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~’racliti{)llaliy  tlsc(lfor }ligll])lccisioll  geodesy, thcGPS systcm hasrcccnt]y  c]mrgcctas
an equally powcrfLll [001 in a tmospher ic  s[udics, in par[icu]al, climatology ad
mc.tcom]ogy.  I’here arc several products of Gl%-based systems that arc of intcrcsl 10
clilna[o]o~ists  and mdcotologist,  Onc of the most useful is lhc G1’S-based estimate of the
al Imunt of Prccipit able. Water Vapm (1’WV) in the t i oposphe.t  c.. Water vapm is au
inqmrlant  variable i]) the study of clilnatc chmgcs  and attlmphcric  cm]vcc[im (Yuan ct
al., 1 993), and is of crucial inqmlancc  for scvcrc weather forecasting and opcra[ional
numerical weather prccticticm (km d al., 1993).

A grmmct-based G1’S systcm dots not pmdLIcc  estimates of I’WV dircclly. PWV is
infcmcd froJn a direct cstil na[c of the “l’o[al Ylalith I lclay (rJ’YJl~), with the hc]p of some
ancillary iJlformatioJ1.  “1’hc  “1’Z.I ) qLlantifics  the atmospheric delay for a GPS signal coJni  J]g
from the zenith dimd  ioJ1. 1[ is mappccl to the. clcvat ion angle of a par[icLdar  satc]litc-
rcccivcl l ink by Jncans of an appJ opJiatc JnappiJ~S  f“L1nct  ion, assLmling hoJimltal
syJmIct  ry. The T7,1 ) can bc. scparatd iJllo 1 wo COJnpOJICJlt  S, ~,cJlilh 1 )ry l)clay (Y,l )1)) and
Y,cJlith  Wet ]Jc]ay (7,WII), ‘l’he. ZIJII is caLNcd  by the propagation dc]ay  ad ray bcJlditlg
duc to the dry gases iJ] the t J’oposphcu”c.  It can bc accLu”atcl y infcmd  by using prcci  sc
J]-] C.aSLIJCJ]lCJItS  of al Jnosphcric  prcssLMc at gJoLllicl level, and rcJmwcd froJll  the total ctclay.
‘1’hc remaining ZWI) is ncar]y ~mqmlioJlal  to thr qL12mtity  of” I>WV intcglatcd  along the
zcJli[h  direct ioJl, ‘]’hc lot d PWV CaJI bc cxlradcd fmJn t hc ZW1 ) to an accLIJ”acy  of a fcw
pcrccnt givcJl  JncasLwcJmnts  of the tcmpcrat  urc at ground lcvc]. (Be.vis d al. ,  1994,
]<ockcJl  ct i3]., ] 993, YLIM C( a ] . , 1 993),  IJl the abscncc of plcssLwc or tClIlpCJIttUJC
mcawrcmcnts on site, they can bc qqwoxi  mate.(i by means of m appropriate c climate
Jtmdcl.  VcrjficatioJl  of accLIJacy  of GPS-based cs[imatcs  of 1’WV is typjca]ly doJIc by
comparing it wi[h estimates based m the nmc cstablishccl  tcchnic]Llcs of radiosondcs  and
WatCJ’  VapoJ”  Ra(tioJllCtCJ’S  (WVR). ]tKtCCd,  SCVCJ’d  lCCCJl~  COJll]XLl”jSOJIS”  dCJllOJIS[l’atCd  that
GPs  can provide  Illillilllctcl-level accllracy  in JMC~SL1l’ill~,  I’WV  (]] LISiIl~CJ’  Ct al ., 1994,
s~h~jicwc]’k  cl a]., ] 994, Wo]fc and ~iLlttl’Jan,  ] 994, ];ang cl a]., ] 994, li]gcJ’cct  c1 a].,
1995,  Rockm C( al., 1995, Chiswc]l  :itd IIusingcr, 1995, NOAA, 1995). ‘1’hc current
]CVC1 of aCCLJHtCy  of G1’S-based estimates of ‘1’7,1  ) is hclicvcd  to bc bct[cr than 1 CJI-I. ‘1’hc
cxtractcd PWV is bc]icvcd  to bc 1 -2 mm accurate.

It is well known that watcJ vapor has significant smal]-scale variations in time mcl space
(] .i]ly atd ] ’ c J ’ k e y ,  ] 9’76). ‘]’hc high kJIIpold aJl(l Spatial  J’CSO]ll[iOJl  Of GPS-bascct
cs[imalcs of PWV Jnakcs the GPS tcchmlogy  Llnic]Llc  in its ability to augment the sparse
JllCaSLllCJllCJ)tS  fJQJll  thC dios(m(h  J]ctwork.  ];O1, CX:tJl@C,  thC  JI’I . 10 LltiJK  pl”OCCSSiJl~
of GPS data from the IGS Jlct work proctLIccs  cs[i Jllatcs  of ‘1”/.1  ) cvcI’y flvc Jni tlL!tcs.  “I”hc
oJl]y other existing tcchndogy  for I’WV rclricwd with high tc.Jnporal  rcso]LHioJl  is based
oJ) W alcr Vapor RadioJnclcrs  (WV]<), bu( their globfii  di stribLlt ion is CX1 rcmc]  y sparse
(iuc to thcjr high cost. ‘1’his fi~ct  highlights a crucial advantage. in cxploitins  [Ilc vast
tlctwoJ’k  of GPS gIWLIJI(l JCccivcrs, JlaJnc]y, its very ]OW cost.



AnothcJ unique advantage of G1’S-based I’WV cs[ima[cs is the potential availability of
clataflc}l~~g  rotltl(lr e.ccivcrsi rlNcalRc alrl'il~lc(N l<'l'),z\ llowil~gf[  )rti1l-lcly assimilation of
tllccstill]atcs  illlolltllilcrical  wc:itl~cr  ]>rc(licticJll  scl~cl)lcs.  l'l()(lllciilg,l  'WV estimates from
Nil’l’  prmcssing  of GPS data poses a challemgc,  thoup,h.  Usually, high accLlracy
cs[imalcs  arc available af[cl ploccssing (iata  from a rclativc]y large global ndwork  of
rcccivcrs.  in NR”I’, only data from a small number of stations is cxpcctd  and their
ciistribu[icm  is unlikdy  to bc global, at ]cast jn the ncal fLlturc.

in this paper wc discwss various aspcds  of the pmccss by which 7,WIJ arc cs[imatcci
froln G]% data and wc (icscribc a very simp]c csti mation sIMtcgy  for Nf-?rl’  applications.

IWAI,UA”J’ING GIYS-IIASICI)  ICS’J’l  MA’l’JtS 01~ ZWI)

in or(icr to analyze varjous  cstima[ion s[rakgics for ZW1) from GI’S (iata wc set L]]) an
cxpcri I ncnt  by which we. compami  GPS-based csti mates of }’WV with those CM aincci from
a cdlocatcd water vapor  ra(ijol  nctcl. “Jl]c GPS (i:i[a usc{i  jl) this cxpcrimcnt  was obtaincci
ftom ah 8 channc], dual frcqmncy,  3’LIrboRogLIe GI’S lcccivcr  tiMt  i s  i n  c o n t i n u o u s
opcla[im) at a site locatcci  at the Jet Propulsion 1,abmatory. Sinlul[ancms surface plcssLMc
an(i tcmpcraturc  mcasLlrcnlcnts were. oblai  neci from a Pamscicn[ iflc Mocicl  601613 prcssLm
scnso  with a slatc(i accuracy of 0.01% of lhc nominai atmosphcrk prcssLMc  at the
COJ npari son site. SuuF~cc  tcmpcrat ums were obtainc.(i  from a tcmpcrat  Lllc scnsol containcxi
wjlhin tile pressure sensor. q’hc water vapor twiiomctcr usc(i in this cmnparjson  was a 3
channc]  {icsign cicvclopcxi  at J}’]. (Kcihm, 1991 ). 1 Mring the pcrjmi of the inte.1 comparison,
tile WVR opcratui cent i nLmusly jt-t a fi xc(i scanning pat [cm. Mcasurcmcn[s  of ti]c sky
brigi}tncss  tcmpc] aturc were ma(ic  at a nwnbcr  of cleva(ion allglcs to ailow ncccssary  gain
c(mcc[ioJ)s to bc ma(ic  (o [hc W VR signai. I’WV estimates LIsc(i in this coJnl)arjson were
obtaincxi fmm the WVR 113casL11c.llle.llts  nwic  at Ycnith.

‘1’hc ci]’S-bascci es t imates  of  I’WV were obtaincci  by prc)cessill~  the (iata  wjth ti~c
GIPSY/C)ASIS I I  sof[warc systcm using,  ti~c tcchniqm o f  prccjsc-r>oil~t-]~ositiollit~g”
(7,ulnbcrgc  ct al., 199S). ‘1’hc G]% orbits usc{i  in the ]Jlccisc-]>oit]  t-])ositiollit]g” tcchniqLlc
were those pmciucc(i  rout inc]y at J P1, for the IGS. ‘1’he mcasurcnut  interval is five
I nil Iutcs. Pscwiorange  mcasurcmcnts  :IFC carlie.1-sl]lool}]c(i  anti carrier phase n]caswuncnts
arc simply ciccimatcci  to the five minutes Inatk. ‘1’hc troposphere js nmielc(i as randmn waik
with sigma of appmxi  mate] y 1 c1 nhhmur. 1 ktimatcs  of ZWI ) arc puiuccs  every five
minutes.

‘1’hc cxpcrimcnt  spannc(i the months of August  an(i Octobcr, 1995. Wc wili (icscribc here
rcsul[s from 18 days (iLl ring AugLlst.  W VR mcasurcmcnts  from t hc rest of the month were
exclu(ic(i  ciLJc to the cxistcncc  of cloLIcis.  WV]< mcasw ctncnts  were available again for most
of {)ctobcr  bLlt (]IC rcsdt of tile colllparjsmls  is sill”ti]w.

When consi(icring  the rewlts  below, h must bc rcnlembcrc(i  that there arc i nhe.rent
limitations to the accLlracy  of botil WV]< an(i G1’S-bascci  cs[imatcs  of I’WV. A simple
analysis of major crrm smrccs  (Run~c,  1 995) has cstimatc(i  that the uncctlainty  in (il’S -
basui estimates of PWV is app oximatcl  y 1.1 11)]11  f(N PWV va]ucs in the range of 20 mm.
Simiiarly, (iLIc to unccrtaintim  jn jnstrumcnt calibrations an(i retrieval algorithms, the accu-
J.acy of WVR mcasurcmcnts  of PWV is currcnt]y limitc(i  to 1 to 1.6 mm,



,.

ID this cxpcrinlcnt  wc tested the effect Of the GPS rcceivcl clcvaticm angle cutoff’ m the
quality Of the ZWII estimates. “1’hc results arc Sunltilarixd  in 1 ‘igLwc ]. Wc fcnlnd that lhc
s[aldard cutoff of 15 degrees gave.  rise. IO a significant bias bctwccn the GPS-based
cstinw[cs  Of Y,WI) and PWV and the WVR-bad estimate.s. ‘1’his bias was rcduccd
dralnaticalty  when the c]cvaticm ang]c  cutoff was rcdL]cc.d  to 7 dcgrccs.  An il]ustra[icm of’
the diffcl”cnt  Cs[inlatcs  dLMing the first thl’c.c days in Au~Llst is prc.scntcd  in ]iigLlrc 2. Sinli]al
bchavioJ  was observed with the Oc[Obcr  data.
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Accompanying the bjas in XWII bctwtxm  GPS cslima!cs  wjtb different elevation angle
cuioffs was a bjas i[] the estimated gdctic hcigh~ of the siation. “1’his bjas can be observed
fron~ I;igure 3, depicting the daily gcoclctic  height estimate.  over the who]c nmJ]th of AugLIst
with the two clcvalion  angle cutoff val Lux. “lll]c  Incan bias is 2.5 cm.

.ETER.lu&l G E O D E T I C  H E I G H T
JPLM, AUGUST 1995

]ig,

Although  WV}< estimates were 1101 available [IKx,  wc compartxl GI’S-basc(l m(imatcs of
Y.W1> with the IWO elevation angle cLltoffs for several other sites during Janu:iry,  1996. We
foLmd that Ihc size of the bias bctwccn the cstinuitcs  wwics from site to site and it can often
b e  it)significant (Icss than 5 nm) fol nlaay. ‘J’l)c ltirgcst  bias was found at 1 ‘01<” 1’, a
relatively wet site. (See l;igurc  4.)

We hypothcsjze  that lhc inqmvclncnt  in ZWIJ cst inudcs at lower clcvat ion angle cmtoff,  as
obse.nd  at JPI .M during August and Octfh], 1995, is due to the rcciudicm  in the
corrc]at ion bet wccn Y,WIJ and station height. More cxpcrimmt  at icm is ICC] Llircd in order to
cs[abl ish that this phcncmcma is not sitchccciver  dcpcndcnt,

in g,cncra],  lowering the dcvat ion angle cLltoff  did not have a dctrinlcnt al effect on station
position rcpcatabilitics  OVCY a month.  It sLIggcsf  that carrier pl]asc n~ultipath  may not bc very
dan~aging,  at 7 dcgrcc.s  clcvatkm,



FORT trop elevation cliff (7 deg - 15 deg)
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Cil’S satellites display a rather conlplicalcd  ytiw al[i[adc bcllaviol  during crossing of the
1 iallh shadow (Bal’-scvcu’  d al., 1996,  ]Ial”-scvcl , 1 996). hlisndclin~  this I_whavior is
cs])cciall  y harnlfLd in gJlccisc-]loil~t-lJosit  ioni rig,, in {his cxpcrinmnt  wc cslinla[cci  ZWII at
various  sites t wicc. (Incc with the ]icw yaw at[itudc  model (Ilar-Sever, 1996) ancl once
with the old yaw a[[i[udc ndci (the basic 1<(XK mmicl) that is still in LISC  in m a n y
~,co(ictic  software systcnls.

Assunling  now that the 7“AD cstin~atcs  oblaincd  with the ncw yaw ndc] arc “tIL]th”,  an[i
sLlbtraciitlg  these cstin)a(cs fronl estimates obtained with the RC)C;K yaw ndc], there are
n~any cases where the diffcrcnccs significantly cxcccd  1 cnl. IJigurc 5 dcpic[s two
cxamp]cs:  for 10Rrl’ and }lRMl).  ‘1’ZI) values for Ill< Ml] (af[cr sLlbtrac[ing ihc nlcan),
cstinxttcct  without ti]c yaw nm[icl,  at-c aiso ]wcscmtc(i in l;igurc 1 in order 10 dcn)onstratc
that the peaks in the error figutc arc in(iccci  associatc(i wjth anomalous  features in [hc
estiinatc(i value. Ail the peaks in l;]gm’c  1 corrcspon~i  to epochs of observing an cclipsins
satc]iitc  durjng jts yaw nlatlcuvcr. ‘] ’l)csc crrotx lnay bc unacceptably ]atgc for sonic
app]icat  ions. (1 ;rrors in ‘1’73 I arc cc]N ivalcnt  to errors in >,WI 1.)
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1[ is a conmon  notion thal sonic troposphuic  signal is still present in the carrier phase pos[-
fit residuals. ]n odd to test this mtim ami its u[ility fm ZWI) rctricva],  pint-fit rcsidwds
from rcce.ivcr-trat~sl)]itter  links with elevation angles greater than 60 clcgrccs  were added to
the cstima[ccl  ZWII. If mmc than onc link exists at aII epoch, [hc rcsicimls from all the links
were  averaged.  Cdc ccliting  was used to cxcludc rcsidua]s lnrgcr thm 8 mm. ‘J’hc
“corrcctcd”  7.WIJ cst inuitcs were then co]nparcd  to the W VR cst i mates. ‘]’his CX1 )crinlcnt
was carried out for the 15 dcgrccs elevation cu[off case (tha[ IUKi a large bias wJl the WVR
cst inxitcs) and for the 7 clcgrccs  clcvaticm  cLltoff  case. ‘1’hc results arc sumnlarizc ill 1 ‘igLlrc
6. (Iijmchs for which no corrections were available were rcmovccl  from the statistics.)



Whcm rcsjdua]s comcdjons WCI c applkxl,  the biases wJl the WVR cst imatcs dccrcascci  in
both GJscs, more so for the ] S dcgrccs c]cvation cutoff’ case. ]ILI1  in both cfiscs the RMS
jncrcasc(].  l~or the 15 cicgrec.s clcva[ion cutoff case. the bjas dccrcascd  for each individual
clay out ofthc ]8daysi  II August  It] the 7 cicgrces  dcvatim  cutoff case the. bias dccreascci
olllnosl jtldivjciua] days, “1’hcsc rcsu](s suppor[  t]Ic  notion  tha( tbcrc  js troposphclic  signs]
11-1 tllccal.l.icl”  }>llasc]>os[-fit  rcskluals  but it also dcnmnslra[c  that there js quit a bh of nojsc
tllclc..’  llcJlojsclcv  cljlltll ccC)llcctic)llll nlaybcrcduccd  perhaps, with anlorc sophistica[c(i
editing schcmc, but there js no doubt that thc]c is not cImLIgh signal  jn the post-fit residuals
to offset the large bias in the cstinlatcs.  1,ow c]cvation angle rcsjduals, though, could be
lnorc.  uscfu] jn correcting line-of-sight wet dc.lay bccausc they arc cxpcc[ccl  (o contain lar~cr
t roposphcrjc sjgnd,  h] ]iqmr(km ii the lar~cr hir mass the iigna] t rtivcrscs.
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‘1’0 serve as useful jnpu[ t 0 numerical wcat her prc.clid  ion mdc]s,  the GPS-base.ci cst imatcs
of PW V would nec(i to bc avaiiablc wjt hin scvcrai  imLlrs  after the {iat a have. bccm collcctc.~i.
in coJ~trast,  CiI’S-basc(i  I’WV cs[ima[cs (icscribc(i  jtl the pJcvjoLls  scctioJ~s  were pmiucc(i
usj ng prcejsc  (i]% orbits  anti clock obtainc(i by proc.cssing data from a gioba]  Jlctwork of
-30 G]’S rcccivcrs  aJlc] arc avai lab]c  2-4 days af[cr [iafa has bCCIl  CO] lcctcxi.  ‘] ‘hcrcforc,  it is
currently Jmt possible to usc prccjsc (ii% orbjts and clocks  as the. basis for a systc.Jn to
provj(ic near real tin]c PWV estimates. lkw [ilis rcasOJl, wc have invcslisatcci tile usc of
“i~rcciictc~”  GI’S orbits as an aitctmativc.  It shou][i bc clear ti~at the results cannot  be as
acxxaatc  as those obtaine(i  with prccisc orbits and clock. ‘1 ‘hc Jnini  nlai lCVCI  of accLwJcy
(iCJN:IJI(iC(i  from t hc NRT PWV is al~~>licati(~l~  -dc~>cl~(icl~[  an(i has not bcc.n cstablishc.(i  yc.t.
]n this stLl(iy, ralhcr arbillari]y, wc set the accuracy goai at 2 nm] RMS for I’WV
(ttl>l>l[)xit~~atcly  12 mm RMS for ZWII).



. .

‘1’hc pmciic.tc(i  G1’S orbits used it) t h i s  s{Lidy WCJ’C’ Obttiincd  b y  flt[ing  an orbi(  to foul
consccu[ ivc (lays of precise dai 1 y sol u[ions,  adjust  i ng fOr 6 epoch state paratnc[ers  w](1 cjght
additional empirical parameters. ‘1’hc solution was then extrapolated fOrwarcl  using  the.
satellite’s dynamics.  Orbjt error jncrcase.  qLladra[ically,  jn this schclnc,  up to a ICVCI of two
lllCtC1’S  RMS af[cl tWO dayS.

Bccausc  of SA satellite C1OCIW cannot bc extrapolated. 1 ]cncc. the ncc.(i to cst imatc them (or
d iffcrcmcc thcnl out). ‘1 ‘hjs rcqujres  the sinm]t ancous  pmcessi  ng of at least two ground
stations. Wc have fOund that LIndCJ certain  circunlstancc.s  no nmrc stations arc ncccicd.  ‘]’his
forjns IIIC sinqdcst  schcmc for N]<’l’ retrieval ofZW11.

When onc of the statjon’s  clock js held as a rcfcrcncc jt js possjb]c to solve for the other
s ta t ion  clock as WCI1 as Y,WI) fm both stations and all obsc.rvcd  Cil’S clocks with a
tcchniquc  cqLlivalcnt  tcj &3LIblc Cijffcrencjng. ‘1’his tcchniquc  jtnposcs  sonle constraints cm
the sclcctim  of the sc(xmci  station (one  of the stations js c(msidcrcd  the target  of the  7,W11
Mimatc.  ‘1’hc Othcr  js brOL]ght  itl tO prOvi(lc  clock rcsdut im. Its 7,WlJ m a y  m, may  not, bc
dcsi]cd).  The two stations shoLIld not  bc too fN apart. If they arc, they will fi~il to form
enough double  ciiffcrcnces.  I’hcy should also not bc too C1OSC.  If they arc, the noInMi
cquatims  will tcnci 10 be sinp.Ldal and trolx~sl>hcrc  at ti]c two sta[io]~s wiil be stronp]v. . ,1

c&clatc(i,  We have foun(i  that scparat  ioa of 200 knl - 1 (KN kn) usuai 1 y work wcil (1 ‘igure
<, ,

7).
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‘1 lm rk+yaciat  iol] in the quality of the prcclictui orbit caLlscs,  in t Lure, a dcgradat  ion in the
quality of the XJWI> cs[itnatcd  (1 ‘igLuc 8). 1[ is dcsircxl,  lhcrcforc,  that the prediction period
he n~inin~izccl.  If cwbil errors arc potentially too lal gc, a thilci  station can be brougilt  in. ‘1’he
tlwcc-sfa[ion  d i f f e r e n t i a l  solution has  enough  (iata  strcng[h 10 ac{just  tk (;1’S orbit.
Mocicratc baselines bctwccn all three stations shoulci  hr. nlain(ainc(i for best IGLIltS.  (FigL]rc
9.)
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in N]<’]’ applications data wjll arrive at the processing center  in snlal] batc}lcs.  If the batch
length is too shor( there will not be enough  ciata to IC.SOIVC  the. ZWI I proper] y, ~iven the
tcnlporal corrclat ion of the troposphere (ic.lay mxicl.  1 n otw test, a nlininlun~ of three hours
was rcx]uirc(i  [o resolve. the 7.IHJ ~c:iscmai>]y well  (l~igLlrc  1 ()), l’roccssing  short batches is
possible wjlh proper initialiy,ation  of the covariancc  matrix wilh the cowtriancc  of the
prcviwls  batch.
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