Accepted August 25, 1997, to appear in JGR early 1998
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Abstract. The Global Positioning System/Meteorology (GPS/MET) Program was established in
1993 by the University Corporation for Atmospheric Research (UCAR) to demonstrate active limb
sounding of the Earth’'s atmosphere using the radio occul tation technique. The demonstration system
observes occulted GPS satellite signals received by alow Earth orbiting (LEO) satellite, MicroL ab-
1, launched April 3, 1995. The system can profile ionospheric electron density and neutral atmo-
spheric properties. Neutral atmospheric refractivity, density, pressure, and temperature are derived
at atitudes where the amount of water vapor islow. At lower altitudes, vertical profiles of density,
pressure, and water vapor pressure can be derived from the GPS/MET refractivity profilesif tem-
perature data from an independent source are available. This paper describes the GPS/MET data
analysis procedures and validates GPS/MET data with statistics and illustrative case studies. We
compare more than 1200 GPS/MET neutral atmosphere soundings to correlative data from opera-
tional global weather analyses, radiosondes, and the GOES, TOVS, UARS/MLS and HALOE or-
biting atmospheric sensors. Even though many GPS/MET soundings currently fail to penetrate the
lowest 5 km of the troposphere in the presence of significant water vapor, our results demonstrate

1°C mean temperature agreement with the best correlative data sets between 1 and 40 km. This and
the fact that GPS/MET observations are all-weather and self-calibrating suggests that radio occul-
tation technology has the potential to make a strong contribution to a global observing system sup-

porting weather prediction and weather and climate research.

1. Introduction

Radio occultation is a technique for sounding the structure of
planetary atmospheres that was pioneered by groups at the Jet Pro-
pulsion Laboratory (JPL) and Stanford University over 30 years
ago [Fjeldbo et al., 1971]. The Global Positioning System/M eteo-
rology (GPS/MET) experiment uses radio occultation observations
of GPS satellites to obtain vertical profiles of electron density in
the ionosphere; refractivity, density, pressure, and temperature in
the stratosphere and upper troposphere; and refractivity, density,
pressure and water vapor pressure in the lower troposphere.

The GPS/MET instrument orbits the Earth aboard the Micro-
Lab-1 satellite at an altitude of ~730 km with a period of 100 min.

capable of tracking rising and setting occultations, but not simulta-
neously). However, because of gaps in the ground tracking net-
work and memory limitations on board MicroLab-1, the GPS/MET
instrument collects only about 150 soundings per day under opti-
mum conditions.

When the GPS/MET instrument tracks a GPS satellite as it is
occulted by Earth’s atmosphere, the arrival time of the GPS signal
at the instrument is delayed because of refractive bending and
slowing of the signal. The GPS/MET instrument records the carrier
phase change on the GPS to low Earth orbiting (LEO) microwave
links 50 times per second with millimeter-scale precision. After re-
moval of the nominal carrier frequency, the phase on these links
changes for three reasons: (1) relative motion of the LEO and GPS

Occultations occur as the instrument sets below Earth’s horizop@tellites, (2) drift of the clocks in the GPS transmitters and receiv-
relative to any of the 24 GPS satellites, which orbit Earth a€'s: and (3) refractive bending and propagation velocity changes in
~20,200 km altitude twice a day and broadcast signals continuoule ionosphere and neutral atmosphere. As described in more detail
ly at 1.2 GHz (L2) and 1.6 GHz (L1). Approximately 250 such setbelow, the GPS/MET data analysis algorithm removes effects (1)
ting occultations occur each day (the GPS/MET instrument i€nd (2) from the data and computes the Doppler shift due to the at-
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mosphere ("excess Doppler"). From this excess Doppler, atmo-
spheric refractivity profiles can be computed as a function of ray
tangent height above the surface. For neutral atmospheric sound-
ings the GPS/MET instrument measures the excess Doppler every
20 ms (50 Hz) during the 80-s period of a typical occultation. This
results in about 4000 measurements for each profile, which typical-
ly starts at 100 km for the neutral atmosphere and ends near the sur-
face for setting occultations.
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Although the sampling rate corresponds to several tens of temperature profiles with global analyses between 10 and 25 km,
meters, the current instrument’s vertical resolution is limited bywhere water vapor effects are minimal.
several factors: system measurement noise, diffraction, and hori- GPS/MET is an all-weather system with global coverage, prac-
zontal atmospheric inhomogeneity. The last two factors are domiically unaffected by clouds, precipitation, and aerosols. The sys-
nant and limit the vertical resolution to approximately 1.5 km in thetem has the capability for seamless soundings of refractivity from
stratosphere to 0.1-0.5 km in the lower troposphidettour ne et orbit altitude to near the surface including top and bottom sounding
al., 1994]. of ionospheric electron densities (Figure 1). The system does not

The horizontal resolution is about 300 km along the GPS raylepend on radiosondes (except indirectly for water vapor retrievals
path and about 1.5 km perpendicular to the path. The predicteab described below), and the instruments do not require calibration
maximum accuracy of a GPS radio occultation system is 1°C obeyond the analysis described in this paper, thus providing long
better for a height range of 5 to 40 kMdbourne et al., 1994;  term stability important for climate variability studies.
Gorbunov and Sokolovskiy, 1993]. Earlier studies have shown that  To evaluate the radio occultation method for operational and re-
GPS/MET comes close to performing as well as this predictionsearch use, the experimental GPS/MET data must be carefully
Comparisons of 11 representative temperature profiles derivecbmpared with data from independent sources. In this paper we
from GPS/MET data with nearby radiosonde and global analysesompare more than 1200 GPS/MET neutral atmosphere soundings
of temperatures are described\Wgre et al. [1996]. Kursinski et to correlative data sets including operational global analyses from
al. [1996] provide a statistical comparison of about 100 GPS/METhe National Centers for Environmental Prediction (NCEP) and the
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Figure 1. The mean vertical structure of Earth’'s atmosphere showing the orbit altitude of MicroLab-I and regions
where profiles can be obtained from GPS/MET limb soundings. In addition, ionospheric total electron content can be
observed by GPS/MET along ray paths from GPS satellites at all altitudes (adapted from Anthes [1997]).



European Centre for Medium-Range Weather Forecasting (ECM-
WEF), radiosonde data, and data from the sounder on the Geosta-
tionary Operational Environmenta Satellite (GOES), the
Television Infrared Observation System (TIROS) Operationa
Vertica Sounder (TOVS), the Halogen Occultation Experiment
(HALOE), and the Microwave Limb Sounder (MLS) instruments.

Section 2 summarizes GPS/IMET data collected to date, de-
scribes data processing, the retrieval of water vapor profiles from
GPS/MET refractivity profiles and auxiliary temperature data, ion-
ospheric correction techniques, and discusses the vertical and hor-
izontal resolution of GPS/MET data. Section 3 provides a
description of the correlative data sets. Section 4 presentstwoillus-
trative examples of GPS/MET profiles, to demonstrate the high
vertical resolution of the tropopause and a retrieved water vapor
profile. In section 5 we compare correl ative data sets with each oth-
er and with the GPS/MET data. Section 6 discusses the statistical
comparisons and the difficultiesinterpreting data collected closeto
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2.1. Available GPS/MET Data

Figure 2 displays the number of occultations that were collected
between April 1995 and February 1997. It can be seen that to date
we have processed only a fraction of the roughly 70,000 GPS/MET
occultations that have been collected and archived. Our analysis
has focused primarily on four "prime times". During prime times,
anti-spoofing (A/S) encryption of the GPS signals was turned off,
and MicroLab-1 was oriented so that GPS satellites were occulted
in the aft or anti velocity direction toward Earth’s limb.

When A/S is turned on, which is the normal operational mode
for GPS, the GPS instrument on MicroLab-1 tracks the L1 carrier
phase with the same precision as under A/S-off conditions. The L2
data, however, are significantly noisier and require modified data
analysis techniques. We are currently testing new processing strat-
egies for A/S-on occultations that rely on added smoothing of the
"L1 minus L2" data. These techniques appear to be performing
well for a significant fraction of our data at altitudes below 30 km,

the Earth’s surface with the proof-of-concept instrument. Section énd we are confident that a large fraction of the A/S-on data in the
summarizes our results and discusses scientific uses of the dataGPS/MET database will be processed to high accuracy in the near

2. GPS/MET Data and Analysis

future. This paper, however focuses on A/S-off results from prime
time 3 (October 12 to 27, 1995).

2.2. GPS/IMET Data Processing Description

All data are analyzed with original software developed by the

Here we summarize the experimental data and the occultatiddCAR GPS/MET team and commercial software. Data are pro-
data analysis algorithms with emphasis on recent developmentessed through several steps, and intermediate products, referred to

that have not been previously described in the literature.

as Level 0, 1, 2, and 3 data, are created as described below.
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Figure2. The number of GPS/MET occultations collected through February 1997. The number fluctuates depending
on the geometric orientation of MicroLab-1, changes in satellite firmware, whether or not high-altitude ionospheric
data are being collected, relative power and data telemetry demands, and the health of the satellite and ground tracking
and telemetry systems. The number of occultations is limited to approximately 150 per day because only setting
occultations from GPS are collected and because of gaps in the ground tracking network.



The raw data transmitted by MicroLab-1 to the ground are
called Level 0 data. After removal of packet communications head-
ers and reformatting of the raw data, we generate Level 1 files con-
taining GPS phase and amplitude time series. The next processing
step removes phase changes due to satellite motion and clock drift
from the data. To remove satellite motion, accurate GPS satellite
and LEO positions and velocities are computed with the commer-
cial precision orbit determination (POD) software "Micro-
Cosm™." To remove clock errors, we form so-called double
differences between observations of the occulted satellite and a
nonocculted reference satellite [e.g., Ware et al., 1996]. Both sat-
dllites have to be observed simultaneously from LEO and from a
GPSreceiver on the ground. Six such reference ground stations are
operated by JPL as part of the International GPS Service [Neilan,
1995].

After satellite motion and clock errors have been removed from
the phase observations, the resulting Level 2 files contain the ex-
cess phase delay of the GPS signal due to the atmosphere and ion-
osphere. Each Level 2 file contains one occultation, typically 4000
records of dual-frequency (L1 and L2) excess phase and carrier
amplitude. Level 2filesalso contain the LEO and GPS satellite po-
sitions and velocities that define the geometry of the occultation,
and are needed to compute signal bending and location of the ray
tangent point.

Next, atmospheric profile information is extracted from the
Level 2filesin thefollowing steps, described in more detail in sec-
tions 2.2.1 through 2.2.3.

1. Filter L1 and L 2 excess phase time series, perform diffraction
correction of L1 excess phase in the lower troposphere and differ-
entiation of L1 and L2 phase to yield excess Doppler.

2. Calculate L1 and L2 refractive bending angles from L1 and
L2 excess Doppler.

3. Compute bending angles from which the ionospheric effects
have been removed.

4. Optimize the observed bending angles at altitudes above 50
km, using a climatological model (mean atmospheric reference
state) and occultation specific error statistics.

5. Apply the Abel inversion [Phinney and Anderson, 1968] of
bending angle time series to compute refractivity profiles, under
the assumption of local spherical symmetry.

6. Compute meteorological parameters from retrieved refractiv-
ity (using ancillary temperature data to retrieve water vapor in the
lower troposphere).

Inversion of the Level 2 files resultsin profiles of atmospheric
refractivity, density, pressure, temperature, and with ancillary tem-
perature data, water vapor pressure. These Level 3 profiles are
stored as afunction of ray tangent point, longitude, |atitude and al-
titude above the geoid. Note that GPS/IMET atmospheric profiles,
including pressure, are an independent function of geometric
height, an important difference from the correlative data, which
compute geopotential height from pressure observations.

2.2.1. Phasefiltering, diffraction correction, and calculation
of bending angles. Level 2 excess phase observations are low-
pass filtered to reduce noise, and its effect on subsequent nonlinear
processing steps like the Abel transform. The cutoff frequency of
thefilter istuned to pass phase variations corresponding to vertical
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scales of 2 to 3 km in the stratosphere and approximately 200 min
the lower troposphere.

Bending angles are computed from the excess Doppler, based
on the geometrical relationship of the wave vectors (e.g., ray direc-
tions) and the velocity vectors of occulted GPS and LEO satellites.
Thisrelationship isonly valid for propagation of oneray, however.
The complicated structure of the humidity field in the lower tropo-
sphere can produce strong refractivity gradients that can cause
multipath propagation. The severity of multipath propagation de-
pends on the observation geometry. The greater the distance from
the ray tangent point to the LEO instrument, the stronger are mul-
tipath effects caused by atmospheric refractivity gradients.

The electromagnetic field affected by multipath propagation
undergoes strong oscillations due to interference of different rays
received by the LEO instrument. Numerical simulationswith athin
phase screen model indicate that geometrical optics often fails to
describe the resulting field, especialy in the vicinity of caustics,
i.e. surfaces where focusing takes place [Gorbunov et al., 1996].
Standard algorithmsfor the derivation of bending anglesfrom GPS
excess Doppler result in ambiguities of the bending angle asafunc-
tion of height. Such ambiguities cause the Abel transform tech-
niqueto fail and must be avoided. In the past we have smoothed the
data to solve this problem, but for the inversions in this study, a
new diffraction correction technique was implemented [Karayel
and Hinson, 1997; M.E. Gorbunov and A.S. Gurvich, Microlab-1
experiment: Multipath effects in the troposphere, submitted to
Journal of Geophysical Research, 1997; hereinafter referred to as
submitted paper].

The amplitude and phase measurements along the LEO orbit al-
low us to formulate the boundary problem for the Helmholtz equa-
tion describing the complex amplitude of the electromagnetic field
in the occultation plane. Using the solution of the boundary prob-
lem in a vacuum, we reconstruct the ray structure of the received
field close to the area which causes the multipath, and thus "disen-
tangle" the multiple rays arriving simultaneously at the receiver.

Thus, by recalculating the field for an auxiliary plane located
closer to the ray tangent point, but outside of the neutral atmo-
sphere, we can greatly reduce the effect of multipath propagation.
Our experience with the diffraction correction algorithm showed
that amost al bending angle ambiguities were eliminated without
the need for further smoothingge] TJ -



path, are not fully removed by the ionospheric correction. The
maghnitude of this residual ionospheric noise is different for each
occultation, but for most occultations, it clearly dominates over
measurement noise.

For A/S-off data, the mean magnitude of this residual bending

angle noise is about 1.5 x 10°° radians. Under current ionospheric
conditionsthisnoiseis mostly random and it is larger than bending
due to the neutral atmosphere above 65 to 70 km. How best to deal
with this noise depends on the final goal of the retrieval. For cli-
mate monitoring and research, one could average a large number
of occultations to suppress the high frequency components of the
noise. The resulting averaged bending angles can then be com-
pared to bending angles calculated from climate models, or used
directly for monitoring climate change and variability.

If the GPS/MET dataareto be used for weather prediction, then
the difference between the individual sounding and a mean atmo-
spheric stateis of interest. In this case, we may initialize the sound-
ing at some high altitude (e.g., 100 km) with data from areference
atmosphere to minimize downward propagation of errors when ap-
plying the Abel inversion.

Traditional "initialization" of the Abel inversion substitutes cli-
matological data for observational data above the highest altitude
for which observations become less reliable than an estimate based
on climatology. We improve upon this approach by computing the
most likely bending angle profiles from the observationsin combi-
nation with climatology, using a weighting function defined by
their respective error statistics. This statistical optimization ap-
proach results in a smooth transition from the mean atmospheric
state at high altitudes to observations at lower atitudes, minimiz-
ing error propagation downward. The CIRA-86 zonal-mean global
climatological model (CIRA, 1986, 1988, CIRA-86, 1990) with

10° latitudinal and 1 month temporal increments is used for the St%
tistical optimization. Weighting functions are calculated for each
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Previous publications [e.dVlelbourne et al., 1994;Wareet al .,

1996] explain how refractivity profiles can be converted to profiles
of pressure and temperature under the assumption of hydrostatic
equilibrium and zero water vapor pressure. This conversion yields
accurate temperature and pressure profiles above the moist layers
of the troposphere (typically 5 to 10 km, depending on season and
latitude).

Water vapor pressure can be derived from the retrieved GPS/
MET refractivity, using equation (1), if pressure and temperature
are known. Because pressure, temperature and water vapor are re-
lated through the hydrostatic equation and the equation of state for
moist air, water vapor pressure can be derived from refractivity if
either pressure or temperature are independently known. In this
case a simple recursive algorithm may be used to calchil&ge
ande from N andT or fromN andP alone, starting at some upper
level wheree=0 and integrating downward. The water vapor pro-
files presented in this paper were computed in this way from GPS/
MET refractivity and NCEP analysis temperature.

2.3. Vertical and Horizontal Resolution of GPSMET

As stated in the introduction, the vertical resolution of the cur-
rent GPS/MET instrument is limited by diffraction and atmospher-
ic inhomogeneities along the ray paMelbourne et al. [1994]
show that the size of the first Fresnel zone, and therefore the verti-
cal resolution, ranges from 0.1-0.5 km in the troposphere to 1.5 km
in the stratosphere. Diffraction correction, as applied in our analy-
sis, allows improvement of the vertical resolution beyond the
Fresnel zone limit, based on synthetic aperture principles [M.E.
Gorbunov and A.S. Gurviglsubmitted paper, 199Karayel and
Hinson, 1997]. The level of this improvement, however, is difficult
to quantify because of the effects due to horizontal atmospheric in-
omogeneities.

As noted above, we assume locally spherical symmetry in the

occultation based on observation noise in the 60 to 80 km range. . - ; .
The weighting function is equal to 0.5 when the observation nois_@tmosphgr_e to appl_y the Ab?' Inversion. _Thus, horizontal gradients
equals the expected standard deviation of the atmospheric stdfg'éfractivity resultin errors in the inversion. Based on the approx-
from the mean reference state. This happens typically at an altitudf@at'o_n of_local spherlt_:gl symmetry, this Fechnlque IS |ncapable_ of
of 50 km. Thus the GPS/MET results presented in this study are ijesolving inhomogeneities with small horizontal scales. Refractiv-
fluenced significantly by climatology above 50 km. Below an alti- ity perturbations located along the sounding ray perturb the recon-

tude of approximately 40 km, climatology is typically weighted Sostructed refractivity profile at the ray tangent point. Errors resulting
low that it has no material influence. from the nonsphericity of the atmosphere can only approximately

It should be emphasized that statistical optimization cannot im@e interpreted as horizontal averaging. More precisely they are re-

prove the quality of the observational data at high altitudes. Thleated through complicated functionals that depend on the ratio of

technigue substitutes the statistically most likely vector for the Ob\_/ertical to horizontal refractivity inhomogeneity scal@sfounov
d y y and Sokolovskiy, 1993].

servational vector. Thus it minimizes error propagation down- o ) o )
wards to those elevations where GPS/MET data have relatively Usually the characteristic horizontal resolution is estimated to
300 km, which is the length of that part of a ray where more than

high signal to noise, and are potentially most valuable for weath i - '
prediction. Statistical optimization was first introduced by half of the neutral atmospheric bending occurs. However, numeri-

Sokolovskiy and Hunt [1996], and has also been implemented bycal simulations with a model of an idealized atmospheric front
Hocke [1997]. [Gurvich and Sokolovskiy, 1985] showed that the horizontal reso-

223, Calculation of atmospheric pressure, temperature lution can be reduced to 50-100 km in the case of a front with a

and water vapor profiles from GPSIMET refractivities. After large slope. In general, the smaller the vertical scale of a localized

accounting for ionospheric bending as described above, the refrafihomogeneity, the better its horizontal struc_ture can be resolved.
tivity (N) is related to pressur® {n mbar), temperaturd (n K), Kuo et al. [1997] show that GPS/MET soundings can resolve the

and water vapor pressure it mbar) by the equatiorSfith and temperature structure of upper level atmospheric fronts with an ac-
Weintraub, 1953:Thayer, 1974] curacy and resolution comparable to radiosondes.

Simulations with the ECHAM3 Atmospheric General Circula-

N = 77,6_EI_+3_73>< 1(?32 D tion Model Deutsches Klimarechenzentrum, 1994] showed that
T rms temperature errors of the Abel inversion due to horizontal in-
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homogeneities are less than 0.5°C in the 10 to 30 km altitude rangafluence on the model first guess fielddehzel and Purdom,
These errors can increase significantly below 10 km, even with994;Smith et al., 1979].

field reconstruction with data from a system of 18 GPS and 100

LEO satellites. Errors result mainly from the highly variable hori-3.2. Global Weather Analyses

zontal structure of the humidity field that cannot be resolved even We use the NCEP/NCAR reanalysianay et al., 1996] to-

YSSG]GPS/MET soundings of 200 km spacir@ofbunov et al., gether with four pressure levels (5, 2, 1, 0.4 mbar) from the NCEP
: . lobal stratospheric analysis for comparison with GPS/MET. The
It must be emphasized, however, that the errors due to the nopi- . X 5
- . ) . NCEP/NCAR reanalysis produces gridded data with 17 pressure
sphericity of the atmosphere are not inherent in the GPS/MET Ilim : .
evels ranging from 1000 mbar to 10 mbar. Horizontal and tempo-

sounding method. They are only the result of using the Abel inver- : o . : s
. . C o . : . ral resolution are 2.5° in longitude and latitude and 6 hours, respec
sion technique. Application of this technique is useful for the cur-. . :

- . tively. We use geopotential heights, pressure, temperature and
rent proof-of-concept experiment. However, for operational usehumidity from this data seTrenberth and Guillemot [1996] eval-
four dimensional data assimilation techniques, with direct aSSimi[late the moisture fields in .the NCEP/NCAR reanalysis and report
Ist(;(r)g ;(f::uerg?;nagnzng;ﬁ%:’ l}sgji]f ;?: gsg;’;gg:;g:;zgzvg al:slii}gnificant negative bias in the water vapor fields in the tropics.

. . ) . oo e NCEP stratospheric analysis is a global, 24 hour analysis with
their error covariance matrices, by taking into account a priori in-

formation such as the first guess of the numerical weather predieIght pressure levels ranging from 70 mbar to 0.4 mbar. We use the

tion model and the covariance of the relevant variables. fop four levels to generate the combined NCEP comparison data

set. The stratospheric analysis is divided into two grids, one for the
Southern and one for the Northern hemisphere. Each is a 65 by 65
polar stereographic grid. Spatial interpolation for comparison with
occultations is done separately for the reanalysis and stratospheric
grids. The 1000 mbar to 20 mbar levels are used from the reanaly-
This section briefly describes the correlative data and globagis and the 5 mbar to 0.4 mbar levels are used from the stratospher-
analysis fields against which the GPS/MET observations are evale data. The 10 mbar level occurs in both data sets and so the

3. Correlative Data

uated. average value is used. Prior to comparison with other data sets we
corrected the NCEP stratospheric temperatures according to ad-
3.1. Radiosondes justments published b@elman et al. [1994].

Radiosondes have been the backbone of the global upper air b—The ECMWF TOGA Global Upper Air Analysis is a global, 12

serving system since the 1940s. In 1991 there were more than 10 g 2.5° latitude and longitude grid with 15 pressure levels rang-

radiosonde stations operated by 92 nations using 39 different typl?nsq from 1000 mbar to 10 mbar. Data from the highest (10 mbar)
of radiosondesNOAA, 1992]. Under ideal conditions and with evel showed large differences (thought to be due to boundary con-

o . . _ditions) from other correlative data and were not used. Thus the top
careful calibration, radiosonde temperatures are accurate to Wlthln

0.5°C and relative humidities are accurate to within a few percen ?vel for ECMWF comparisons is 30 mbar.
except at very low temperatures or very high or low relative humidz 3 gogs
ities [Shea et al., 1994;Ahnert, 1991;Luers and Eskridge, 1995].
Under operational conditions, relative humidity errors are consid- GOES temperature profiles were computed at the University of
erably greater than a few percent. Wisconsin at Madison. We compare GPS/MET data with profiles
Radiosondes provide data from near the surface to an altitude of temperature for clear atmospheric columns as retrieved from
about 20 to 30 km. Because of pressure errors and resulting heightiltispectral radiance observations by GOES-8 and GOES-9
errors, temperature accuracy is degraded in the upper troposphéhdenzel and Purdom 1994], using an extension of the algorithm
and stratosphere, with typical errors of 1°C above 250 mbar (10.8escribed byHayden [1988]. A retrieval is made for a region of 5
km) increasing to as large as 4°C at 10 mbar (31 KNajhand by 5 GOES sounder fields of view (fov), resulting in horizontal res-
Schmidlin, 1987]. olution of approximately 50 km for the retrieved products.
Radiosondes produce soundings with high vertical resolution, A cloud clearing procedure (C.M. Hayden et al., The cloud
resolving features with vertical scales of a few tens of meterslearing for GOES product processing, submitteN@AA NES-
However, the coverage of radiosondes is uneven over Earth, wifblSTechnical Reports, 1997] is used to identify cloud contamina-
very few stations in oceanic regions. The temporal frequency igon for each of the 25 fov. Retrievals are not attempted if fewer
also fairly low (12 hr at best, with many countries taking only onethan 9 fov are found to be cloud free. Otherwise, radiances from all
observation per day) and they suffer from substantial changes in islear fov are averaged to enhance the signal to noise ratio. These
strumentation with timechwartzand Doswell, 1991]. For humid-  averaged radiance measurements, representing the clear atmo-
ity, complicating factors have been the use of low quality sensorspheric column in the region, are then subject to a tuning process
changes in the type of humidity sensing element, and changes in ie-order to remove biaseSchmit, 1996].
porting procedures at low humiditlfiott and Gaffen, 1991]. Finally, the cloud-cleared, regionally averaged, and bias-cor-
Nevertheless, radiosondes are the most accurate source of degated radiance measurements are used for the simultaneous re-
influencing the global upper atmosphere analyses produced by opieval of temperature at 40 levels up to 0.1 mbar and humidity at
erational centers such as NCEP and ECMWF (R. McPherson ar2 levels up to 100 mbar. The NCEP operational global model 12
E. Kalnay, personal communication, 1996). They also have a méour forecast, interpolated to the observation time, is used as the
jor impact on the GOES and TOVS radiometric soundings througfirst guess in the retrieval. Normally, the temperature retrieval is
the calibration and tuning of these satellite retrievals, and in theimot very different from the first guess, and hence provides little

6



new temperature information. In contrast, the humidity retrieval
provides a significant amount of additional information about the
atmospheric state.

34. TOVS

This study used TOV S data that were analyzed and provided to
us by the National Environmental Satellite, Data, and Information
Service (NESDIS). TOVS is composed of three radiometers: the
High Resolution Infrared Sounder (HIRS/2), Microwave Sounder
Unit (MSU) and Stratospheric Sounder Unit (SSU). The retrieval
of temperature moisture and pressure from the radiance observa
tions is described by Smith et al. [1979]. Cloud clearing was ap-
plied in the analysis of the TOV S data. Presently TOVSisthe only
data set that enters the NCEP stratospheric analysis.

35. UARS/MLS

Upper Atmosphere Research Satellite (UARS) MLS tempera
ture measurements are useful for comparison with GPS/IMET tem-
peratures in the stratosphere. Temperatures and tangent point
pressures (atmospheric pressures at the tangent height of the MLS
radiometer field of view boresight) are retrieved from a 15-channel
63 GHz radiometer measuring oxygen microwave emissions from
the stratosphere and mesosphere. E. Fishbein of the UARS/MLS
team at JPL provided the most recent (Version 4) results. Version
4 MLS data are reported to provide useful temperatures from 0.46
t0 46 mbar (approximately 25 to 55 km), which is an improvement
over the minimum height of 22 mbar reported by Fishbein et al.
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4. Individual Sounding Comparisons

Here we show examples of individual GPS/MET profiles to il-
lustrate features not readily seen in the statistics which follow. We
illustrate the high vertical resolution of the profile and show an ex-
ample of how well atmospheric water vapor can be retrieved under
favorable conditions.

4.1. Resolution of the Tropopause

Plate 1 compares a GPS/MET sounding with data from ECM-
WF and NCEP analyses interpolated to the time and location of the
occultation, and with data from a nearby TOVS sounding.

The profile labeled {y in Plate 1 is "dry temperature", comput-
ed from equation (1) witke = 0. The calculation of dry tempera-
tures is described in section 5. Plate 1 illustrates how GPS/MET
resolves a sharp minimum temperature at the tropopause. The
sharp feature is not resolved by the NCEP analysis or TOVS
soundings, but it can be seen to some degree in the ECMWF pro-
file.

4.2. Example Water Vapor Profile

The proof-of-concept GPS/MET instrument often has difficulty
tracking the GPS signals close to the Earth’s surface, especially in
the presence of significant amounts of water vapor. Tracking prob-
lems close to Earth’s surface are due in part to the relatively low
gain antenna used for the GPS/MET proof-of-concept instrument.
Future instruments will use higher gain directional antennas, pro-
viding higher carrier tracking loop bandwidth, more capable of
tracking the rapidly fluctuating signals in the presence of refractiv-

[1996]. Accuracy estimates for the instrument range from 2.1°C 8ty gradients induced by water vapor variations.
22 mbar to 4.8°C at 0.46 mbar. The error increases to about 7°C at ynder ideal conditions, however, it is possible to retrieve useful

46 mbar.

data close to the surface with the current instrument as shown in

UARS/MLS temperatures are reported at seven pressure levefsate 2. In the left side of Plate 2, the actual temperature was esti-
and the instrument points 90° relative to the orbit velocity. A fullmated from the GPS/MET refractivity using the NCEP water vapor
vertical scan takes about 65 s and is smeared over 400 km in tREESSUre as ancillary data; this estimate is labjgd NCEP an-
direction parallel to the satellite velocity of approximately 7 km/s.alyzed temperatures were used to compute the water vapor profile
The profile is also "averaged" over a similar distance along the linfom the GPS/MET refractivity profile.

of sight.

3.6. HALOE

GPS/MET refractivity measurements in moist layers provide
valuable quantitative moisture information. It is likely that the cal-
culation of water vapor pressure from observed values of refractiv-
ity and an independent estimate of temperature will be useful for
climate studies and numerical weather prediction (NWP). The cal-

HALOE on the UARS satellite is another instrument capable otyjation of temperature from refractivity and an independent esti-
temperature soundingRyssell et al., 1993, 1994]. HALOE uses mate of water vapor pressure is much more sensitive to small errors

solar occultations to measure vertical profiles &f BCI, HF,

in water vapor pressure than is the calculation of water vapor pres-

CH? H20, NO, NG, aerosol extinction, and temperature as aSure to small errors in temperatWéare et al. [1996], for example,

function of pressure. The measurements have an instantaneous \%}QV‘_’ that water vapor pressure near _Earth’s surfac_e ganobe estimat-
tical field of view of 1.6 km at Earth's limb. Latitudinal coverage ©d Within 0.5 mbar if the temperature is known to within 2°C. Tem-

is from 80° S to 80° N.

perature varies over larger horizontal and temporal scales in the
atmosphere than does water vapor, is more easily measured, and

The altitude for temperature measurements ranges from abolénce is better resolved in operational analyses and model predic-
35 km to 80 km. Below 35 km, the HALOE temperature profile istions. The present 6 hour forecast of temperature from a state-of-
identical to the NCEP analysis. Temperature precision is 2.5°C. fhe-art numerical weather prediction model has a typical tempera-
cold bias of 3 to 5°C within +5 km of the stratopause has been redre error of 1°CEyre, 1994]. Thus, given the relatively high ac-
ported. In the comparison height range covered by this paper, HAuracy of existing temperature analyses and short-range forecasts
LOE data were available for eight pressure levels between 4.6 andgether with the weak sensitivity of the water vapor pressure cal-

0.3 mbar.

culation to temperature errors, it should be possible to obtain useful



global distributions of water vapor given global profiles of GPS/
MET refractivity.

Plates 1 and 2 show GPS/MET temperature oscillations above
approximately 30 km. Based on therelatively strong signal to noise
ratio in the 10 to 40 km height range, it is likely that these fluctua-
tionsarereal, perhaps caused by gravity waves[Theon et al., 1967;
Vincent and Reid, 1983; Wilson et al., 1990]. At higher dtitudes,
residual ionospheric noise, which tends to dominate neutral atmo-
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spheric signal above 65 km, affects the retrievals and may contrib-
ute to the temperature oscillations. Other researchers observe
similar GPS/MET temperature fluctuations [Hocke, 1997], but it
has not been possible to verify whether GPS/MET isindeed resolv-
ing gravity wavesin the 30 to 50 km range because none of the cor-
relative data that we found had sufficient vertical and temporal
resolution. Thus more research is required to determine the origin
and accuracy of these oscillations.
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Plate 1. Dry temperature retrieval from GPS/MET occultation 0136 observed at 17:24 UTC on October 21, 1995, at
48°S/159°W. Sharp resolution of the tropopause is seen in the GPS/MET profile, compared to NCEP, ECMWF, and

TOVS profiles.
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Ution of all the data
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5.2. Comparison of Correlative Data

First, we compare correlative data at the locations and times of
GPS/MET profiles to establish the degree of agreement among
correlative data as a baseline against which to interpret the GPS/
T comparisons in section 5.3.

ET profiles are computed at their full 50 Hz sampling
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Plate 4 demonstratesthat the mean difference between ECMWF km. As shown in Plates 5 and 6, the NCEP and ECMWF data agree
and NCEP temperatures is generally less than 1°C with a standandth radiosonde data, on average, within 1% in refractivity and 1°C
deviation of 1 to 2°C. Average agreement in refractivity is bettein temperature, except near the top of the soundings where differ-
than 0.5% from 2 to 24 km, with a standard deviation of less thasnces are greater. The standard deviation of the radiosonde and the
1% above 10 km. The standard deviation increases to 4% in thamalyses temperature differences is about 2°C. The refractivity
lower troposphere; this increase is attributable to differences in watandard deviation is typically 2%, but can reach 4% in the lower
ter vapor distribution between the two analyses. troposphere. Part of this discrepancy is due to the spatial and tem-

poral decorrelation.
NCEP — ECMWF
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Plate 4. Comparison of NCEP and ECMWF profiles at percent delta N delta T (C)

locations of GPS/MET occultations during Prime Time 3. The  Plate 5. Comparison of NCEP and radiosonde refractivity and
panel compares refractivityN] and the right panel compar  temperature at GPS/MET occultation locations and times.
temperatureT). The blue line in the left panel shows the nun

of observations at each altitude used for the comparison, acct

to the scale on top of the graph. Each plot shows aw ECMWF — SONDE

differences in red, surrounded in black by the 1-sigma stai Count

deviation about the mean. The standard error of the mean is : 0O 100 200 300

by short green horizontal lines centered on the average diffe 8 T AN RN AR AR
curves.

5.2.2. Comparison of NCEP and ECMWF analyseswith ra-
diosonde data. Next, NCEP and ECMWEF data are compared to

the radiosonde data which "match" the GPS/MET occultation 3T T 1 B T I
times and locations. A match between GPS/MET and radiosondes,\__%
GOES, MLS, TOVS or HALOE is defined by a 4° latitude and lon-  , | 1 i L 1 i
gitude radius and a +6 hour time window. 3

For the comparison with radiosonde data, NCEP and ECMWF = 1

0

profiles were interpolated to the matching occultation location and I f

time, instead of the location and time of the radiosonde. This was

done for all correlative data to show comparisons that are affected >

by the same spatial and temporal variations as are the comparison: | I ] |

of the correlative data with GPS/MET data. k
Comparisons are based on a set of about 280 radiosonde anc o brial T

GPS/MET matches. The smaller number of comparisons at low el- —-10 -5 5 10 -10 -5 0 5 10

evations is due to radiosondes launched from higher elevations. percent delta N delta T (C)

The decrease in number above 15 km is due to the fact that radRlate 6. Comparison of ECMWF and radiosonde refractivity and

sonde balloons burst at different altitudes ranging from 15 to 3fmperature profiles at GPS/MET occultation locations and times.

sl
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cellent agreement between the radiosonde data and the causg o the low reSolution of TOVS near the stratopause. Tem-
I?aly% sexpected because the radiosonde data, where they exist, pergiffre standard dewation ranges from 2°C at 15 km to 3°C at 50
@ the dominant observations affecting the analysis. ki

omparison of NCEP analyseswith ML S, TOVSand
. For comparison of MLS and NCEP data, only those

pressures are\napped to geometric atitudes by using the NCEP A

letjonship betyween pressure and height. For comparison of (
ertical resolution data such as MLS with higher resolutio
14y~

¢ use a binning method. The bins, representing atmosphefi¢
¢rs, bracket the\lower resolution data. The higher resoluffg ata
interpolated Yo the levels of the lower resolution géata yithin

ey in with
ght. Each pair ¢f values is then differenced ipfthg propriate
in. Average, standard error of the mean, and stangarg deviations
¢ computed for all\ differences within a bin.

Asshown in Platg 7, the NCEP and ML 3 data agree on average
1o |better than 1% in efractivity with a Sgndat deviation of 1to
b for the entire comparison range. Thgmean gemperature differ-

©

ces are less than

°C with a standar, KBviation of 3 to 4°C.

The final temperature and refractivity comparisons betwegen
correlative data are shown for NCEP and GOES-8 soundings. Thjs
comparison is done at the locations where GOES and GPS/ME
profiles coincide. GOES-8 covers only approximately 3% of the
r T 1 Earth and thus only 3% of the GPS/MET occultations fell within

40
T
1

the-GOES8fieldofview—Thereforeorly-32-GOES and GP
/ 1 | MET matches were found.

Plate 9 shows good average agreement between GOES and
NCEP refractivity to 2%) and temperature (1°C to 2°C) from
the surface to about 25 km. The standard deviation of refractivity
— | is about 4% near the surface and less than 1% at 25 km. The stan-
N ot i, dard deviation of the temperature difference is about 2°C from 1 to
0 5 10 25 km. The bends in the temperature comparison between 12 and
18 km are caused by a few large differences in this relatively small
sample of comparisons. GOES profiles above 25 km develop a
large warm bias compared to the NCEP analyses.

alti
20

It should be noted once again that all comparisons between

binned comparison of NCEP and TOVS soundings is showNCEP and correlative data are affected by temporal and spatial
late 8. There is agreemenio withih 1% with a 1% standard decorrelation because the gridded data are interpolated to GPS/

dibvdation=—Meartemperatore—agreementis better than1°oC-from-Ivl Qcallons andg ume ne i P_and IVIVA omparison i

to almost 40 km. Above this altitude, TOVS shows a negativénot affected in this way because both analyses are interpolated to
is of up to 5°C relative to NCEP. Wa believe that this bias i$SPS/MET locations.
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dard deviation increases in large part due to higher vertical resolu- comparisons below 6 km is primarily due to the smaller number of
tion (Plates 1 and 2) of the GPS'MET soundings which contain GPS/MET soundings that penetrate the atmosphere down to the
temperature fluctuations that are not present in the analyses. surface.

The average temperature agreement between GPS/IMET and
NCEP is within 1°C from 1 to 42 km. The dry temperature standard GPS — SONDE
deviation is approximately 2°C from 10 to 25 km, but increases be- Count
low 10 km and above 25 km. The increase in dry temperature stan- 0O 100 200 300

60

dard deviation in the lowest 10 km is due to the variable
distribution of water vapor. The increase above 25 km is caused by
the wavelike structure in temperature and the higher vertical reso-
lution of the GPS/MET data.

As shown by additional comparisons discussed later in this pa-
per, we believe that the cold bias of NCEP relative to GPS/MET @ -4 - L -4 -
temperature above approximately 48 km is an error in the analysisg
caused by the strong influence of TOVS data on the NCEP analysis<
at these altitudes.

We see a slight warm bias in NCEP relative to GPS/MET be-
tween 10 and 20 km. Because the GPS/MET soundings resolve thes o i i
temperature minimum at the tropopause better than the NCEP
analysis (Plate 1), the NCEP soundings appear warmer on the av- |
erage in this region. High resolution in the vicinity of the tropo- L I il L 1 )}
pause is important for resolving features near the tropopause (suct
as potential vorticity maxima) which are related to upper level
fronts, cyclogenesis, tropopause folds and stratospheric-tropo- o bolinlinlon, REEE IR S
spheric exchange processBsyis and Emanuel, 1991], and is an -10 -5 0 5 10 -10 -5 0 5 10
important strength of the GPS/MET occultation technique. percent delta N delta Tdry (C)

Below 6 km the number of comparisons drops sharply becauselate 12. Comparison of GPS/MET and radiosonde refractivity
fewer GPS/MET soundings penetrate the lowest troposphere dud dry temperature profiles.
to antenna gain limitations. A cutoff was applied in the first in-
stance that the signal-to-noise ratio dropped below 60 volt per volt
(viv) at an altitude below 5 km to avoid corrupted GPS/MET data 5.3.3. Comparison of GPSMET and MLS, GOES, TOVS,
from entering the statistics. and HALOE data. For comparison with MLS data, GPS/MET

Comparison of the GPS/MET and ECMWF soundings in Plat@bservations were binned within specified layers containing the
11 confirms what is shown for the NCEP comparisons. Below gower resolution MLS observations. Plate 13 shows comparisons at
km the agreement between ECMWF and GPS/MET refractivitie$he midpoints of the seven discrete layers for which MLS data are
is slightly better than the agreement between NCEP and GPS/MEAvailable. Note that GPS/MET data above 50 km are weighted in-
refractivities, which suggests that ECMWF water vapor agrees begreasingly by climatology because of decreasing signal to noise ra-
ter with GPS/MET than does the NCEP water vapor. Between fi0s at high altitudes.
and 8 km, GPS/MET dry temperatures also compare slightly better Plate 13 shows very good agreement on the average for refrac-
with ECMWF than with NCEP temperatures. The slight warm biadivity and temperature from 24 to 45 km. The mean temperatures
that was seen in the GPS/NCEP comparison between 10 and 20 kliffer by 1 to 2°C for the entire range of MLS data up to 52 km.
is not seen here, indicating better resolution of the tropopause [GPS and MLS temperatures agree on average better than NCEP
the ECMWF analyses compared to the NCEP analyses (Plate 1)and MLS temperatures, and below 30 km the standard deviation of

5.3.2. Comparison of GPS/MET and radiosonde data. For the GPS and MLS comparison is also slightly smaller. The temper-
comparison of GPS/MET and radiosonde data, we used radiosondture standard deviation increases with altitude, again due to the
soundings that were close in time and space as explained abol¥gh-frequency temperature fluctuations in the GPS/MET data
We computed refractivity and dry temperatures from the interpoa@bove 30 km.
lated sonde data and interpolated these profiles to the 200 m reso- The comparison with GOES data, shown in Plate 14, is limited
lution of the GPS/MET data. to the relatively small sample of 32 GPS/MET profiles that fell

As shown in Plate 12, the mean difference between GPS/MEWithin the GOES field of view during the test period.
and radiosonde refractivities agrees to within 1% with 1 to 2% Agreement with average GOES refractivity is of the order of
standard deviation from 2 to 25 km. The average difference of th&% from 4 to 20 km, with a standard deviation of 1 to 2% between
dry temperatures agrees to better than 0.5°C from 2 to 28 km, wittD km and 20 km and 2 to 3% between 10 and 4 km. Dry temper-
a standard deviation of 2 to 3°C above 10 km. Below 10 km thatures agree on average within 1 to 2°C from 4 to 10 km with stan-
standard deviation of the dry temperature difference increases beard deviations of 3 to 4°C. GOES and GPS/MET data do not
cause of the variability of water vapor. The drop in the number ohgree well above 25 km, with GOES data showing a large warm
correlative radiosondes above 15 km is due to a decreasing numb®as in this region. Standard deviations increase in the lower tropo-
of radiosondes that provide data above that altitude. The drop sphere because of water vapor variability.

titude

13
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above 1 km. The standard deviation a 3 km is about 0.5 mbar. TOVS, HALOE and NCEP display a several degree cold bias rel-
Again, statistics at 3 km are based on asmall number of only about ative to GPS/MET with the maximum cold bias around 50 km,
50 comparisons. Thisgood agreement is aided by the fact that most which is the mean altitude of the stratopause (Figure 1). MLS

GPS/MET occultations that penetrate to near the ground with suf- shows a much smaller cold bias in this region and agrees within 1
ficient signal strength occur in relatively dry atmospheres without to 2°C with GPS/MET.
large water vapor gradients. Because of the agreement with MLS, the strong influence of

TOVS on NCEP, the published stratospheric cold bias of HALOE,
) o and the theoretically expected performance of GPS/MET in the 10
6. Interpretation of Statistics to 50 km height range, we believe that GPS/MET temperatures
over this entire range are accurate, on average, to about 1°C. The
Statistical comparisons between correlative data, and between ~ temperature fluctuations in the GPS/MET soundings between 30
GPS/MET and correlative data, are summarized in Plate 20. Aver-  and 50 km affect the comparison statistics by increasing the stan-
age temperature agreement within +1°C is shown in green: warmé!ﬁ“d deviations. These fluctuations hav_e not, at present, been veri-
and cooler differences are shown in red and blue. The magnitudi€d and remain the subject of ongoing investigations.
of temperature differences is labeled where it occurs. The GOES soundings show a large warm bias relative to GPS/
The combined statistical comparisons of GPS/MET with radioMET between 28 and 50 km, with a maximum warm bias of 10°C
sondes, MLS, HALOE, and TOVS demonstrate that GPS/METat 40 km. Because of the good agreement among the NCEP, MLS,
temperatures between 1 and 40 km agree on average to within 1TOVS, and GPS/MET data at this level, we believe the GOES re-
with the most accurate of the other systems. From 40 to 50 krmievals are in error in this region.

altitude (km)
30 40 50 60
—

NCEP - ECMWF

NCEP - SONDE

ECMWF - SONDE

NCEP - MLS

NCEP - GOES

4 24 52

GPSMET - HALOE

I | I

40 50 60
Plate 20. Summary of temperature comparison statistics. The upper six bars compare correlative temperatures, and
the lower eight bars compare GPS/MET dry temperature to correlative dry temperatures. The data sources compared
are labeled on the left. Colored bars indicate altitude intervals of the comparisons. Regions where average
temperatures agree within +1°C are indicated in green, positive differences greater than 1°C are in red, and negative
differences less than -1°C are in blue. The magnitude of temperature differences (°C) is labeled where it occurs.
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model fields. These results support the findings of Leroy [1997],
who showed that upper tropospheric geopotential height fields
computed from GPS/MET data agreed quite closely with ECMWF
analyzed heights over datarich regions but departed strongly over
the data sparse region of the Southeast Pacific.

7. Scientific Uses of the Data

High-resolution globa observations of refractivity could be
useful in climate studies by providing accurate temperature data
above approximately 7 km and useful estimates of water vapor be-
low thislevel when areasonably accurate independent estimate of
temperature is available. However, the most powerful use of radio
occultation dataislikely to beinthedirect assimilation of the more
fundamental observations and derived products, such as refractiv-
ity, or even bending anglein high resolution global weather predic-
tion models, rather than trying to separate out temperature and
water vapor from the refractivities [Eyre, 1994; Zou et al., 1995;
Hoeg et al., 1996]. Kuo et al. [19974] show that the assimilation of
refractivity in a numerical model causes the temperature, winds,
and water vapor fieldsto adjust in amutually consistent way, |ead-
ing to amore accurate prediction of an intense cyclone. Thus there
are good reasons to expect that a dense set of refractivity observa-
tionsfrom a constellation of LEO satellites, when continuously as-
similated into globa modes, would produce significant
improvements in the global analyses of temperature, winds and
water vapor.

GPS/MET observations are complementary to other observa
tional systems. The potential strengths of GPS limb soundings in-
clude the following.

1. They can provide global and roughly evenly distributed cov-
erage at relatively low cost.

2. They are not significantly affected by clouds, precipitation or
aerosols.

3. They have high vertical resolution (ranging from 0.1-0.5 km
in the troposphere to 1.5 km in the stratosphere).

4. They require no first-guessfields and are one of the few upper
air measurement systemsthat are completely independent of radio-
sonde data.

5. They are "self-calibrating” and have no instrument drift be-
cause the basic carrier phase observations are based on time mea-
surements. Thus data from different satellites may be used without
need for intercalibration.

Potentia limitations of the radio occultation technique include
the following.

6. The relatively long horizontal scale (approximately 300 km)
of asingle observation along the path of the ray may limit the use-
fulness of the observation for resolving fine-scale atmospheric fea-
tures.

7. Like all of the satellite-based sounding data examined in this
report, the GPS/MET observations provide no direct information
on winds.

8. Reliable GPS/MET retrievals to Earth’s surface in regions of

significant water vapor have yet to be demonstrated.

For climate studies the long horizontal length scale may not b ur
a serious problem; indeed the averaging out of small-scale features by remote refractometry from space, 1zv. Acad
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using tomographic techniques. It is also possible to assimilate the
relatively large scale radio occultation measurements in models
while preserving the strong horizontal gradients in the models.

The limited penetration and related negabMeaias problem ap-
pears to be the most serious shortcoming at this time and must be
fully understood prior to launching a future GPS/MET constella-
tion. Hardware improvements at JPL and software development
and research with the GPS/MET database at UCAR are currently
under way to address this shortcoming.

While the single satellite proof-of-concept GPS/MET mission
has validated and advanced the occultation technology, its obser-
vations are of limited value for weather prediction and impact stud-
ies because of the relatively low density of the observations in
space and time. There is considerable interest in further demonstra-
tion of the value of GPS/MET observations for weather prediction
and atmospheric research. Several international GPS occultation
experiments are scheduled to be launched in the next 2 years. In ad-
dition, constellations of GPS occultation satellites have been pro-
posed by public and private groups. An eight satellite constellation
could provide 4000 daily soundings to operational centers within
hours of real time.
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