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ABSTRACT

This paper provides an overview of the methodology of and describes preliminary results from an experiment called
GPS/MET (Global Positioning System/Meteorology), in which temperature soundings are obtained from a low Earth-
orbiting satellite using the radio occultation technique. Launched into a circular orbit of about 750-km altitude and 70°
inclination on 3 April 1995, a small research satellite, MicroLab 1, carried a laptop-sized radio receiver. Each time this
receiver rises and sets relative to the 24 operational GPS satellites, the GPS radio waves transect successive layers of
the atmosphere and are bent (refracted) by the atmosphere before they reach the receiver, causing a delay in the dual-
frequency carrier phase observations sensed by the receiver. During this occultation, GPS limb sounding measurements
are obtained from which vertical profiles of atmospheric refractivity can be computed. The refractivity is a function of
pressure, temperature, .and water vapor and thus provides information on these variables that has the potential to be
useful in weather prediction and weather and climate research.

Because of the dependence of refractivity on both temperature and water vapor, it is generally impossible to com-
pute both variables from a refractivity sounding. However, if either temperature or water vapor is known from inde-
pendent measurements or from model predictions, the other variable may be calculated. In portions of the atmosphere
where moisture effects are negligible (typically above 5-7 km), temperature may be estimated directly from refractivity.

This paper compares a representative sample of 11 temperature profiles derived from GPS/MET soundings (assum-
ing a dry atmosphere) with nearby radiosonde and high-resolution balloon soundings and the operational gridded analysis
of the National Centers for Environmental Prediction (formerly the National Meteorological Center). One GPS/MET
profile was obtained at a location where a temperature profile from the Halogen Occultation Experiment was available
for comparison. These comparisons show that accurate vertical temperature profiles may be obtained using the GPS
limb sounding technique from approximately 40 km to about 5-7 km in altitude where moisture effects are negligible.
Temperatures in this region usually agree within 2°C with the independent sources of data. The GPS/MET temperature
profiles show vertical resolution of about 1 km and resolve the location and minimum temperature of the tropopause very
well. Theoretical temperature accuracy is better than 0.5°C at the tropopause, degrading to about 1°C at 40-km altitude.

Above 40 km and below 5 km, these preliminary temperature retrievals show difficulties. In the upper atmosphere,
the errors result from initial temperature and pressure assumptions in this region and initial ionospheric refraction as-
sumptions. In the lower troposphere, the errors appear to be associated with multipath effects caused by large gradients
in refractivity primarily due to water vapor distribution.

1. Introduction

On 3 April 1995, a Pegasus rocket carried aloft by
an aircraft from Vandenburg Air Force Base launched
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a small research satellite (MicroLab 1) into a circular
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(GPS) receiver to demonstrate sensing of the terres-
trial atmosphere by the GPS limb sounding method
(Melbourne et al. 1988; Ware 1992). This paper de-
scribes the first results from the GPS/Meteorology (GPS/
MET) proof-of-concept experiment' (Ware et al. 1993).

The Global Positioning System is an advanced sat-
ellite navigation system offering precision global ser-
vices. The system includes a constellation of 24 op-
erational satellites and an extensive ground control
system. Although GPS was developed for military
needs, numerous scientific and commercial applica-
tions have matured in parallel, and the number of new
applications is growing rapidly (Bevis et al. 1992;
Ware and Businger 1995). It now appears that GPS is
destined to become, in effect, a global utility upon which
many manufacturing and service industries will rely.

In a companion paper, Businger et al. (1996) pro-
vide an overview of the applications of GPS in atmo-
spheric science. They discuss the use of ground-based
GPS receivers to estimate precipitable water with an
accuracy comparable to, and in some cases better
than, that of water vapor radiometers. In the GPS limb
sounding method (Fig. 1), atmospheric soundings are
retrieved from observations obtained when the radio
path between a GPS satellite and a GPS receiver in
low Earth orbit (LEO) traverses Earth’s atmosphere
(Hardy et al. 1992). When the path of the GPS signal
begins to transect the mesopause at about 85-km al-
titude, it is sufficiently retarded that a detectable
1-mm (3 x 107" s) delay in the dual-frequency car-
rier phase is observed by the LEO GPS receiver. GPS
transmitter and LEO receiver clock errors are mini-
mized through differencing of LEO GPS data with
ground-based GPS data from tracking stations sup-
ported by the National Aeronautics and Space Admin-
istration (NASA) and the International GPS Service
(Zumberge et al. 1994; Ware and Businger 1995). As
the signal path descends through successively denser
layers of the atmosphere, the excess path increases
to approximately 1 km (3 x 1076 s) at Earth’s surface.
Thus, the atmosphere creates a signal with about six
orders of magnitude in dynamic range.

A single LEO GPS receiver can observe more than
500 occultations per day, with roughly uniform glo-

'The University Corporation for Atmospheric Research (UCAR)
has a contract with Orbital Sciences Corporation, operator of
MicroLab 1, that gives UCAR exclusive rights to the GPS/MET
data for scientific use. UCAR is providing the data free of charge
to scientists around the world via the World Wide Web (http://
pocc.gpsmet.ucar.edu).
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bal coverage. This method promises to provide valu-

able measurements of refractivity. As discussed in the

appendix, refractivity depends on temperature and

water vapor through two terms, a dry and a wer term.

Without knowing one term or the other, neither tem-

perature nor moisture profiles can be recovered in the

general case. Therefore, when temperature profiles are
the goal, GPS limb sounding is useful only where
moisture effects are negligible (and, hence, tempera-

ture can be calculated directly from refractivity with
the wet term set to zero), including stratospheric, up-
per-tropospheric, polar, and other regions of the at-
mosphere with temperatures lower than 250 K, or
where ancillary water vapor or temperature estimates
are available (such as from independent measure-
ments, model predictions, or climatology). However,
as shown later, refractivity itself may be valuable in
weather forecasting and as a global temperature
change signal.

2. History of radio occultation
methodology

The atmospheric measurements reported here are
based on a radio occultation technique that was first
developed at the Jet Propulsion Laboratory (JPL) and
used by Stanford University for application to stud-
ies of planetary atmospheres and ionospheres. Radio
occultation experiments at JPL and Stanford have
played a prominent role in the NASA program for

Non-Occulting GPS Satellite Non-Occulting GPS Satellite
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Fi1G. 1. Schematic of a GPS/MET sounding of the Earth’s
atmosphere (not to scale). The ray path descent through the neutral
atmosphere lasts a minute or more, depending on the relative
positions of Earth and the LEO and GPS satellites. Radio path
delays observed as the ray path approaches the Earth’s surface
can be as large as several kilometers with ray path bending as
large as 1 deg. Path delay profiles can be converted to refractivity
profiles.
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solar system exploration for more than three decades.
They have contributed uniquely to studies of the at-
mospheres of Venus (Kliore et al. 1965; Fjeldbo and
Eshleman 1969; Fjeldbo et al. 1971; Newman et al.
1984), Mars (Fjeldbo and Eshleman 1968; Lindal et
al. 1979), the gas giants Jupiter, Saturn, Uranus, and
Neptune (Lindal et al. 1981, 1985, 1987, 1990; Lindal
1992) as well as the outer-planet satellites Io, Titan,
and Triton (Kliore et al. 1975; Lindal et al. 1983; Tyler
et al. 1989), and to studies of planetary ring structure
(Tyler 1987).

Typically, experiments involved a spacecraft trans-
mitter linked to a terrestrial receiver via a centime-
ter-wavelength radio signal. The spacecraft trajectory
was selected so that the propagation path from the
spacecraft to Earth passed through the planetary
atmosphere under study, producing distinctive varia-
tions in the amplitude and phase of the received
signal. These variations were then used to infer the
thermodynamic structure of the atmosphere of these
planets.

Russian scientists investigated the potential of the
occultation technique, aided by refraction observa-
tions from space, of the Sun as it is occulted by Earth’s
atmosphere (Gurvich et al. 1982). Subsequently, the
use of GPS occultations for sensing the terrestrial at-
mosphere was proposed by Melbourne et al. (1988).
More recently, investigators at JPL conducted experi-
ments designed to refine the occultation methodology
for use in sensing Earth’s atmosphere, using a high-
performance GPS receiver from a mountain top
(Meehan et al. 1991). This experience base, combined
with the availability of GPS, set the stage for devel-
opment of an accurate and reliable method for remote
sensing of the terrestrial atmosphere.

3.Characteristics of other upper-air
observational systems

To put the characteristics of GPS limb sounding
data and the preliminary GPS/MET temperature re-
trievals discussed later (section 7) into perspective, we
first summarize the characteristics of other upper-air
observational systems.

a. Radiosondes

Since the establishment of the global radiosonde
network beginning in the 1940s, radiosondes have
been the mainstay of the global upper-air observing
system. In 1991 there were more than 1000 radiosonde
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stations operated by 92 nations using 39 different
types of radiosondes (NOAA 1992). Under ideal con-
ditions and careful calibration, radiosondes are quite
accurate, with temperatures accurate to about £0.5°C
and relative humidities accurate to within a few per-
cent, except under very low temperatures or very high
or low relative humidities (Shea et al. 1994; Ahnert
1991; Luers and Eskridge 1995). Under operational
conditions, relative humidity measurement errors are
considerably greater than a few percent. Radiosondes
provide data from near the surface to a height of about
30 km. Because of pressure errors, temperature accu-
racies are degraded in the upper troposphere and
stratosphere, with typical errors of 1°C above 250 mb
increasing to as large as 4°C at 10 mb (Nash and
Schmidlin 1987). Radiosondes produce soundings
with high vertical resolution, resolving features with
vertical scales of a few tens of meters. However, the
coverage of radiosondes is uneven over the globe and
sparse to nonexistent over the oceans. The temporal
resolution is also fairly low (12-h frequency at best,
and many countries take only one observation per
day), and they suffer from substantial changes in in-
strumentation with time (e.g., Schwartz and Doswell
1991). In particular, for humidity, complicating fac-
tors have been the use of low-quality sensors and
changes in the type of humidity sensing element and,
more important, changes in reporting procedures at
low humidity (e.g., Elliott and Gaffen 1991). Costs
are an additional issue, especially for developing
countries. The upper-air radiosonde-observing net-
work reached its peak during the Global Weather Ex-
periment (1979), and the number of soundings has
since declined by about a third (Trenberth 1995).

b. Satellites

Since the first meteorological satellite, TIROS-1,
was launched on 1 April 1960, satellites have played
an increasingly important role in providing first me-
teorological images and later temperature, moisture,
and wind data for use in operational weather predic-
tion and for research. TIROS-1 provided only cloud
images; the first satellite producing wind data was
ATS-1,launched 6 December 1966. The first satellite
producing temperature and water vapor soundings was
Nimbus 111, launched in 1969. The first operational
satellite producing temperature and water vapor
soundings was NOAA-2, launched in 1972.

Atmospheric soundings are produced by satellites
in polar and geostationary orbits. The present genera-
tion of operational polar orbiters began with NASA’s
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prototype TIROS-N, launched in 1978, followed in
1979 by NOAA-6, the first operational spacecraft
in the series, and based on the design of NASA’s
TIROS-N. Two of these satellites usually operate si-
multaneously, one in a morning and the other in an
afternoon orbit around Earth, thus providing four ob-
servations of the entire Earth each day. These satel-
lites carry the High Resolution Infrared Sounder,
stratospheric sounder unit, microwave sounding unit
(MSU), and the Advanced Very High Resolution
Radiometer. Data from the microwave radiometers
are unaffected by clouds and light rain, but those from
the infrared radiometers are contaminated by clouds
and aerosols.

The United States operates two Geostationary Op-
erational Environmental Satellites (GOES) located
over the equator at about 75° and 135°W longitude.
They provide frequent cloud images, from which
cloud motions are measured to estimate winds at cloud
altitudes, and soundings of a large portion of the
Western Hemisphere. The first of a completely new
design, GOES-8, became operational early in 1995,
and the second was successfully launched 23 May
1995. Japan and Europe also operate meteorological
satellites in geostationary orbit and make the data
available to the world. However, neither satellite in-
cludes sounding capabilities.

Vertical profiles of temperature and water vapor are
determined from satellites by instruments that detect
radiances, or electromagnetic energy emitted at spe-
cific wavelengths or frequencies. The instruments are
designed to measure radiation in wavelengths or spec-
tral channels that originate in broad layers in the at-
mosphere. For example, the Visible and Infrared Spin
Scan Radiometer (VISSR) Atmospheric Sounder,
which has been carried on the GOES since Septem-
ber 1980, is composed of 12 channels. Three of these
peak at the surface, and the others peak at 950, 850,
600, 500, 450, 400, 150, 70, and 40 mb (Hayden
1988). The new GOES sounder has 19 channels.

Given a first-guess temperature and moisture pro-
file, the radiative transfer equations can be “inverted”
using the observed radiances in these channels to pro-
duce temperature and moisture profiles. The inversion
process involves calculating temperature and moisture
corrections to the first guess based on differences be-
tween the observed and calculated radiances or
“brightness temperatures.”

It is difficult to estimate the accuracies and other
characteristics of such satellite-derived soundings
because they are highly dependent on the quality of
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the first-guess profiles. However, some general state-
ments may be made. Sources of error include contami-
nation by clouds and aerosols (with infrared sound-
ers), space—time sampling problems, instrumentation
limitations, and calibration drift. Because the satellites
detect vertically integrated radiances, the vertical reso-
lution is generally rather coarse (typically greater than
5 km), and atmospheric temperature inversions, in-
cluding the tropopause, are often missed or smoothed
heavily. The low vertical resolution also tends to in-
troduce biases in the soundings. Horizontal gradients
of temperature and moisture tend to be underestimated
by the retrievals due to the poor vertical resolution of
passive sounders. Hayden (1988) gives a table of sta-
tistics of satellite retrievals of temperature and
dewpoint compared to the best estimate of these val-
ues over a data-rich region. From this table, we esti-
mate typical errors of satellite retrievals of tempera-
ture and dewpoint to be in the range of 1°-2°C and
4°-10°C, respectively. This estimate is consistent with
the results of a comparison of layer mean tempera-
tures derived from radiosondes and satellites by Lee
and Schmidlin (1991), who found that the satellite-
retrieved layer temperature agreed with the radiosonde
within +1.2°C. High spectral resolution infrared in-
struments containing several thousand spectral chan-
nels are under development and have the potential to
improve the vertical resolution and accuracy of sat-
ellite nadir soundings (Smith et al. 1990).

Global atmospheric temperature datasets have been
constructed from satellite MSU measurements of the
National Oceanic and Atmospheric Administration’s
(NOAA) polar satellite series (Spencer and Christy
1990; Spencer et al. 1990). MSUs sample the entire
globe twice daily from each of the two satellites with
different equator-crossing times. One MSU channel
is sensitive to thermal emission from molecular oxy-
gen in the middle troposphere and is relatively insen-
sitive to water vapor and the Earth’s surface, thereby
providing excellent long-term stability required for at-
mospheric monitoring. Moreover, the excellent agree-
ment between two MSUs on different satellites
(NOAA-6 and NOAA-7), where the monthly mean
hemispheric temperatures are reproduced to within
about 0.01°C, confirms the suitability of this channel
as a monitoring tool. The temperature-weighting func-
tion for channel 2 has a broad peak near 500 mb.
Trenberth et al. (1992) and Hurrell and Trenberth
(1992) have evaluated the MSU observations and
compared them with surface and numerical weather
model temperatures throughout the atmosphere. They
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conclude that MSU temperatures are a valuable tool
for monitoring global temperatures. However, MSU
observations are limited because they lack vertical
resolution and cannot resolve critical structures like
the tropopause and other temperature inversions.

Satellite soundings of atmospheric moisture from
Special Sensing Microwave/Imager microwave mea-
surements from the polar-orbiting Defense Meteoro-
logical Satellite Program spacecraft (Schlussel and
Emery 1990) are useful for the total-column integral
(the precipitable water). However, these and infrared
sounders are unable to provide useful information on
the vertical profiles and structure of moisture in the
atmosphere (Illari 1989). Moreover, their useful cov-
erage is restricted primarily to oceanic areas.

In summary, advantages of the satellite soundings
available operationally today include good global
coverage, high horizontal resolution, and, for the geo-
stationary satellites, high temporal resolution (every
hour, or even more frequently in special situations).
Disadvantages include relatively low accuracies and
low vertical resolution (compared to the radiosonde)
and the interference of clouds and aerosols with the
infrared radiances, which leads to contamination of
the sounding or prevents the calculation of soundings
below clouds altogether.

¢. Commercial aircraft

Some commercial aircraft, through the Aeronauti-
cal Radio, Inc. Communication Addressing Report-
ing System (ACARS), provide thousands of accurate
wind and temperature data daily to support operational
weather prediction (Brewster et al. 1989). These data,
however, are generally confined

merly the National Meteorological Center (NMC)] as
of June 1995 (J. Derber 1995, personal communica-
tion). They are derived from a combination of care-
ful comparisons among observing systems, precision
tests of instruments, and educated subjective estimates
based on experience. These error estimates include
both the random instrument error and sampling errors
that arise from unrepresentativeness of a single mea-
surement (due to small-scale atmospheric variability).
For this reason, and because these error estimates are
tuned to give the best results with this particular fore-
cast model, they are generally higher than the abso-
lute measurement errors associated with a particular
instrument or system. Another contribution to the rela-
tively high satellite temperature errors (compared to
the error estimates of 1°-2°C quoted earlier) is that
the satellite temperature errors are correlated in space
rather than being random, independent observations.
Thus, it is the relative (to each other) size of the er-
rors shown in Table 1 that is important. We see in
Table 1 that the greatest temperature errors are in the
upper troposphere and lower stratosphere where GPS
limb sounding temperatures are likely to be most ac-
curate. This suggests that the use of GPS limb sound-
ing temperature observations in this region have the
potential to significantly improve the global analyses
of temperature and the operational global forecasts.

4, Characteristics of GPS limb sounding

The potential strengths of GPS limb soundings in-
clude all-weather global coverage, high vertical reso-

to cruising altitudes (9-12 km)
and flight paths of commercial
aircraft. Observations are also

TasLE 1. Observation temperature error standard deviations used in spectral statistical
interpolation for the Global Spectral Model at NCEP, June 1995.

taken on ascent and descent near
major airports.

Temperature errors (°C)

Observational system 1000 mb 700 mb 500 mb 300mb 100mb 50 mb
d. Summary of upper-air
temperature observation Radiosonde 1.8 1.3 1.3 2.0 31 4.0
errors
. Aircraft reports 27 27 29 34 4.6 46
Table 1 shows the estimates po, - U
of temperature error standard  Dropsondes 1.8 13 1.3 2.0 3.1 4.0
deviations of various observa- : -
tional systems used in the spec- ~ ACARS 18 1.3 13 20 3 4.0
tral statistical interpolation for Sat H_“t 1 . ' ' 4'7 S 3 0 40 ) 4 5 40 o 40 o
. al 1€ clear sKies . . . . 8 .
the global spectral model at the Mee ‘ )
National Centers for Environ-  gatettite cloudy skies 5.6 46 46 50 45 45
mental Prediction [NCEP, for-
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lution, high accuracy, high long-term stability, and
cost effectiveness. A description of GPS and GPS
limb sounding inversion methodology is included in
the appendix.

A single GPS/MET satellite could provide roughly
500 refractivity soundings per day, through clouds and
aerosols, with global coverage repeated every 12 h.
From these refractivity soundings, valuable informa-
tion on temperature or water vapor profiles can be
derived. Hardy et al. (1992) estimate that soundings
can be obtained beginning from about 60-km altitude
and extending downward nearly to the surface over
water and most land areas. Figure 2 shows the global
distribution of soundings produced during one day by
the MicroLab I satellite in the GPS/MET experiment.
The number of soundings shown is less than the maxi-
mum possible of roughly 500 per day because of
1) antenna-pointing and memory limitations for the
MicroLab 1 satellite, 2) the requirement for simulta-
neous tracking of the occulting GPS satellite by the
LEO receiver and one of the five high-rate ground-
based GPS tracking stations (described in the appen-
dix), and 3) only setting (and not rising) occultations
were observed.

The vertical resolution of several hundred meters
to 1 km gives GPS limb sounding an advantage over
most space-based atmospheric sensors. In particular,
the radio occultation method provides vertical resolu-
tion comparable to the best limb sounders and signifi-
cantly better than nadir-viewing satellite radiometers.
On the other hand, GPS limb soundings represent an av-
erage measurement over a horizontal distance of sev-
eral hundred kilometers, whereas the horizontal resolu-
tion of satellite radiometers is generally 20 km or less.

FiG. 2. Locations of GPS/MET soundings obtained during 7 h
on 23 June 1995. Vertical soundings appear as single diaronds,
and oblique soundings appear as a connected series of diamonds.
Fewer than the maximum possible number of 500 daily soundings
were observed because of satellite and tracking network
limitations.
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GPS/MET measurements enjoy inherently high
precision because they are fundamentally carrier
phase measurements made in a high signal to noise
ratio (SNR) environment, except in the lower tropo-
sphere. This in turn results in a phase delay dynamic
range of approximately 10°. In contrast, all passive
radiometers, limb and nadir pointing, rely on signal
amplitude measurements made in a comparatively low
SNR environment, resulting in lower dynamic range.

One of the most elegant and attractive features of
the GPS/MET instrument is its inherent stability.
There is literally nothing in the instrument itself re-
quiring adjustment or calibration once the satellite is
in orbit and in operation. GPS satellite and GPS/MET
receiver positions with an accuracy of roughly 1 m
are needed, but this has been easily attained using
currently existing software and readily available glo-
bal GPS tracking data (Zumberge et al. 1994). The
GPS phase is referenced to a ground-based hydrogen
maser with Af/f< 107 over 100 s. In contrast, space-
based radiometers often require frequent in-orbit cali-
bration, typically by measuring first the brightness
temperature of deep space (2.7°C) and then a warm
target on the spacecraft, monitored by platinum resis-
tance thermometers. For example, the NOAA MSUs
flown on the TIROS series required a separate cali-
bration for every Earth scan.

Perhaps the single most intriguing characteristic of
GPS limb sounding is its ability to leverage so effec-
tively the multibillion dollar investment in GPS and
commercial GPS receiver technology. No other space-
based atmospheric sounding instrument even ap-
proaches the combination of small size, low mass and
power, low cost of the GPS/MET payload, and all
solid-state reliability. Future instruments, driven by
the demand for high-performance commercial receiv-
ers, may be so small and affordable that their use will
be limited only by the capacity of the ground segment
to process and use the data. If the projected performance
can be realized, these characteristics make constella-
tions of GPS limb sounders economically feasible and
capable of providing thousands of soundings daily.

Weaknesses of the GPS/MET measurement system
include an ambiguity in the signal between tempera-
ture and water vapor, and errors introduced by
multipath effects. The long horizontal averaging dis-
tances imposed by limb scanning (Fig. 1) can be ei-
ther a strength or a weakness, depending on the ap-
plication. Using geometric optics, each sample of oc-
cultation data can be associated with a point in space
known to within a few meters, representing a mov-
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ing average in the horizontal dimension of several
hundred kilometers. The cross-beam resolution is ap-
proximately the same as the vertical resolution. Al-
though long horizontal averaging distances may limit
the application of GPS limb sounding for small-scale
applications, horizontal averaging may increase the
value of the method for large-scale weather and cli-
mate applications.

No existing single observational system can fully
determine the global atmospheric temperature and
water vapor structure. Every existing system has
strengths and weaknesses regarding accuracy, spatial
and temporal resolution, representativeness of volume
sampled, and cost. However, many of the strengths
and weaknesses of GPS limb sounding are comple-
mentary to those of other space- and ground-based
sensors. Ongoing research should be focused on the
question of how to best assimilate GPS limb sound-
ing information so as to exploit its strengths and on
the use of complementary systems in areas where it
is weak. For example, a sounding with high horizon-
tal and vertical resolution could be obtained by com-
bining a GPS limb sounder and nadir radiometer.

5.Accuracy of temperature and water
vapor profiles

When a GPS satellite, as viewed from the GPS/
MET receiver, rises or sets, the GPS signal arrival time
is delayed because of the refractive bending and slow-
ing of the signal as it passes through Earth’s atmo-
sphere. As discussed by Melbourne et al. (1994a) and
summarized in the appendix, the bending angle of
the ray can be calculated from this delay. Further, the
vertical profile of atmospheric refractivity can be cal-
culated from the bending angles. Errors in refractiv-
ity arise from a number of sources, including 1) ref-
erence oscillator frequency drift in the LEO, GPS sat-
ellite, or ground-based GPS tracking receivers; 2) er-
rors in receiver tracking; 3) precision orbit determina-
tion; 4) ionospheric effects that are not corrected by the
dual-frequency phase measurements; 5) tracking er-
rors due to multipath effects in the lower troposphere;
and 6) departures from the atmospheric spherical sym-
metry assumed in the current inversion algorithms.

The relationship between refractivity, temperature,
and water vapor is given by Eq. (A8) in the appen-
dix. It follows that the temperature may be computed
from known values of pressure P, refractivity N, and
water vapor pressure e, as
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where P and e are given in millibars and 7 is in

Kelvins. Alternatively, if temperature is known, the

water vapor pressure is given by

_T*N-T71.6PT

3.73(10°) @)

Several theoretical estimates of the temperature
error resulting from reasonable estimates of the ba-
sic measurement errors listed above have been made
assuming a dry atmosphere [e¢ = 0 in Eq. (1)]. Neglect-
ing ionospheric and humidity effects, Melbourne et al.
(1994a) estimate that the temperature error increases
exponentially with height from less than 0.1°C near
the surface to 1°C at 50 km (because of the neglect
of the ionosphere and water vapor, these are lower-
bound estimates). More realistic simulations
(Melbourne et al. 1988) indicate that the temperature
errors between 5-7 and 40 km, where moisture ef-
fects are negligible, should be less than 1°C.
Gorbunov and Sokolovskiy (1993) performed simu-
lations with a global atmospheric circulation model
and found temperature and geopotential height errors
of 0.3°C and 3 m, respectively, at equivalent altitudes,
with significantly larger errors near the surface. Simu-
lations using the UCAR inversion code that produced
the temperature profiles in this paper agree closely
with these earlier estimates.

We may estimate the relationship between errors
or uncertainties in temperature and water vapor pres-
sure by differentiating Eq. (2) under the assumption
of no errors in N or P:

L (IN-716P)

3.73(10°) ©)

For typical values of N = 300, P = 1000 mb, and T
=273 K, we have

Ae =0.23AT, or AT = 4.35Ae. (4)

From Eq. (1) we see that the neglect of moisture

produces a cold bias in the derived temperature. We
can use Eq. (4) to estimate the errors associated with
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deriving water vapor profiles from known values of
refractivity and independently estimated tempera-
tures, or vice versa. Specifically, water vapor pres-
sure can be estimated using in situ sensors to within
0.5 mb if temperature is known to within 2°C. This
would be a useful estimate of water vapor over much
of the lower atmosphere, where e typically varies
between 5 and 20 mb and measurement or sampling
errors of water vapor pressure are often greater than
1 mb. It may be more difficult to obtain useful tem-
perature estimates given independent estimates of
water vapor pressure, since e would have to be known
to at least 0.23 mb (averaged over several hundred
kilometers) to obtain temperature estimates accurate
to within 1°C. Thus, the accuracy of moisture pro-
files will depend on the accuracy with which the tem-
perature profile can be modeled or measured by in-
dependent means. Hajj et al. (1994) estimated that
the error in relative humidity below 6 km will be less
than 10%, providing that the temperature error is less
than 2°C.

6. Spatial coverage and resolution

Spatial coverage is primarily a function of the
GPS/MET spacecraft orbit. A simulator capable of
predicting occultations as a function of the LEO or-
bit has been used to study a variety of orbits between
700 and 1000 km with inclinations from 45° to 99°.
For the case of a single LEO receiver in a 900-km sun-
synchronous polar orbit (and 24 GPS satellites), ap-
proximately 670 occultations per day will take place.
Of these, approximately 500 would have geometry fa-
vorable for useful soundings with fore- and aft-view-
ing GPS antennas. By optimal selection of the orbit,
it is possible to obtain a roughly uniform distribution
over the entire surface of the earth. The GPS limb
sounding technique will work equally well over water
and land areas. In mountainous regions, profiles will
not be available wherever the ray path is below the top
of the terrain. Actual GPS/MET sounding locations
for a 7-h period on 23 June 1995 are shown in Fig. 2.

Vertical and cross-beam resolutions are defined
primarily by Fresnel diffraction and are expected to
be several hundred meters near the ground increas-
ing to 1 km near 60-km altitude (Melbourne et al.
1994a) with possible higher vertical resolution using
Fresnel deconvolution. Along-path resolution will be
200-300 km (Kursinski et al. 1993). Recovered pa-
rameters represent weighted averages across the sam-

26

pling volume. The vertical resolution is significantly
better than that available from space-based nadir-
viewing radiometer instruments. Moreover, the sam-
pling volume center is known much more precisely,
limited primarily by horizontal atmospheric inhomo-
geneities and differences in bending angles for the
dual-frequency GPS signals. The vertical sampling
interval is determined by the GPS/MET carrier phase
sampling rate of 50 Hz. Since a typical occultation
scans 60 km in altitude in approximately 60 s, the
average vertical sampling interval is about 20 m. The
high vertical resolution for GPS limb soundings and
high horizontal resolution for nadir radiometric
soundings could be combined. Bengtsson et al. (1995)
simulated concurrent processing of data from both
sounding methods and achieved a factor of 2 reduc-
tion in residual GPS limb sounding error.

7. Proof of concept experiment

The first GPS/MET observation was carried out on
16 April 1995, 13 days after the successful launch of
MicroLab 1. The first inversion of this observation,
which is located over Ecuador about 150 km from
Guayagquil, is shown in Fig. 3. The data were inverted
under a number of simplifying assumptions, includ-
ing the neglect of water vapor, the use of 1-Hz aver-
ages of the 50-Hz GPS/MET receiver data, and a
simple linear combination of the dual GPS frequen-
cies for ionospheric correction. In spite of these sim-
plifying assumptions, the sounding showed consider-
able realism compared to the standard U.S. tropical
atmosphere model for April and agreed remarkably
well with the closest radiosonde, which was located
500 km northeast of the GPS sounding. The neglect
of water vapor causes the cold bias in the GPS/MET
sounding below about 8 km in Fig. 3.

Figure 4 shows four representative GPS/MET tem-
perature retrievals compared to nearby radiosonde
data and to the temperatures provided by the NCEP glo-
bal analysis, interpolated in time and space to the loca-
tion and time of the GPS/MET sounding. In these
comparisons, the GPS/MET temperature retrievals are
calculated assuming a dry atmosphere, as discussed ear-
lier; this assumption causes a cold bias in the lower tropo-
sphere where water vapor becomes an important effect.

The soundings in Fig. 4a correspond to a location
near Port Harrison, Canada (which is in the extreme
northwestern portion of the province of Quebec). The
GPS/MET temperatures, the temperature from the
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