl ant  goes  t hr ough t he t op
not  t he si des,  i . e. ,  t hey  cannot  show t he
di f f er ence of  t he t wo f i el ds  at  al l .  GPS
sl ant  wat er  vapor  i s  cal l ed  i ncompl et e
obser vat i ons  of  wat er  vapor .  To det er mi ne
wat er  vapor  di st r i but i on  over  cer t ai n
scal es,  ot her  i nf or mat i on sour ces
have  t o  be  i nt r oduced,  physi cal
const r ai nt s  or  di r ect  wat er  vapor
obser vat i ons.  A mor e compl ex exampl e i s t o

add  a  f i el d  
�

q  i n  t he  x  and  z  pl ane

shown i n Fi g.  3  t o any  gi ven wat er  vapor
f i el d i n t he same x and z pl ane.  

Fi g.  3.  A  
�

q f i el d.  Any  GPS  sl ant

passi ng  t hr ough  t he  t op  of  our  domai n
cannot  t el l  t hi s  di f f er ence  bet ween  t wo
wat er  vapor  di st r i but i ons.

Li ne  i nt egr al s  of  q �

�

q  and  q  al ong

any  GPS pat h whi ch passes  t hr ough t he t op
of  t he domai n wi l l  be t he same.  Act ual l y,
we can const r uct  mor e compl ex exampl es.  I n
gener al ,  t he  smal l er  scal es  t he  anal ysi s

i s  t o  r et r i eve,  t he  mor e  f r eedom t o
det er mi ne a sol ut i on.  I n ot her  wor ds,  t he
l ar ge- scal e  wat er  vapor  di st r i but i on
r equi r es  l ess  ot her  dat a  sour ces  or
const r ai nt s.

MacDonal d  et  al .  ( 2002)  combi ned  sur f ace
dat a  and  mi cr owave  pr of i l er  dat a  i nt o  a
GPS  t omogr aphy  pr obl em  as  addi t i onal
ver t i cal  wat er  vapor  i nf or mat i on  t o
el i mi nat e  t he  t omogr aphy  mul t i - sol ut i ons
pr obl em  f or  t he  scal es  of  i nt er est .
I nt r oduci ng  sur f ace  and  pr of i l er
obser vat i ons,  MacDonal d  et  al .  ( 2002)
added  t he  squar es  of  t he  di f f er ences
bet ween i nt er pol at ed wat er  vapor  f r om i t s
gr i d  val ues  and  t he  act ual  obser vat i ons
i nt o  t he  cost  f unct i on  as  penal t y  t er ms.
Si nce  t he  maj or i t y  of  wat er  vapor  st ays
near  t he  gr ound,  or  say  bel ow 5  km i n
hei ght ,  accur at e sur f ace dat a and pr of i l er
dat a  hel p  el i mi nat e  t he  ot her  sol ut i ons
f i t t i ng t he GPS sl ant s.  Thi s  met hod seems
t o  be  wor ki ng  wel l  i f  t her e  ar e  cer t ai n
number s  of  sur f ace  or  pr of i l er  dat a
avai l abl e.  Her e  we  consi der  anot her
appr oach,  r est r i ct i ng  t he  sol ut i ons  by
some si mpl e const r ai nt s.

A  maj or  char act er i st i c  of  t hi s  GPS
t omogr aphy' s  mul t i pl i ci t y  i s  t hat  cer t ai n
i ncr ement s  at  l ower  l evel s  can  be
cancel l ed  by  some  opposi t e  i ncr ement s  at
upper  l evel s.  However ,  i n r eal  at mospher e,
t he wat er  vapor  exponent i al l y  decays  wi t h
hei ght .  Ar ound 10 km hei ght  l evel s,  wat er
vapor  i s  about  0. 1  g/ m3 compar i ng  t o  10
g/ m3 near  t he gr ound.  A r at i onal  i ncr ement
at  upper  l evel s  of  t he  domai n  cannot  be
l ar ge enough t o cancel  i ncr ement s at  l ower
l evel s.  I f  a  wat er  vapor  anal ysi s  i s
const r ai ned t o smal l  val ues  near  10 km or
above,  l ar ge- scal e  ver t i cal  wat er  vapor
di st r i but i on coul d be det er mi ned uni quel y.
Anot her  sour ce  of  mul t i pl i ci t y  coul d  be
mended i f  t he wat er  vapor  i s r est r i ct ed t o
be  non- negat i ve.  I n  t hi s  st udy  we
demonst r at e t he wat er  vapor  anal ysi s usi ng
t hese  si mpl e  const r ai nt s  wi t hout  ot her
accur at e  wat er  vapor  obser vat i ons,  even
t hough t hey may or  may not  be avai l abl e i n
t he  I HOP r egi on.  To  compar e  t he  anal yses
t o sat el l i t e i mages,  t hese const r ai nt s ar e
f ound qui t e sat i sf act or y.  

4.  GPS ANALYSI S

The  t omogr aphy  appr oach  al ong  wi t h  some
si mpl e  const r ai nt s  i s  appl i ed  t o  t he
dat aset  col l ect ed  as  a  par t  of  t he
I nt er nat i onal  H2O Pr oj ect  ( I HOP)  2002.  At
t he  r i ght  cent er  of  t he  I HOP  r egi on
bounded  by  t he  l ef t  bot t om cor ner  at
l at i t ude and l ongi t ude ( 34. 5,  - 100. 0)  and
t he  upper  r i ght  cor ner  at  ( 38. 5,  - 95. 0) ,
t her e ar e 25 st at i ons  wi t h GPS r ecei ver s.
The  net wor k  of  st at i ons  i s  a  combi nat i on
of  NOAA/ FSL  st at i ons,  Suomi Net  st at i ons,
and  speci al  st at i ons  depl oyed  by  CNRS
CNRM/ GAME,  Fr ance.  The  GPS  dat a  wer e
pr ocessed  usi ng  t he  Ber nese  4. 2  GPS



Sof t war e.  Fi nal  sat el l i t e or bi t s  f r om t he
I nt er nat i onal  GPS Ser vi ce ( I GS)  wer e used
i n  t he  anal ysi s  and  t he  st at i on
coor di nat es wer e const r ai ned t o t hei r  I TRF
2000  coor di nat es  by  i ncor por at i ng  GPS
st at i on dat a f r om I GS st at i ons  wi t hi n t he
cont i nent al  Uni t ed  St at es.  The  GPS dat a
wer e  pr ocessed  usi ng  a  doubl e  di f f er ence
pr ocessi ng  st r at egy  t o  comput e  PW.  Sl ant
wat er  val ues  wer e  comput ed  i n  a  si mi l ar
manner  as descr i bed by Br aun et  al . ,  2003.

Dur i ng  t he  I HOP  2002  ( 13  May- 25  June
2002) ,  t her e  wer e  st or ms  over  t he  r i ght
cent er  of  I HOP r egi on on June 12 and 13,
2002.  Over  t hi s  t i me  per i od,  t her e  wer e
sat el l i t e wat er  vapor  i mages avai l abl e at  
ht t p: / / www. j oss. ucar . edu/ i hop/ dm/ ar chi ve/ .
These i mages  can be used t o qual i t at i vel y
ver i f y  t he  wat er  vapor  di st r i but i on
pat t er ns of  GPS sl ant  t omogr aphy anal ysi s.
I n t hi s  st udy,  we choose an exponent i al l y
decayi ng  f unct i on  of  hei ght  whi ch  has
val ue of  10 gr am/ m3 at  t he gr ound and 0. 1
gr am/ m3 at  10  km hei ght .  We  penal i ze  t he
di f f er ence  bet ween  t hi s  f unct i on  and  t he
gr i d anal ysi s  at  t he t op 4  l evel s  of  t he
gr i d.  The ver t i cal  domai n r anges  f r om t he
gr ound up t o 10 km.  The anal ysi s  gr i d has
21 gr i d poi nt s i n each di r ect i on.  We sol ve
t he  t omogr aphy  pr obl em under  a  si mpl e
bound,  0³w .

For  a gi ven anal ysi s  t i me,  we col l ect  al l
GPS dat a f r om t hese st at i ons dur i ng a hal f
hour  i nt er val  whi ch r anges  f r om bef or e 15
mi nut es  t o af t er  15 mi nut es  of  t hi s  gi ven
t i me.  Tr eat i ng  al l  of  t hese  dat a  as  GPS
obser vat i ons  at  t he  gi ven  t i me,  we
i ncr eased  t he  t ot al  number  of  GPS sl ant
wat er  vapor  obser vat i ons  i f  t he  wat er
vapor  di st r i but i on  does  not  change
dr amat i cal l y dur i ng t hi s t i me per i od.  Thi s
hel ps t o det er mi ne l ar ge- scal e wat er  vapor
di st r i but i ons wi t h t he si mpl e const r ai nt s.

For  t he gi ven domai n,  we choose GPS sl ant s
whose r ay pat hs ar e t hr ough t he t op of  t he
domai n and r emove t he ot her s.  Wi t h al l  of
t he  GPS sl ant s  passi ng  t hr ough  t he  t op
domai n,  t he  mi ni mum el evat i on  angl e  used
i s about  7 degr ee,  a l i t t l e l ower  t han t he
val ue,  10  degr ee,  val i dat ed  by  Br aun  et
al . ,  2003.  

We  pr esent ed  her e  t wo  anal yses  at  00: 00
UTC,  June 13,  2002 and 22: 00 UTC,
June 13,  2002.  Si nce t he i nt egr at ed sl ant
wat er  vapor  ( i nt egr at ed  wat er  vapor
densi t y  al ong t he r ay  pat h  bet ween a  GPS
sat el l i t e  and  a  r ecei ver ,  Bevi s  et  al .
1992)  i s  anal yzed i n t hi s  t omogr aphy,  t he
uni t  of  t he anal yzed wat er  vapor  i s  kg/ m3.
To qual i t at i vel y ver i f y t he GPS t omogr aphy
anal ysi s,  we  compar ed  t hem  t o  t he
sat el l i t e wat er  vapor  i mages over  t he same
ar ea  and  f ound  t hat  t hey  ar e  hi ghl y
cor r el at ed.  Fi gur es  4  and  5  show  t he
cont our  pl ot s  of  hor i zont al  wat er  vapor
anal yses  at  one  km hei ght  compar i ng  t o

sat el l i t e  i mages  of  wat er  vapor  t aken  at
t he same t i me.

Fi g.  4.  GPS t omogr aphy anal ysi s  at  00: 00Z
on June 13,  2002 ( above)  and a  sat el l i t e
i mage t aken at  t he same t i me.

Par t i cul ar l y on t he st r onger  st or m at  0: 00
UTC,  June 13,  t he anal ysi s  r epr esent s  t he
st or m ver y  wel l ,  even  showi ng  t he  gap
bet ween t wo maj or  hi gh wat er  vapor  densi t y
bl ocks.  Fi gur e 6 shows  t he wat er  vapor  as
hei ght  at  t he  I HOP cent r al  f aci l i t y.  The
r ed one i s  col l ect ed f r om a soundi ng,  and
t he bl ack  one i s  t he GPS sl ant  t omogr aphy
anal ysi s.  We bel i eve t hat  wi t hout  cer t ai n
accur acy  of  t he  GPS sl ant  dat a  and  t he
t omogr aphy al gor i t hm,  we cannot  obt ai n t he
anal yses  wi t h  such  cor r el at i ons  t o  t he
sat el l i t e i mages.  



Fi g.  5.  GPS t omogr aphy anal ysi s  at  22: 00Z
on June 13,  2002 ( above)  and a  sat el l i t e
i mage t aken at  t he same t i me.

5.  CONCLUSI ONS

Usi ng  pr ocessed  sl ant  wat er  vapor  ( SW)
f r om t he r i ght  cent er  of  t he I HOP domai n,
a GPS t omogr aphy  t echni que pr ovi des  wat er
vapor  anal yses  under  si mpl e  wat er  vapor
const r ai nt s.  Compar i ng  t o  GOES sat el l i t e
wat er  vapor  i mages  and  soundi ng  dat a,
t hese  anal yses  r esembl e  t he  basi c  st or m
f eat ur e dur i ng t he t i me per i od of  June 12
t o  13,  2003.  These  anal yses  f ur t her
conf i r m t he concl usi ons  made by  MacDonal d
et  al . ,  ( 2002)  under  OSSE.  These  i mpl y
t hat  t he  GPS  t omogr aphy  met hods  can
ext r act  usef ul  i nf or mat i on f r om GPS sl ant s
i n r eal  t i me GPS obser vat i ons.  These r eal -
t i me exper i ment s  al so conf i r m t he qual i t y
of  dat a  pr ocessi ng  f r om GPS sl ant  wat er
vapor  del ays  i nt o  sl ant  wat er  vapor  on
t hese  cases.  For  t hese  cases,  t he  dat a

pr ocessi ng  must  have  good  accur acy;
ot her wi se,  we  cannot  obt ai n  a  r easonabl e
st or m pat t er n.  We  al so  r an  t hese  cases
wi t h  shor t er  t i me  i nt er val s,  i . e. ,  wi t h
l ess  sl ant s,  and  f ound  t he  anal yses
det er i or at e  as  t he  amount  of  sl ant  dat a
decr eases.  To a cer t ai n degr ee,  t hi s shows
t hat  t he  sl ant s,  i ndeed,  hel p  t he
anal yses.

Fi g.  6.  Ver t i cal  pr of i l es  of  soundi ng and
GPS  t omogr aphy  anal ysi s  at  t he  cent r al
f aci l i t y  of  I HOP r egi on at  00: 00Z on June
13,  2002.

As  GPS sl ant s  ar e  r emoved,  i f  t hey  pass
t hr ough t he hor i zont al  si de boundar i es  of
t he domai n of  i nt er est ,  t her e wi l l  be much
l ess sl ant s wi t h l ow el evat i on angl es near
t he boundar i es i n t he t omogr aphy anal ysi s.
Thus,  t he anal ysi s l oses i t s accur acy near
t he hor i zont al  boundar i es,  par t i cul ar l y at
l ower  l evel s.  Thi s  GPS net wor k  domai n  i n
t hi s  st udy  i s  smal l ,  j ust  500  km by  500
km,  and  t he  boundar y  ef f ect  coul d  damage
t he  accur acy  of  t he  anal ysi s  i n  t he
cent er .  For  a  l ar ge  domai n  wi t h  t he
si mi l ar  GPS  r ecei ver  densi t y,  we  can
expect  bet t er  r esul t s  as  mor e sl ant s  pass
t hr ough  t he  t op  of  t he  domai n  and  l ess
boundar y ef f ect .
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