The Mceasurement of Geopotential Heghts by GPS Radio Occultationd

Stephen S, Leroy
NASA/Jet PropulsionlLaboratory

Submitted to: J. Geopliys. Res., April 17,1996

Abstract

Geopotential heights of constant p ressure surfaces are retrieved from GPS
radio occultation data. In 017 (101 toassessaccuracy, asubset of " data ohtained by
GPS/MET during spring 1995 and summer 1995 are comparedtothe 011171 )111 of

thelBCMWI g lobal 11100 11, ‘1°11( root-mcan-square measurciment error is 20 mcters
till’oll@loul the uppertroposphere andlower stratosphere. Furtherimore, the 19 (‘M\’\’l‘
global model contains enhanced errors in the Sont heast Pacific. 111 ]nolm\gt]n(* dat:
for potential utility in clim ate studies, a Bayesian mterpolation technique is used 14,)
nm]) the geopotential height ficlds in the uppr rtroposp here during the summer. 1)e-
spite limit ations of the GP ‘5/\1]”] dataset. the globalaverage 300mbar geopotential
height over a two week period m stmmer l.().(h 15 determined with an accuracy of 7
meters. By obtaining, greaiter covCrage and parvtially resolving synoptic variability, «
future constellation of 16 orbiting receivers could obtain global average geopotential
height estimates in the upper tro )(xs})h( ©1 (0 with an accuracy of Tmeter cach day.
Accuracy would be somew hatworse for vegional studies, exceptin the tropies where
synoptic variability is depressed.

1. Introduction

Mecasuring geopotential heiights of’ constant pressure surfa ces ha s hecome a
commmon approach to detecting global w art mng, (W al lace and Zhang 1993 and vefer-
e nces therenn). This techmique is attractive because, inap,101) »al warming scenario,
thormal exp ansion raises the height of conistant pressure surfaces, thus aflording a
mcanstomcasurcbulktemperatureof the wonos piacre.  Themcasureinonts com
monly (1 s¢ (1 are generatedby assimilationmodel s whose prisnary source of geopoten-
tial information is radiosondes, 1'1111S, becausethere ave sofewradiosondesttes inthe
Southern Hoemisphere, el mate analyses of geopotential heights are mostly restri cted
to the Nort hern ]](tmisphcr('. Morcover, the climat ¢ as recorded by radiosondes and
dcrivative products is diflicult to interpret hecause of changes inradiosonde 1 sty -
mentation (G aflen 1994) and analysis techmique over time (Lambert 1990).

Whether a bulk measurement of atimosplhicric ternperature is the best inethod
to detect global warming has been qu(sti(m('(] by Barnett and Schlesinger (1987)
because the model- predicted “ fingerprint” of warming inthe mid-troposphere 1s sim-
ar to the naturally occuring interar mual variability. They nonctheless state that a
space-based measurement of mid-troposphere temperature is desireable in a suite of
mea surement s necessary to positively detect COy-induced wrarting,
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Spencer and Christy (1990, 1992a,b) have used the microwave sounding units
(MSU) aboard a series of NOAA satellites to measure tropospheric-generated radi.
ances. The sccond chianmel of the MSU samples the 53.74 G114, oxygen hne. The
weighting function for this channel spans much of the troposphere, and the bright-
ness temperature in this channel is only negligibly immpacted by water and clouds
(Spencer et al. 1990). Fven though an intercomparison of monthly-integrated hright-
ness temperatures between two NOAA satellites during a two ycar overlap showed
no instrument drift and that calibration crrors are less than 0.01°C, nevertheless,
MSU-measured hrightness temperatures and surface air temperatures showed trends
different by 0.1°/decade over the petiod of 1979 through 1990, whicl, provoked a
lively exchange between the authors of 1l respective analyses (Chiristy and Spencer
F995, Mansen et al. 1995). 1t became clear in this exchiange that the MSU channel
2 brightness temperature probably a more complicated quantity than an average
A,_,mv_vc.ﬁt_:._.:. dn.:__:._.m:;:,&..

I this paper a new approach to measuring hulk tropospheric temperatures
from space is presented. 1 is done by mcasuring geopotential heights of constant
pressure surfaces by radio occultation using the global positioning system (GPS).
Because the fundamental quantity m the measurement is light travel time, it is in-
sensitive to calibration difliculties and instrament drift common to radiometric mea-
surcments. ‘I'his quality also makes the measurement, inscnsitive to instrument gen-
cration. Sccondly, because the physical hases of the measurciments are fundamentally
diflerent, occultations are characterized by significantly finer vertical resolution than
nadir sounding instruments arce: oceultations have loss than 1-kin vertical resolution
whereas nadiv sounders vield 3 7-kimn vertical resolution (Chahine et al, 1984). 11
nally, the potential of this technique is enhanced because the experimental cost s
that of a GPS receiver, whicli is light enough to be carried as a secondary payload on
many launches of opportunity.

Radio occultation has heen previously used to retrieve some of the most acew.
rate temperature profiles available for the atmospheres of the outer planets (Lindal
TO8T, Tyler et al. 1982, Lindal ot al. 1987, 1992). Yor the terrestrial atmosphere,
obtaining temperature profiles using radio occultation can be done on a large scale
using the GPS satellites as the active radio source (Mclbourne et al. 1988, 1994).
Whereas just a few such profiles exist for the extraterrc strial atimospheres, with the
GPS system and a GPS receiver in a low Farth orbit (LEO) one should he able to
collect several hundred profiles of the Barth’s atmosphere every day.

The methodology of GPS occultation has heen amply and ably discussed ¢lse-
where (g Hardy et al. 1994, Hajj et al. 1995, Kursinski of al. 1996h), but &
brief description is warranted here. In a GPS occultation, the orbiting GP'S recciver
measures the Doppler shift of a GPS transmission as a function of time. With highly
accurate knowledge of the positions and velocities of the transmitting GPS satellite
and the flight recciver and an asswmption of spherical symmetry of the atmosplicre,
one can retrieve the bending angle and the impact parameter of the radio beam as a
function of time. A continuous measurement of this bending angle and impact param-
cter can be inverted for the refractive index of the refracting medium as a function
of altitude. In turn, the refractive index s deterinined by a combination of density
and water vapor within the neutral atmosphere. There is little cnough water vapor
in the upper troposphere that there is a direct relationship between the refractive
index and the atmospheric density. In this region the pressure can be estimated by
mmtegrating, the atmospheric density above the level of interest via the hydrostatic
cquation. Subscquently, the equation of state s used to determine temperature as a
function of pressure.
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GPS occultation micasures refractivity as a function o f absolute position, a
characteristic which can be used to calculate geopotential heights. A verticalintegra-
tion of density gives pressure also as a function of absolute position. In the retrieval
D1oC(ss, the determination of absolute position is dependent only on knowledge of
transmitter and receiver positions and an assumption o f spherical symmetry not on
any spaccecraft pointing mecasurements. This capability is not shared with ot her nadir
sounding instrumants, for which pressure is the only avail able vertical coordinate.

Before measurer nent s of geopotential height s can be used in assimilation mod-
cls or global change analysis, it is necessary to undlerstand the errors associated with
suchmeasurements. Kursinskiet al. (19961)) haveshownthatthe geopotentialheipht
can be retrieved with a theoretical accuracy of Tinetors, the primary error sources e
ing anionospheric correction to measured hending angles and density inhomogencities
along the beam’s path. With occultation data from GPS/MIT, aproof-of-concept
experiment for GPS occultation (Ware et al. 199 6, Kursinski et al. 1996a), it is
possible to performn ar experimental study of the accuracy ot geopotential height
nieasureinents.

Aviexpernnental study of the errors associated with geopotential height mea-
suremcn tsinthe atmosphere is complicated by the synoptic varviability of the atino
sphere itsell. Ideally, one would like to estimate the errvor associated with a mcas ure-
ment technique by taking many measurciments of a static system and establishing
a bias and a standard deviation from a normal distribution of measurements. The
atmos phere, however, does not afford such a sinmplistic approach. I the case of radio
occultation, the bestone can (lo is compare themeasurements of geopotentialherght
from GPS/MIET data to the ontput of a elobal atmospheric model (Lorence 1981
Shaw et al. 1987). In an arra ngement with the Furopean Centre for Medium-range
Weather b orecasts (1, hivv 1), output from then globalmo delisused as t he source
for comparison inthis paper.

The ability of this geopotential height mcasurciment technique to npact clis
mate st udies is investigated in the absence of prior knowledge.  Tn this case it s
necessary Lo implement a scheme to interpolate point measuwements at random po
sitions 011 the globeto create amap. Since the measurement error is unkunown, one
i st have a rigorous way t o determine t he errors associat ed with the interpolat ion
and any component of it, such as a gloh al average geopotential haoight. Bayesian
analysis (c.g. Press 1 989) is well suited to such a task. In t his paper, a Bayesianin -
terpolation t echmque (Mackay 1992), pioncered in the neural ncet works community,
is 11 sedto createsuchmaps. This technique permits one (1) to approximate the crror
associated with cach measurement, (2) t o determine the most probable horizontal
resolution obtainable with the dat a, and (3) to perform a rigorous crror analysis on
the various components of the map it gencrates. No climatological phenomenon is
addressed or analyzed in t his paper because of the initations of the data mvolved.

The second section of this paper is a brief explanation about GPS radio oc-
cultations. Hall of the second sections deals with the limitations of this particular
data set while the ot her half lays out how geopotential heights are determinied. The
third section is a presentation of a comparison of geopotential heights computed from
GPS/MET data with those generated by the FCMWI global model. This is similar
to the analysis of Kursinskict a]. (199(kl1) butfor geopotential heights rat her t han
temperatures. The fourth section is a presentation of maps of geopotential height at
constant p ressure gen erated by Bayesian interpolation. In it is discussed how synoptic
variabilit y affects global mean quantitics. Fivally, the fifth section is a summary of
results and their im plications.
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2. Radio occultation with GPS

The technique of radio occultation has Heen used frequently in the field of plan-
clary science, primarily because it has been the most 1(']1@1)!0 and accurate method
of obtaining temperature profiles in t he at mospheres of other planiets. Other papers
contain more cornplete deser iptions of issues pertinent to using GPSt () perforin radio
occultations, butitis necessary to bring outsome of the salient points.

Radio occultation by GPS takes advantage of the refractive properties of the
atmosphere by measuring the angle t hmug‘h\\'hi('hlhoatm(mp]1( re bends a radio beam
whose source is a GPS satellite. With a GPS veceiver aboard GP S/MIVE, the rate of
clrange of’” the optical pat h hetween the transmitter and receiver is measured. Given
accurate know ledge of th( positions and velocities of the transiit terandrecciver, and
asswming spherical symmetry of the atmosphere, one can simultancously determine
the impact paramcter a of the radio boam and the angle athrough which it was bent
on its trajectory from the transmitter to the receiver. Thisinformation is directly
mvertible to a profile of t heindex of refractionandhencetemperature (Ijeldbo et al.
197'1).

i the case of GPS/MIT, and perhaps mostfuture orbiting GPS receivers -
tended for radio occultation measurements, the on-board clock is unstable enough to
degrade information 011 b()lhthcb(ndnlg angle and the impact parameter (Hardy et
al. 1991 ), Furthermore, the transmissions of GPS satellites are mi(nhmm]]y dithered
(commonly callec] s(]((twcd\ ‘atlability”) so that illskilltzllt(oils posit Toningsystens
(\V]lln(mt access (o the confidential a]p(n ithm for the selective availability), lmvc accu
racics worse t han 100 meters (Spilker 1 980). Hence, a “double-diffcrence” technique
has been imcorporated to climinate the eflects of the on-board clock noise and the
sclectiveavailability.  This technique requires a GPSreceiver with an exceptional
clock o011 the la vt I’s surface which vecords the tranusimissions from fwo GPS satellites
during, an occultation. One of” these satellites is t he occulted satellite and the other
is a reference sat ellite.

A conscquence of thissystem is that anoccultation is recorded only when a
ground GPSreceiver is “in view” of anocculted and areference GPS satellite. During
the spring andsummerof 1995, only five ground receivers were available: in Pasadena,
Califorma; 1 Kokee Park, Hawait; in Fairbanks, Alaska; in 'Fidbinbilla, Australia;
and in Potsclam, Germany. Hwill be clear t hat t he sparse coverage provided by t he
avrailable ground receivers leaves vast regions of t he globe unsampled by occultations

from GPS/MIT

A sccond consequence of t hissystemn is that the dataprovided by GPS/MIET is
limited intime. In general, the United States Air Force (USA 1) imposes a con fidential
pseudo random code (the “y-code” ) at a frequency of 10.23 Mz onthe GPS satellite
transmissions which corrupts an ionospheric correction necessary for eliminating the
refractive eflects of t he 10110&1)]1(‘1(‘(‘w]n]l\(l ]()80) On occasion, t he USA I switches to
a known pseudo random code (1 he “p-code” ), which permits dnd((m(zt(\l(mos])])(tn(
correetion. Specifically for the GPS/M VT ])1‘()3( ct, the USAY switched to p-code three
times during 1995, cachfora dill’ilt 1onof about il (Y’ weeks. The first period was
late April/carly Mdy (sp1 mp) the second pe 11()(] was late Junc/early July (‘;un'nn('r),
and the third period was mid-October (fall). |('sc'p(~uods arc also knownas “anti-
spoofing Off” (A S-ofl) periods, and the y-code inodulation is knownas “ant i-spoofing.”
Only data from the spring  and sumimer AS-ofl periods are analyzed in this work.

The wat er vapor/neutral density ambiguit y (Kursinskiet inr. 1995) remains
u nresolved in this work, so any place where the ambiguity bocomnres substantial is



Geopotential Height by GPS 5 Stephen S. [eroy

climiinated from this analysis. The technicpue of Kusinski et al. (1996a) is adopted,
wherein the tropospheric portion of retrievals where the temperature is larger than
250 K is chiminated. 1t is under this condition that the atmospheric water vapor
content generally becomes large enough such that, whenever the flight receiver was
even able to track the GPS signal, errors inknowledge of the water vapor content
lead to retriev ed temperature errorslarger than 1 1.

The bending angle as a function of impact parameter, a(a), is inverted via an
Abel transform to give the index of refraction as a function of altitude, 2 (z) (Fjeldbo
et al. 1971).  All the clements of the occultation inversion are the same as used
i Kursinsky et al. (1996a), except the determination of geopotential heights, The
geopotential hicights are determined using the gravity model JGM-3 (Tapley ot al.
1996), wherein the altitude z is converted to a potential energy, U. This version of
the JGM-3 model 1s a 64°th degree spherical harmonic expansion which calculates
peoids with an accuracy of less thau 1 meter. The potential energy includes the
cflccts of the gravitational potential (md the centrifugal potential (Gill 1982). The
potential energy is then converted to p(opoi(nnnl ]|(1g']11 by sul)tm(lmp a constant,
which corresponds to the potential energy of “mean sca level)” and dividing by a
standard gravitational acceleration:

hz) = (U(z)- Uwa)/go (1)

inwhich hi(z) is the geopotential height, Uy = 6.26368525 x 1071? S- 2., and gq:

9.80665 m s (John Eyre, p rivat e commuriica tion). ‘Theindex of relraction is coll-
verte (o todensity pby astandardrvelation (¢ f,. Iq. 1 in Hardy et al. 199 1), Pressure
as a function ol geopotential heightis then computed using the hydros tatic equation:

plile) / 001 (17 (2)

Jh

The units of geopotential height I ave geopotential meters (“gpm™) or geopotential
kilometers (“gpkm”) so that one isreminded that 4 is not a true length.

3. (Comparison of occultationsto KCMWI" model

Theoutput Of the FCMWI global 11)() (101 (Lorenc 1981, Shaw et in. 19s7)
contains temperatures and hwmidities at 31 atmospheric levels which span the tro-
p osp here and lower stratosphere, t he pressure at t he interfaces of cach layer, and
the surface geopotential, all as functions o f latitudeand Jongitude. The horizontal
resolution is 1 degree by 1 degrec over the globe. ‘1 he layers are counted fromthe the
top downward. The topmost few Jayers are defined by constant p ressure coordinates,
anid the bot tommiost few layers are defin ed by conistant sigma, orpressure divided
by sLii'race 1 (ss11r'(, coordinates. The middle layers are mixed pressure-sigina coor-
dinates. The topiost layer spans 0 to 200 millibars and the bottommost layer abuts
the surface.

In order to compute the geopotential height profile given the ECMWI output,
the hydrost atic equation is integrated. Defining p,_y/, as the pressure at the top of
layer 7, 715 as the temperature of the layer ¢, ¢, as the water vapor mass fraction O f
layer 7, and o172 as the geopotential height at the top Of layer 2, then

j - g s
/11;1/2: ]{/ [ 45 4 (]J] ]()g(z’]4]/z) (3)

(l() .‘* ;

Hwater /[(hy

Pi-1/2
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w here the ideal gas constant It = 8.3143 J K™ 'mol™’, the moleculay mass of dry air
flary = 28.964 gm ol (Houghton 1986), and the molecular mmass o f water jig,y -
18.0gill 11101-'. Tmplicitly, pjy 172 for j = 31is the sul'face pressure and hy is the
geopotential height of the surface used by FCMWIEL (Given this profile. geopotential
heights as a function of pressure are imlerpolated hnearly in the loganithin o f the
pressure.

As a first s{(]) ininvestigating t he accuracy of theretrievals of geopotential
heights, a st atistical analysis of the differences of geopot ential heights hetween t he
retrievals and the FOMWI out put is done. The difference 8h(p) is defined asthe dif-
ferencebetweentheretrieved geo potent i a] heightas a function of pressurc /ey evealpr),
andthe 11)() (101 geopotentialheight as afunctionof pressure, fyyoaa(p):

éll(}’); /ln‘ni(-\'(-d(]') - /1111(u(|r-|(7))- (I)

This calculation is done for cach occultation, retaining a ncan difference. dh(p), and
a standarddeviation, ogp(p).

These statistics have been done for the ocenltations in 3 days during the spring
and 10 days during the summer. Figure 1 shows the number of occultations success-
fully processed for cach day in the spring 1995 and swimmer 1995 AS-ofl periods. For
four days of the 20 day AS-ofl period during the spring of 1995, GPS/MIT provided
good sets of occultations: 24 April, 25 April, 4 May, and 5 May. Scveral more days
during the summer AS-off period provided good sets: 21 June 24 June, 27 June 3
July. Output from the FCMWI global model was only obtained for 25 April, 4 May,
5 May, 21 Junc 23 June, 27 Junc 3 July, though. Al told, 149 occultations were
succesfully obtained and compared to FCMWIE during the spring and 579 during the
swinmer.
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Fig. 1. The number o f occul tations for cacl (lay used 1ncomparisonwiththe FCM W ' global model
output. The histogram is split between the spring and the suimnner sets in 1995,

The statistical results are shown in figures 2 and 3. The profiles have been
scparated according to their latitude before the statistics were caleulated. Al oc
cultations occuring above 30°N are northern, all occultations occuring between 30°S
and 30°N arc tropical, and all occultations occuring below 30°S are southern. This
was done hecause the FCMWI model performance is expected to differ according to
the region. The central solid curve in cach plot is the mean difference §h(p), and the
shaded region is the standard deviation og,(p) about the mean diflerence. The mean
diflerence is plotted with associated error bars, defined as the standard error. The
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standarderror is calculated by dividing the stand ard deviation by the square root of
the number of contributing profiles less one. Because of the large number of profiles
obtained during the sunmner, the error bars are hardly visible beneath the bias cur ve.
The Statistics do not extend as deeply into the troposphere in the tropics as in the
north or south because of the presence of water vapor.

In a geopotential height statistical comparison, the biases in the temperature
arcrelated to slopesinthe bias of the geopotential, but it is difficult to relate the stan-
dard deviations, or measuremerntt error. If atemperature bias as a function of pressure
i s written as 67'(p). then the geopotential bias can be given, assuming hydrostatic

balance, as
Paniface ,{(S’l’(]),) (//'/
(‘)/l(]l) T / - - : / (5)
Jp o g

where It is the ideal gas constant and g is the meanmolecularmass. T'hus the blases
inthe statisticalresults of Kursinskicet al. (1 996a)canbe casily 11 ¢litt (1 10 thebiases
inthe statistics of t he geopotential heights. Relating the standard deviations is more
difticult, though, because it is not known to what degree t he temperature differences
are vertically correlated. If temperature errors arc highly vertically correlated, thon
errors in t he geopot en tial would be more exaggerat ed. 011 the other hand, if tem-
perature errors are vertically uncor related, t hen errors in the geopotent ial would be
11111 (1) Toss.

The bias in the nort hern hemisphere duving the spring indicates thatimeasu red
temperat ures were persistently cooler than in the model. whereasno suchtemperature
bias occurs during the summer. [u the spring, abiasof about -30 gpmexists at 40
millibars and no bias at 600 millibars with a steady trend in between. This trend
results frol]] measured tempera tures being 0.4 11 cooler than in the mo del'in this
layer. No such trend is apparent in the northern hemisphere during the suimmer, but
a constantbias of 1542 gpin is apparent.

The bias in the tropics during the spring shows the eflect of substantial wave
activit y about t he tropopause, whercas the lower biases in the surner indicate less
wave activity. Kursinskiet al. (1 996a) show a drai natic w-ave st ructure in thetropics
during the spring. which creates the large bias and standard deviation in the geopo-
tential heights around and above the tropopause (at ~ 100" millibars). T'he bias in the
suniner data, however, is essentially nonexistent, indicating that any wave structure
may not have beenaslarge during the spi111111¢0 1 asduring thespring.

The bias in the southern hemisphiere shows that the model has difficulty in
retrieving the temyperatu re/pressure structure in the vicinity of the tropopause. For
hoth the spring and the summer, the bias is ncarly vert scal above and below the
{ ropopause, but it is sloped in the intermediate region. This may result from the
imodel placing the tropopause higher than did the occultation measurements. The
rcason for this would be that the nodel has very few radiosonde measurcments to
assimilat ¢ in the southern hemisphere.

The variance in this statistical comparison, 0}, is really the suin of the squares
of the analysis crror of the model and of the occultation measurcinent crror: o) -
oj(model)+ of (mecasurement). Thus, the statistical comparisons shown here can only
give an upper bound on the measurement error. One can show where the model is
hikely to perforim less well, however, since the model error is assumed to be dependent
on position while the measurement error is not.

The standard deviations about the bias are minimized in the northern hemi-
sphere and the tropics while the variances are enhanced in the southern hemisphiere.
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Fig. 2. Comparison of occultation geopotential heights to BCMWY for spring 1995, The mean
difference between geopotential heights retrieved from occultations and those i the model output
is shown as a function of pressure. 'The solid central curve shows a mcan bias. Posttive differences
mean that the ocenltations measured higher heights than did the model. The eross hatehes indicate
the error in the mean bias. The shaded region indicates the range of differences within one standard
deviation of the mean difference. Tu (a) 52 occullations from latitudes greater than 30°N are com-
pared. In (b) 52 occultations between 30°S and 30°N are compared. In () 45 occultations below
30°8 arc compared.
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Iig. 3. Comparison of occultation geopotential heights to ECMWI for sunnner 1995, Same as for
figure 2, but for summer 1995, In (a) 222 occultations arc usek I (b) 193 occultations arc used.
111 (c) 164 oceultations are used.
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During the spring, the standard deviation in the northern hemisphere and the tropics
below 100 millibars is 20 1o 30 geopotential meters while in the southern hemisphere
it 15 30 to 40 geopotential meters. During the summer, the standard deviation in the
northern hemisphere and the tropies below 100 millibars is 20 geopotential meters
while in the southern hemisphere it is 30 to 40 geopotential meters. This demon-
strates that the model error is at most 20 geopotential meters and that the FCMWE
model has larger analysis crrors in the southern hemisphere than in the tropics or
northern hemisphere. This could be a consequence of there being fewer daily balloon-
sonde soundings in the southern hemisphere than elsewhere.
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Fig. 4. Spatial- temporal bias of the data. The latitude of the occultation is plotted versus the local
time of day for the occultations used in the (a) spring and (b) surn mer comparisons.

The statistics infigures 2and 3 may be biased by the temporal and spat ial
sampling of the occultations. During both the spring and the sammer AS-off peri-
ods, GPS/MIYT was inancarly sun-synchronous orbit with aninclination of ~ 70°.
A s aresult, during the spring the northern occultations occared between noon and
midnight and the southern occultati on occured between midnight and noon (figu re
4a). During the summner, the northern occul tations occurred between midnight and
noon and the southern occul tations occu rred between noon and midnight (figure 4!)?.
Because the measurements are somewhat cooler than the model output in the north

during the spring and in the south during the sunmmer, the model appears to gener-
at ciropospheric temperatures which are too war i, by half a degree or less, in the
alternoon.
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4. Mapping geopotential heights

Inthis section, a map of the geopotentialheights of constant p ressure surfaces
is constr u({(‘dm(ndm to qualify how cffectively radio occultation 1 casurem ents
can characterize the geopotential height field. Radio occultations arc unique inthat
they sample thie atinosphiere approximately randomly across the globe (except for the
time-of-day effect obviousinfigure 4). Thus the data must be interpolat ed imorder to
create a map. I addition, the best data acquired contributed only ~ 70 measurements
per day; therelore. several days of datamust be grouped together to create any 111s]).
The atmosphere is variable over such long time periods, which contributes additional
noise when ercating a map. This additional noise terin is known to vary as a function
of locationonthe globe and as a function of height. A Bayesianinterpolation method
which can determine “most probable” fits is the mostappropriate method to handle
data with such charact eri stics (Mackay 1992).

4.1 Bayesian interpolation

] This Bayesian interpolation technique canbe approached as an advanced least -
vZmethod. For a simple least -y?, one assurnes a set of basis functions, which are
spherical harmonics in this work (Morse and Feshbachi 1953, Press et al. 19 86), and
adjusts their coeflicients such that t he square of the difference between the fit and the
data is minimized. If ¢;; is theevaluation of the y’th basis function al the location of
the 2th data point, then the vector of “1nostlikel y7 co eflicients wy,,nwhich minimizes

\ 2 is simply

Vil - =117 ! /1 8 (()(l)
where

¢ o (6b)

and t, is the data vector. One g enerally implements constraints on the fit by intro -

ing a penalty function (Daley 1991) m the form of a diagonal matrix C. Usually, this
penalty function favors smooth fits by placing increasing elements on the diagonal of
C. It is necessary then to weight the penalty function, and this is done by

= AR oC (7)

where a and f# are the weights.  With this constraint, t he set of “most probable”
cocllicients wy,,, becomes

Wop s A 1A (8)

Notice that Aw,,, = SBw,,, and thus the effect of constraining the fit is 1o reduce
the higher order cocflicients. The determination of the miost probable cocllicients is
called the first iu ferenice 1 Bayesian interpolation.

The second inference in Bayesian interpolation involves sclecting the most
probable values for aand 8. This sclection cannot be done with orthodox  statistics.
The most probable values for a and 3 satisfy t he criteria

e 'l
- E
G =7 ttvmp »:me) (9(1)

o) (It - dwanlt) (91)
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in which N is the number of data points and ~ is the number of “effective” free
parameters of the fitted model. The term wl Cw,,, in cquation (9a) should be
recognized as the size of the penalty, and the term {t- ¢w,,,,[? in equation (9b) should
he recognized as the misfit of the data. The number of eflective free parameters, 7,
is slightly less than the number of basis functions, &, used in the fit. v is d(l(‘mnn(‘(l
by

v: ke alr(ATTC) (10)

in which Ir(...) takes the trace of a matvix. The rightmost term in the above equation
is understood as counting the number of parameters discarded by the penalty function.
Equations (1), (8), (9), and (10) arc iterated in o and F until all are satisficed.

The determination of the data weight 8 can be understood given a simple
example. Assume that one is 1o measure a single fixed scalar quantity N times. No
simoothness condition is necessary, so no penalty function such as one described above
is implemented. The obvious hest fit to the data would he the average of the data.
Because there is one free parameter (v: 1), the value for i given by equation (9b) is

= 1/0? (11a)

]\7
0l - (A’ 1 )-] 2:(12-»?)2 (116)

it 1

where

in which #; are the measurements and 7 is their average

Annteresting property of this interpolation techmque is that the error covari-

ance maltrix for the fitted coeflicients is simply A1 Thus, in order to caleulate the
crror at a location y, one only needs to calculate
e I I (e /2 (12)
cronly) - [o(y)' A o(y)] ~

in which the 2th element of the vector d(y) 1s the evaluation of the 2’th basis function
al the position y of the interpolated point. This error estimate is assuredly real valued
because both A and its inverse are positive definite.

The technique of MacKay (1992) also permits for the determination of the
niost probable model. In this paper, thediflerent models arc created by adding
higher degree spherical harmonics to 1 he basis set. Model numnber 2 uses 1 degrees
of spherical harmonics as basis functions. For o deg rees, A = (n - 1) basis functions
arc used. in cvaluating the probability of cach model, cach is rewarded according
to its ability to fit the dat a and is penalized according to the number of cffective
free parameters it uses.  Since prior knowledge of the atmosphere dictates that it
has significant structure at very small scales, the most appropriate penalty function
must not penalize models that, allow {or very fine horizontal resolution. This step in
Baycsian interpolation is called the thir d inference. Fora detailed explanation of” this
procedure, sce Mac Kay (1 992).

In this analysis, the data tarcthe geopotentialheights at a given p ressure,
the positions x; are the latitude and longitude of cach occultation, and cach eleient
of the projection matrix ¢ is defined by

C)u : )'Illl()\z) (Js)
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model degree @ 3 log(model probability)
1 1.129 7.359 306.449
2 0.8789 11.87 851.957
3 0.3995 102.4 1122.45
1 ().2817 138.6 1206.71
5 0.08948 159.9 1228.65
6 0.07s79 174.6 1246 41
7 0.07628 179.3 124895
8 0.074H8 187 9 125H8.78
9 (0, 071s6 91.] 1261.68
10 0.07202 95.6 1265.08
1 0.07239 96.2 1261.55
12 0.07387 96.7 1261.91
13 0.07607 096.3 1264.36
14 0.0777s 96.0 1263.89

Table 1. Model probabilities and statistics from Bayesian interpolation of the 100 -mbar surfa co,
stinimer 1995,

inwhich y unmquel y idenitifies cach £, m pair. The function ¥ 7! idhe sphie rical harmonic
of degree 1 and orderm. The p(nalty function is chosen sucl Hmt the high degrec
fits are all equally probable. With a trial formulation for the penalty matrix C,
the probability, the weights o, 8, and the fitted cocflicients wy,,,, are sol ved for using
cquations (8), (9), and (lo). If all the highi degree miodels are not equally probable,
then anot her formulation for the penalty matyix is assumed and the testing process
is repeated. When a suitable penalty function is found, then mmaps of the data are
created using the most probable cocflicients for a high degree fit.,

An appropriate penalty function n st take two picces of prior knowledge into
account. I'irst, the terminthe series which corresponds to the globalinican ( oF
w]n(]mnph(s m = 0) must beweightedmuchless than the others h (> cause itis
expected to be much larger th an any other term in the series. Sccondly, the terins
which represent purely meridional st ructure (I 5/ 0, m = 0) naust be \\(Jph(((l less
that1 those with zonal structure (I 0,0+ O) b((dusf meridional gradients in the
Irart h’s atmosphere are expected to be much stronger than zonal gradients. With
these considerations, an appropriate form of the penalty matvix turns out to he

|/ 1000, for /-0
Ci= P+ 1)*/100, forls/0um: () (14)
{ B+ 1)?, for 10, 7/ /0.

To show that higher order models are al1 equally probable with this formulation for
the penalty function, the probabilities along with several other fitted quantitics are
listed in table 1. In generating this table, the geopotential height for the 100-mbar
pressure surface was interpolated given the occultation data set obtainedduring the
summer.

4.2 Geopotential maps

Iigures Ha-d show maps of the geopot enitial heigh ts of the 10 0-,200-, 300, and
400-1mbar surfaces during the sunner. The location and height of cach occultation
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is given by a color-coded point on cach map. In cach case, the fit 1s done with a
degree 12 spherical harmonic, which requires 169 cocflicients. This fit is equivalent to
grouping the data into 30° bins and averaging. This resolution is chosen so that the
fit. oversamples regions where there is little data. With this particular interpolation
technique, oversampling will appropriately show little structure where there is sparse
data and correspondingly increase predicted error in these regions. At 100 milhbars,
641 measurcments were interpolated; at 200 millibars 637 measurement were interpo-
lated; at 300 millibars 635 mcasurcements were interpolated; and at 400 millibars 411
measurcients were interpolated. At 400 millibars, most of the tropical occultations
ave not included because of the presence of water vapor.

4.2.1 Measurement accuracy

Table 2 contains a list of the measurement uncertainties 8 Y2, the global
average geopotential height w0, and its associated crror. Because approximately
two weeks of data are collapsed onto one map, the synoptic variabihity contributes to
the predicted error. Since the occultation measurements agree to within 30 gpm with
the KCMWI global model, any predicted interpolation error greater than 30 gpin is
caused by temporal variability of the atmosphere. The single mcasurement error as
determined by the interpolation, oy, wWhich is given by 42 is well in excess of
30 gpm because of the temporal variability. In fact, the quantities given in table 2
represent a global average synoptic variability.

The synoptic variability is globally nonhomogencous, however. The zonal av
crage component of the fit at 300 millibars is shown in figure 6. I is apparent in this
plot that the tropical latitudes are much less variable than are the higher latitudes.
The variability is approximately 200 gpm around 60°S and is approximately 30 gpm
between 20°S and 20°N. Some of this variability arises from features which were sta-
tionary over two weeks, but most of it arises from horizontally propagating features.
1t is known that synoptic variability is depressed in the tropics (Peixoto and Qort
1992).

It is also evident that the best interpolation technique should require a mea-
surement error which is position dependent. In this analysis, it is assuimed that the
interpolation measurement error is independent of technique and can be completely
described by the scalar weight 4. Since in {act much of the mmterpolation measurciment
CITOT Ojgyer 18 composed of atmospheric varability, which is itsell intensely position
dependent, 1t would he most appropriate to construct an interpolation measurement
crror. and hence A, which is dependent on position.

Onc consequence of the single-vahid interpolationmceasurementerroristhat
the error bars in figure 6 are larger in the tropics than in the midlatitudes. The sizes
of {he crror bars are roughly the interpolation error Tinterys divided by the square root
of thenumber of pointsin a 30°latitude bin. The errors bars are larger in the t ropics
than at midlatitudes hecause there are fewer measurcments in the tropics than at
midlatitudes. Intruth, though, the decreased variability inthe tropics should make
the error bars in the tropics smaller than at midlatitudes.

4.2.2 Atmospheric features

The domimant structures in cach of these maps is the inter-hemispherical asym-
metry and the equator-to-pole gradients. I cach of the maps, there is a strong geopo-
tential equator-to-pole gradient in the southern hemisphere with while the gradient is
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(a)

Height of 100mb Surface, Summer AS-off Period

150 155 16,0 165
Geopotential Height {(gpkm)

Height of 200mb Surface, Summer AS-off Period

11.0 115 12,0
Geopotential Height (gpkm)

Fig. 5. Geopotential height maps of constant p ressure surfaces, sutmner 1995. Contour maps of
the geopotential heights are overlaid upon the data available. The data is located and color-coded
accord ing to the occultation locations and the retrieved geopotential height. Bach map 18 a twelft] -
degree spherical harmonic Bayesian interpolation of the data available. Contours are scparated by
0.2 gpkm.{(a)100-1nbar surface, (1) 200-mbar surface, (¢) 300- mibar surface, (d) 400- mibar surface.
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(c)
Height of 300mb Surface, Summer AS-off Period
’:-DB:BD-‘ -
8.5 9.0
Geopotential Height (gpkm)
(d)

Helght of 400mb Surface, Summer AS-off Period

6.4 6.6 68 70 72 74 76
Geopotential Height (gpkm)

Fig. 5. continued.
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pressure {(millibars) neasurcient error (gpin) global average height (g Pkm)
100 71.3 16.31563 -1 0.0041
200 101.8 12.04383 0.()(),58
300 117.8 9.371340.006,5
400 125.6 7.35954 0.0226

Table 2. luterpolation measurement. error and the global average height of constant pressure sir-
faces, summer 1995, The interpolation measurcnent error, which is composed of single mcasurement
error and atmospheric variability, is given as a function of pressure. In addition, the global average
geopotential height with an assoctated uncertainty is also given. These quantities are extracted from
a Bayesian interpolation using a twelfth degree spherical harmonic as the basis.

10'0[_‘ YTV Yy s e YTy — ey

Geopotential Height (gpkm)

Latitude

Fig. G. Zonalaverage geopotentiathieight of the 300 -mbar surface, sunnmer 19135, The zonal average
component of the map shown in figure 5¢ is plotted as a function of latitude. The region within
error of the average falls within the dashed lines. The data are plotted as individual points.

much weaker in the northern hemisphere. This is expected since the southern hemi-
sphere is the winter hemisphere. The southern gradient grows stronger with increasing,
altitude, a consequence of higher Tatitudes being colder than lower latitudes.

At 100 millibars, though, the equator-to-pole geopotential gradient is much
simaller than at lower altitudes. The difference o geopotential height between the
north pole and the tropics is approximately 800 900 gpinat 2200 400 millibars whercas
it is approximately 300 gpimat 100 nillibars. Since the geostrophic zonal wind u,, is
related to the mert dional geopotential height gradient by )

go () ’l,

- - 15
200, sin0 90 (19)

Ug H

newhich 2= 2% /(24hrs), 0 is latitude. and 2, is the radius Of the Fart h, the northern
midla titude jet is smaller at 100 millibars than at 2007 to 400 millibars by 60%. The
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mechanism for the decay of winds is most likely the radiative heating of the lowes
atmosphiere inthe Northern Hernisphere.

The most prominent zonally asymmetric feature is alocal high over the soutl -
castern Pacific, which is most likely the quasi-stationary wave known to persist
throughout the annual cycle (Will Loon and Jenne 1 972, Quintanar and Mcchoso
1995). A cross- section of the 300-mbar geopotential height map at 60°S latitude is
shown in figure 7. The average o f the KCMWI model output over the same time
period s also shown. '1'he geopotential height at 120°W is clevated by approximately
250 gpm in comparison with the zonal av crage. At the same location the error es-
timate is 25 gpm. The high at 120°W is the same in the FCMWE model output.
Thereis aweaker highandalowat 112°17, and 45°1, respectively. The model aver-
age shows a high and a low in the same locations, except 11100 ¢ pronouncedly. that
the interpolation does not accurately account for the heighth and depth of these two
[Catures is reflectedinthe size of the crror hars: the incrcase inerror is a consequence
of alocalpaucity of data.

Some less prominentfeatures of zonalasymmetry appearinthe northern hemi-
sphere, but th(ydl('noi])os)l]vo detections of a realstationary feature. Figure 8 shows
a similar cros s-section but at 40°N lat it ude. The wavenumber 3 component of this
cross-scction has an amplitude of 46 -1 20 gpin; but bocause the local variability is
sig nificantly underestimated at all midlatitudes, this is probably only slightly greater
than a onesigima detect 1on. Indeed . the FC MW model average shows no definite
wavenumber 3 structore al this latitude.

4 .3 Position dependent bias

In all of the previous interpolations, only the occultation data was considered.
The interpolation techmque determined an interpolation measurement error 05,4
which reflected a global average measurement error. This does not accurately reflect
the nature of the data hecause the atmospheric variability effectively makes oiu0np
position-dependent.

This version of Bayesian interpolation is better suited to mapping the occul-
tation observations with the variability removed. I one assumes that the FCMWE
glohal model accurately reproduces the model variability, then the variability can be
removed from the observations by subtracting the relevant quantity from the LCMWI
model output from the occultation observation. The profile taken from the model out-
put coincides with the occultation to within three hours and is hilincarly interpolated
in position. By interpolating the residual, a map of the bias between the KCOMWI
global model and the radio occultations is produced.

The interpolation measurement error in this case is slightly position dependent,
butnot as much as in the previous interpolations. The globalmodel is known o be
less accurate in some regions than others as a consequence of data availability. This
would make Ginterp position dep endent, but by removing the atmospheric variability,
the largest source of position (1(:])011(1011(.0 is eliminated.

The penalty function then becomes less complicated than thhe previous. Be-
cause the diflerence between the observations and the model output is not expected
to have any position dependent structure, no specialized W(lglmng in the penalty
function is necessary. In fact, a penalty function which minimizes curvature is all
that is necessary: o 1

. ] orl=7// -0, .
i, ’{ [2(1 1 1)? otherwise. (1(1)
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Geopotential Height (gpkm)

8.30
B200 . . v . o o L U e '}
-180° -135° -90° -45° 0° 45° 90" 135" 180°

L ongitude

Fig. 7. Geopotential height of the 300-mbar surface at 60°S, swnmer 1995, A cross section of
the map contoured in figure he with error bars given by the dashed lines. The dotted line shows
the average geopotential height for the same period and location conaputed from the output of the
BECMWI global model.

9.30

9.20 s PR T DT TR j
-180° -135° 90" -45" 0° 45" 90 135°  180°
Longitude

Iig. 8. Geopotential height of the 300-1bar surface at 40°N, sumnmer 1995, Saune as figure i but
at 40°N latitude.

With this penalty matrix. all high order fits are cqually probable,

In figure 9, a degree 12 {it to the diflerence in geopotential height of the 300-
mbar surface between the occultation observations and the model output is contoured.
Again, thisis cquivalent to 30° horizontal averaging. The mterpolation incasurement
crror is 27.4 gpm, similar to the halfwidth at 300 mb given in figures 2 and 3.

By far the most prominent feature is a bias in the south Pacific centered at
135°W, 60°S. The geopotential height at 300 millibars as determined by the occulta-
tions is approximately 50 gpin higher than given by the NCMWI global model at this
location. This implies that the occullations measured a warmer atmosphere below
300 millibars, consistent with the model placing the tropopause too low in this region
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Height Difference at 300mb: Occultations - ECMWF, Summer

-100 -50 0 60 100 150
Geopotential Height Difference (gpm)

Fig. 9. Map of the geopotential height difference of the 300-mibar surface between that obtained
from the occultations and that obtained from the ECMWIE global iiodel. A con tour map of the
difference between 300-1 nba r geopotential heighits obtained from the occultation data and the samne
given bY the ECMWY global modeljs superimposed upon the difference data. The points arc located
and color- coded accord ing to the position of the occultation and the geopotential height difference
between it and the colocated niodel quantity. The map is generated by a twelfth degree Bayesian
interpolation. Contours arc separated by 10 gpmn.

as pointedout by Kursinskicet al. (1 996a).

The occultations show that the 300-mbar su rface is higher than in the niodel
output in the southerny hemisphere, but lower th an in the model output in the north-
crn hernisphere. This is consistent with the statistics in figure 3. Ioven t hough the
bias is the southern hemisphere is largely caused by the anomaly in the south Pacific,
nevertheless there is substantial bias elsewhere m the southiern hemisphere. Ior ex-
arnple, thiere is alarge region of’ positive bias between 0° and 135°F which peaks at
--20 gpm near 60°L in the south. The only slightly negatively biased regioninthe
south lics sout h of South America where the bias never falls below -1 () gpm.

5. Discussion

Previous work with radio occultation of the larth’s atimosphere using GPS
has focused on the retrieval of temperature versus pressure. ‘I'his work utilizes the
ability of GPS to do precise positioning to mecasure the absolute height of coristant
pressure surfaces.  Kursinskict al. (1 996b) have theorctically calculated that the
geopotential height error is about 7 gpiat 3007 millibars. Here an error cstimate is
miade by comparing occultation observations from GPS/MET with output from the
FECM W globalmodel. Also, anattempt is miade to determine global average geopo-
tential height during a two week period in the summer of 1 995 without the benefit
of outside information. Finally, the bias between the occultation] measurements and
the KCMWIEF model is determined as a function of positionin order {o demonstrate
that KCMWI model performance is afunction of position 011 the globe.
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Only anupper bound can be placed on the error associated with a single mca-
surcment of the geopotential height of a constant pressure surface. Inthis paper, that
estimate was performed by compari ng occultation measurements to the output of the
CMWI global model, whichitself has associat ed errors. Since the true measurement
crror must be independent of position, the 1 v boundon the moasurement error
is the lowest determine error in the best modeled region of the globe. That region is
above 30°N latitude in this work, where the error was foundto be approximately 20
gpm  throughout the  troposphere.

Any attempt to mcasure geopoternitial heights regionally or globally without
outside knowledge is depenidenit onsynoptic variability. With data {rom just one or-
biting receiver, one can construct an adequate map only if data spanning several days
arce used as asingleset. Inthis case, because the atmospher e varies dramatically over
time, especially outsidethe tropics, any determination Of error per measurement con-
sistslargely of theunresolvedtemporal variability. Nevertheless, during the sunnmer.
with over 600 occultations, the global average geopotential hieight of the atmosphere
at 3007 millibarsis found to be 93717 gpm. The uncertainty takes mto consider-
ation the atimospheric variability over twowccks and the spat ial nonhomogeneity of

he data, but not the spatial-temporal bias. T'he error decreases with height because
nore data is available and because variability is less higher in the atmosphere.

GPS/MET by itself cannot be used for regional climate studies. The data
rom GPS/MET vielded just over 600 observations during a two week period during
he summer. Those data are spatially-temporally biased by the fact that only one
ccerver was used to collect i, Far fewer observations were obtained during the spring.
During the fall. however, probablv more than 6007 obscervations were obtained, but
they remain unaddressed in this work.

A future constellation of orbiting receivers would casily allow for vegional and
global climat ¢ studies. By using many reccivers, the spatial -temporal hias would be
removed. Iurt hermore, the increased quantity of data would all ow for finer temporal
resolution, thus decreasing the synoptic variability which degraded the mapping in
this paper. Il one assutnes that . future orbiting receiver obtains Hh00 occultations
per day, a future constellation o f 16 orbiting reccivers should be able to measure
global average geopotential hicights in the tropos phere with an accuracy of 1 gpm
cach day. If oncassumes a nearly dry adiabatic lower atimosphere with unchanging,
iass, the heightof the 300-mbar surface expands 30 gpin for every degree of warming,.
At lower pressures within the troposphere, constant pressure surfaces rise even more.
The stratosphere, however, is expected to cool by . 11° Cbecause of radiative cooling
by carbon dioxide (lcls et al. 1980), and thus its thickiiess should decrease.

The accuracy of a regional incasurcment of geopotential heights is dependent
on the size of the region and its nature. Naturally, the larger the region, the more
observations which can be used in an estimation, and hence the greater accuracy with
which geopotential heights can be mcasu red.  Scecon dly, regions with less synoptic
variability will vield more accurate geopotential height estimates. For instance, it is
evident in fig ure 6 that the tropics are far less variable than elsewhere, an atimospheric
phieniornenon which is a consequence of the near absence of planctary vorticity. Since
mid-tropospheric temperature increases should he most casily detected in the tropics
because of the depressed variability (Hansen et al. 19$ S), one cananticipate that
geopotential height increases should also be more casily detected inthe tropics.
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