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1. 1 N’lRCN )UCTJON

l’he concept of utilizing the global positioning
system ((31’S) signals as a means of sensing the
ahnospherc,  originally suggested by Yunck et al. [1],
has been studied in some detail in the literature [2-8].
The idea is to place onc or more receivers in low-lia[-tb
olbit  (1.liO)  that arc continuously tracking the Cil’S
with fields of view extending down to the limb of the,
l{arth. As a G1’S satellite is occulting behind the
almosphcrc  as seen from a 1,110  satellite, the signal
trave.ti ng thl-ough the lowest 70 km of the, atnlosp}mc
is dc]aycd and bent sufficiently to give accurate.
refractivity in that region of the atmosphere with a
vcrtica]  resolution of about 1 km [3]. Assuming
hydrostatic ccluilibrium anti the ideal  gas law,
atmospheric clcnsity,  temperature and pressure can be
derived from refractivity. Cicncrally,  sub-Kclvjn
tclnpc~ature  accuracy appears possible bctwe.cn heights
of 10-50 km, ancl refractivity can generally bc ob(ainccl
to better  than 0.3% down to the surface [5]. The
presence of appl-cciatdc water vapor in the troposplme
makes interpretation of refractivity ambiguous. in this
region, solving for either tcmpc.r ature or water vapor is
ge.ncral]y  not possible without ancillary data.
Ibcccl)tions exist in some climatic regimes such as in
polar winter where water vaJ>or contribution is .mal]
and temperature accurate to within 1 K is possible down
to the surface [4]. Another special case exists in the
tr epics where the temperature profiles arc rclat ivcl y
uniform over large distances and for long periods.
Knowledge of the te.rnpcrature  profile there allows one
to solve for waler vapor.

A satellite in a polar 1,EO tracking the prcse.nt  26
G1’S satellites with a full view of the. Ijarth’s  ]jnlb wjll
provide over 500 globally distributed occultations daily.
The dc.lay and bending induced by the atmosphere on the
signal arc typically 0.7- 1.6 km and 1-2° at the Iiarth’s
surface depending on the humidity level. These decrease
exponcrltia]ly with height with a scale hcigbt equal to
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the at tnospbcric  density scale height. 1,argcr delay and
bending are possible when very sharp refractivity
grad icnts are ancou nte.rcd  in the atmosphere.

When proper care is taken to control all the
diffel cnt types of errors that contribute to the retrieval
SUCII as receiver thermal noise, clock drifts, multipath,
epbc.rncris en ors and ionospbcrc,  the phase n~casurcrncnt
will have a sub-millimeter precision [8], Absolute
tcn~l)cl ature errors of 0.5 K and less appear to bc typical
of p]ofi]cs  in the altitude range Lrctwccn 10 and 45 km,
and may bc. as low as 0.1 K in the vicinity of the
tropopausc  consistent with the simulation results of
Gorbunov  and Sokolovskiy  [7].

‘1’hc  effect of water vapor uncertainty on
tcniI)crature  recovery in the lower troposphere and vise
vclsa is disco sse.d in section 2.10 section ~, wc examine
briefly the rcsiclua] ionospheric effects on the retrieval
and l}icans  of minimizing thcrn. la section 4, we
present a prclimi nary analysis of GPS data taken from
atop Mauna Ke.a, }Iawaii  at 4200 m altituclc, looking
down below the horizon in an occulting geometry and
compare them to simulation based on radiosondc data
from Ililo,  III.

2 .  lNI’Iil<RI~I.AI’1 0NSIIIl’ llIiTWI;I;N  WAT1;R
VA1’01{  AN1) 1’1 iM1’1  \RATLJI<}i UNCI iRTAIN1’11 iS

‘1’he refractivity is related to the temperature,
prcssur e, and water vapor pressure via

~ Pw
N= 77.6L+ 3.73x 10- —

T ~,2 ‘ (1)

whcr e T is in K ancl P and )’w in mbars. When the water
vapcn content is significant such as the case in the
troposphere, separation between the dry and moist terms
i s  alnbiguous. In this case, one can solve for
temperature given the water vapor density; alternatively,
one can solve for water vapor density given the
teml)crature  and pressure. Given a very precise
mcasulemcnt  of N, in this section we estimate the
uncer (ainty  in ternpcl aturc (water vapor density) for a
given uncertainty in water vapor (temperature and
pressure). IIased on (1), one can easily relate  the



uncertainty in water vapor to those of tcnlpcrature and
prc.ssul  c. via

In dc.ri ving (2) wc SC( 6N7N  to zero.

2.1 ~’~plpcr~t  LIIE lJ1~ge~~inty  Du~_Wa[CLV~pQr
If we take 6}’,*,  = 0.5 P}tl,  rcprcscnting  a 50%

unm (ainty in assumed water vapor abundance, then an
alnount of 0.25 ancl 0.5 grains of watt.r vapor pcl-
kilogram  of air results in 1 and 2 K unccltaintic.s
rcspcctivcly.  This effect is sunmarimd  in the dashed
lines of l~i~. (1) which is based on annual average.
climatological  data from I’cixoto and Oort [9]. In our
cstilnation  WC. igno~e the pressure uncertainty bascxt on
the fact that it accumulates slowly relative to density
unccrtaiutics, The top two curves in the fi.gurc indicate
the approximate pressure levels at which a 50%
uncertainty in water vapor abundance produces 1 and 2.
K tcrnIlcrat ore cr rors. It is clear from [his  figure that
colder rcgirncs  allow these profiles to extend to lowc.r
altitrrdc.s bccausc  of the very strong tcmpcratur-c
dcpcndcnce  of (11c Clausius-ClaJ>cyron  behavior of water
vapor Iwessul-c  cqui Ii briurn. A spcciflc  exarnplc of a
IJrofilc  r-ctricvcd  under high latitude winter conditions is
cliscusscd  by Kulsinski  et al. [4]
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Given (11c pressure and tcrnpcrature,  we now
cstirnate  the uncertainty in the retrieved water vapor. In
this case pressure error cannot be ignored, but can bc
I-elate.d to Ihc tcrnpcraturc error through the hydrostatic
ecjuilibrium  equation which yields

6J’(}1) - C=il’tiv  “

J
81’ fih

+ -——
r’(h) ‘“ -  I’,v , T )1

(3)

whcv e 1’s and t$f’~ are surface pmsLI rc and pmsurc  crl or
rcsl~cctively, }1 is the clcnsity scale height, and h is
heig,hl.  Contours rcjmse.nting  annual average water
vapor pro~llc accuracies of 5, 10 and 2070 are shown in
I:ig. 1 (solid lines). In obtaining these, WC assumed a
fractional tcrnpc.raturc  error of 7x 10-3 (-2° K) and
surface pressure rmor of 7 rnb. It is clear that most
accurate and vertically extensive profiles will bc
produced in tl]c tropics where. water vapor abundances
arc greatest. A spccitic  cxarnplc of a water vapor profile
rc.tricvcd in the tropics is discussed by Kur-sioski  et al,
[3]. A more in depth discussion of how the uncertainties
in tclnpcrakrre,  pressure and water vapor map into each
other is discussed further by Kursinski et al. [8]

3. 1ON(3SI’I  11 ;I{lC I i} WliCT REMOVA1 ,

I’hc liarth’s ionosphere extends from roughly 90
km altitude upwards and acts as a lens overlaying the
neutral atmosphere. Since signals pass through the
iooosphcrc  on their way into and out of the neutral
atmc)s})hcr-e  below, the effect of the ionosphere must be
artc.quatcly estimated and rcrnowd  to proclrrce accurate
profiles within the neutral atmosphere. The dispersive
natutc  of the ionospllcrc,  causes signals of different
frc.qucncies to travel at different speed. A simple linear
combination of the two 1.-band signals transmittc.d by
the Cil’S, 1,1 (1575.42 M}17,) and 1.2 (1227,6 M}lz.), is
cornllicmly  USCCI to remove the 1 ‘t-order effect of the
ionosphere which is in the rar]gc of 1-100 m, The
residual ionospheric cffe.cts, if lc.ft uncal ibratecl, act as an
illlpol larlt source  of erl or I}lat maps into neutral
alnmphcric  profile errors [5].

“1’lic dominant I csidual ionospheric mor is duc to
the splitting of the two signals in the ic)nospherc,
causing, the atmrrspherc  to bc probccl at slig})tly different
heights. Basccl on the Par-arnctcriz,cd ]onosphcric  Model
[1 O] for the ionosphere. we. estimate the amount of
scpat at ion bctwccn the 1.1 and 1,2 rays at the tangent
point. l’his is shown in l~ig. 2. (Icft scale) for day- ancl
night-time, solar maximum conditions. IJuring
daytinw, this ranges from roughly 20 m near the 1 larth’s
surface, to abcwt 500 m near 100 knl alti(ude, and is
about an older  of magnitude smaller during the night.
Also shown in Iiig, 2 (right scale) is the magnitude of
this tc.rm as a percentage of the total neutral
atmospheric delay, where neutral rcfl-activity  is assurncd
to be exponentially ctccaying with a constant scale
height of 7 km. It is clear from this example. that this
crmr would bc a substantial fraction of th~ total effect  at
all heights (0.5-7%) for daytime.. Onc can rcducc the
effect of this term by obtaining a firsi order estimate of
the neutral refractivity profile, and then estimating the
ray sc~mration (A) according to the following equation

A = dzdz - d161 (4)

where di, 6i co]-r c.spend to the ray asymptote dist ante.
and t)cnding to the G]% satellite (l~ig. 3). Onc can then
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usc the. Nitnakd separation and the first order soluticm
of the, neutral atmospheric rcf~activity  to estimate and
remove the splitting term. Arcfincd solution Ofihc
ncutl”al atmmphcric  refractivity can be obtained by
iterating the procedure a fcw times until convcrgmce..
Iiig,. 2 shows the difference between the estimated ray
separation ancl the true one for the daytime example.
TIc 0.5-7% error is reduced to -0-0.2% error, which
will ll~aj}tcl stli>-Kclvin-le,vel  telljl>cratLlre errors.
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4 .  OCCU1.l’AI’1ON I’l{OMA  l”OI’MALJNAKliA

Many of the features of the GPS occultation
concept can be tested by replacing the 1.110 receiver by a
gtouncl  station on a high mountain tracking GI’S  down
to the, horizon. In this section  we present very
preliminary analysis of data taken from atop Mauna
Kca, Jlawaii  (4200 m altitude) and compare it to a
sin~ulatioa  based on radiosonde  mcasurcmc.ots  taken
flom nearby }Iilo,  }11.

“J’hc lIawaiian  islands ale in a region characteriz,cd
by astrong andpcrsistcnt  tcmpe.rator  einvcrsionat  the
top of (}]c marine boundary layer with height varying
fro]]] 1 to4kl~l.  l'tlcil~vcrsiot~ isct~aractcri?.e.d  by1l~oist
air 1X’1OW and warmer and drier air above.

‘I’he  temperature and dcw point profiles obtained
frolll the radiosoncle  released at 2307 UTC (1 307 I S1’)
on 30 Scpt 1993 from IIilo, 111 arc shown in Fig. 4.
‘J’hc.  sounding included mcasureme.nts  up to 30 km but
only the lowest 10 kn~ is shown in the figure. lhe
sha]p incrcasein temperature and dccreasein  moisture
(dew’  point), which define the inversion level at the top
oftlmboundary  layer, are. c.learly evident at ahcight of
1.5 km. There are also several significant changes in the
dew point between 5 and 10 knl.
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‘I’he. re.frac{ive indcxprofilc  can bccomputcd  from
the tcmpcraturc  and moisture profiles. As e.xpcctcd,
there. is a very large clccreasc in the refractive index near
the inversion; the sharpest gradient amounts to 42 N
units overa height of 100m  w}lich greatly excccds the
gradient ofaboot 16 Nunitspcr  100nl,fo  rtrappirrgor
ductii~g, of radio rays. Thus, in an occultation
measurement fron~ the top of Mauna Kca through the
a[tnosptlcrc  rcprescote.d in Fig. 4, complex and multiple
ray paths can bc expected as the tangent point of the
rays aj)jmoachcs  l,5kn~,thehcight ofthc inversion,

Wc amin thcprcliminary  statcofanalyziag  t h e
(31’S lncasurcrncnts  taken at Maurra  Kca about two
hours after the time of the radiosondc data. Ilascd on this
analysis, the atmospheric delay as a function of the
satellite elevation is shown in I~ig. 5, along with a
simulation based on the Ililo  radiosondc  data. Clivem
that tile rccciver  is at 4200 m altitude, an c]cvation of
-3.7C)  implies that the signal is bending by about -1.7°.
I’hc fact that the data terininatc  bc.fore  the simulation
could iadicatc  that the rccc.ivcr lost lock of the signal
bcfol-c i t corn plctcl y disappeared bchi nd the hori z,on.
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rca] p-ars after about 90 seconds frmn a brmd  region  in
ttm boundary  ]aycr (which is seen from tbc ncar]y
vertical line at -3.1° elevation of Itig. 6). ‘1’his woulcl
cause. a sharp focusing of the rcccivccl signal, as WCII as
potentially strong scintillation and mu]lipath.  ‘J’hc
mult i -valued funct ions c)f t}lc tallgcnt  hcigbt  and
bcndingas  a function ofclcvation (1’ig.  6)in~plytbat
tbc si~nal is arriving at tbc rcceivcr  via two different
paths, an effect Icfcrrcd to as atn~osJ>hcric  multipatb.
The signal’s extinction and rc-aJq>carance provide a clear
and accurate indication of the height  of the marine
boundary layer and an accurate estimate of the cbangc  of
refractivity above and below the boundary layer.

‘ - 0 . 5  - 1 -1.5 -2 -2.5 -3 -3.5 -4
‘I$hc work dcscribcd in ibis paper was carlicd out in part

-4.5 at tlm Jet Propulsion I,aboratory,  California Ins[itute  of
GPS satellite elevation, dcg

I<Ig.  .5: A!\tlos[jlteric de[oy based on GPStt~ea.~llretllctl(s
tokctlfrot)l A!olitio  Keaota  OC[], ]:OO~l’~(iItd  t)iode[ed

bared on f Iilo rrkliosomie  rfrrin takett  two hours eorlicr.

.6)
J

w 2.5 ‘: \
~ \
m 2 -; \
‘?: .
S 1.5 -. .

/
Y,<,,
al

,:
/’~--’-

1
0.5 -/ . ----

/
,’~’
0n
4=, 0 --

I I I I IL I
alp -0.5 -1 - 1 . 5  - 2 - 2 . 5  - 3 - 3 . 5  -4 -4.5

r GPS satellite dcvation,  dcg

Fi~. 6: ,$ill~ulateri GI’S sigtial be)ufing  aIIri height of il~c
closrsl  q]pr-each poiri  I as a funcliott  of clcualiotl  based otl

tile IliIo radiosotuie  data,

‘J”he. largest clata gaJ> in the measurements, which is
in very good agt-ccmcnt  with t}lc simulation, occurs
when tbc tangent Jmint of the ray is entering the
inversion layer capJ)ing  the marine boundary layer at
-1.5 km. ‘J’his  height can bc read from l~ig. 6, which
shows the silllulated tarrgcnt hci~bt and amount of the
signal bending based on tbc llilo radiosonclc data. The
large. vertical gradients associated with the boundary
Iaye.r Icad to significant fluctuation in the data cluring
the last 10-20 seconds duc to defocusing. ‘J’his is
rcflc.ctcd  in tbc lne.asurcrncr)ts  presented in IJig. 5 in tbc
r cgion irnnmdiatcly before the largest data gap. The
sl]arl)  defocusing of tbc signal as it descends near the
bounda]y  layer can bc dcdoccd  from l~ig. 6 by observing
how the tangent bcight ilattcns  out, narnc]y tbc ray
ctesccnds  vel-y  slowly, wbilc the bending is inct-casing
rt)orc  rapidly as tbc satellite is descending. ‘1’}lc  signal
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