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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

4]

Occulting GPS Sateliite
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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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77.6P+[6022.0P" + 14.92(105)eN]V ?
T= , (

1)
2N

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-
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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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sounding matches six nearby radio-
sondes quite well from 31 to about
7 km and again resolves the tropo-

pause very well. From 6 to 3.5 km,

“|Notes:

(1) 1s data only;
data used

(2) LC Phase Ionospheric
correction
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neglect of the effect of water vapor
causes a cold bias of approximately
8°C in the GPS/MET sounding.

The sounding shown in Fig. 4c,
which is over the Aleutian Islands

no HR s

L]
(4]

n
o
I |

southwest of Anchorage, Alaska,
agrees well with the nearby radio-
sonde and with the NCEP analysis

W RS _106_1200_04.7N_074.2W

MSL Altitude, km
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@® USAF Equatorial Climate Model i

from 26 down to 3 km. Below 3 km,
the retrieved temperatures indicate the
receiver probably encountered strong
defocusing and/or multipath. In gen-
eral, these early GPS/MET retrievals
have difficulty getting below 5 km,

0001_01

10

probably due to a number of difficul-
ties associated with the evolving in-
version algorithms, defocusing of the
GPS signal by atmospheric lens effects,

multipath, receiver cycle slips and loss
of lock, and possible terrain effects.
Figure 4d shows a sounding in the

70 " 50 -30
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Fic. 3. The first inversion of a GPS/MET sounding, completed 26 April 1995.
The observation occurred 16 April 1995 over Ecuador. The U.S. Air Force (USAF)
tropical atmosphere model and nearby radiosonde (RS) profiles are also shown.

nearby radiosonde (approximately 100 km away in
space and 3 h in time), and the temperatures from the
NCEP analysis agree to within about 3°C from about
31 (the highest altitude reached by the radiosonde) to
5 km (the lowest altitude reached by the GPS/MET
sounding). The GPS/MET sounding shows high ver-
tical resolution and provides an excellent estimate of
the location and temperature minimum of the tropo-
pause. The complex structure of the temperature pro-
file at and near the tropopause, in which the profile
shows a kink feature consisting of a weak local maxi-
mum of temperature above the tropopause followed
by a further decrease of temperature with height is
seen in many of the GPS/MET soundings and, to the
extent that this structure is revealed by the lower-reso-
lution radiosondes and the NCEP analysis, appears
to be real.

The sounding in Fig. 4b, located near Freiburg,
Germany, shows that the GPS/MET temperature
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Southern Hemisphere, near Adelaide,
Australia. Again, the GPS/MET re-
trieval matches the two nearby radio-
sonde soundings and the NCEP analy-
sis well and also captures the complex
temperature structure at and above the
tropopause.

Figure 5, a sounding that reaches downward to
about 1 km above the surface over the Kamchatka
Peninsula, shows the pronounced effect of water va-
por in the lower troposphere. A rough calculation us-
ing Eq. (3b) shows that the cold bias of approximately
17°C at 1 km corresponds to a water vapor pressure
of 4 mb. This estimate agrees fairly well with the ob-
served value of approximately 5.0 mb as estimated
from the two nearby radiosondes. The kink feature in
the tropopause is well depicted by the GPS/MET
sounding in Fig. 5.

Figure 6 shows a GPS/MET retrieval over Charles-
ton, West Virginia, compared to three nearby radio-
sondes, the NCEP analysis, and two high-resolution
research radiosondes. As in the previous examples, the
GPS/MET retrieval agrees well with the other sound-
ings in the upper troposphere and stratosphere where
water vapor effects are negligible. Of note in Fig. 6
is the presence of vertical oscillations in the tempera-
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Fic. 4. GPS/MET soundings observed (a) 5 May 1995 over northwest Quebec, east of Hudson Bay and on 4 May 1995 (b) near
Freiburg, Germany; (c) over the Aleutian Islands southwest of Anchorage, Alaska; and (d) near Adelaide, Australia. GPS
antispoofing (A/S) was off, and a dry atmosphere was assumed. Also shown are nearby radiosonde (RS) and interpolated profiles
from the NCEP analysis. The discontinuous dotted curve below 3 km in (c) is probably caused by loss of lock and/or multipath in
the GPS/MET data.
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ture profile on the scale of 2 km be-
tween 10 and 20 km in the high-reso-

lution soundings, confirming the same %

scale of oscillations in the GPS/MET
retrieval. The high-resolution sound-

ings also show vertical oscillations on %

a scale of a few hundred meters,
which do not appear in this analysis
of the GPS/MET sounding.

-]
(4]

Figure 7 shows another compari-
son (over South Dakota) with high-res-
olution balloon data. This GPS/MET
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o
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retrieval captures the vertical tem-
perature structure well but shows a
cool bias throughout most of the sound-

MSL Altitude, km

.
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NMC_125_0630_59.0M_167.5E

ing compared to three high-resolution
soundings and one radiosonde, all
launched 5 h before the GPS/MET

sounding. The agreement is close to 10

the other radiosonde, launched 7 h
after the GPS/MET sounding, and to

the NCEP analysis, which is interpo- 5-
lated to the location and time of the
GPS/MET sounding. The cool bias

may be attributed to the 5 h of cold ad- 0
vection that occurred following the
earlier soundings. The GPS/MET
sounding in Fig. 7 again indicates the
difficulty in the retrieval process be-
low about 7 km.

Figure 8 shows a comparison of a
GPS/MET sounding over western Lake
Superior with two high-resolution bal-
loon, two radiosonde soundings, and the NCEP analy-
sis. As in previous soundings, the GPS/MET sounding
shows excellent agreement with the other data.

Figure 9 shows a GPS/MET sounding over north-
western China (northwest of Beijing) compared to 10
radiosondes and the NCEP analysis. This figure gives
a good idea of the range of variability of radiosonde
temperature profiles due to the combined effect of
different radiosonde errors and variations due to
differences in location and time; the typical range of
temperatures among the 10 radiosondes is 5°C with
some differences exceeding 10°C. The GPS/MET
sounding tends to run through the middle of the 10
radiosondes, except in the lower troposphere where
moisture effects are important.

Figure 10a depicts a sounding, located over
Parkersburg, West Virginia, with a pronounced kink
in the temperature profile above the tropopause. That
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Fic. 5. GPS/MET sounding observed 5 May 1995 over the Kamchatka Peninsula,
Russia. The cool GPS/MET temperature bias in the lower troposphere is due to
atmospheric moisture. Also shown are nearby radiosonde (RS) and interpolated
profiles from NCEP analysis.

this kink in the GPS/MET retrieval is real is demon-
strated by two high-resolution soundings taken 4 h
earlier. The vertical structure in the region of the
tropopause is highlighted in Fig. 10b, which enlarges
the soundings in Fig. 10a between 9 and 19 km. The
agreement between the GPS/MET sounding and the
closest high-resolution sounding is remarkable.
Figure 11 compares preliminary temperature re-
trievals in the upper part of the stratosphere from
GPS/MET and the Halogen Occultation Experiment
(HALOE). Here, there are no radiosonde or NCEP
data. We found one occultation that was reasonably
close in space and time to a temperature retrieval from
the HALOE instrument, carried on the Upper Atmo-
sphere Research Satellite. HALOE measures the at-
tenuation of solar radiation as the sun rises or sets rela-
tive to the satellite. The HALOE sounding shows a
smooth and realistic variation of temperature with
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and climate research. The potential con-
tribution of GPS limb sounding data
to these scientific areas is discussed

below, followed by a brief description
of some of the other areas of science
that may ultimately benefit from the

availability of GPS occultation data.

a. Weather analysis

i GPS limb sounding could lead to
f significant improvements in opera-
: tional weather forecasting by provid-
ing high-resolution temperature and
moisture data on a global basis,
complementing existing in situ and
remote sensing observations. Section
3 described the strengths and weak-
nesses of the radiosonde, satellite, and

commercial aircraft observations.
GPS limb sounding has the potential
to build upon the strengths of these

systems and contribute to better ob-
servational coverage in both time and
space with good vertical resolution of
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Fic. 6. GPS/MET sounding observed 5 May 1995 near Charleston, West Virginia.
Also shown are high-resolution radiosonde temperature profiles (CL), radiosonde

(RS), and interpolated profiles from NCEP.

height, with a maximum around 45 km. In contrast,
two GPS soundings, which differ in the use of ground-
based GPS tracking stations (see appendix), show un-
realistic, large oscillations above 40 km with respect
to the HALOE data. These oscillations, and the dif-
ferences between the two soundings, appear to be re-
lated to boundary conditions at the initialization point
for the retrieval inversion algorithm in the upper at-
mosphere. Future refinements in boundary condition
modeling may reduce the oscillations. In any case, the
two solutions damp exponentially with decreasing
elevation and converge below about 40 km.

8.Scientific uses of GPS limb sounding
data

GPS limb sounding data have the potential to be ap-
plied in the high-priority areas of weather forecasting
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temperature and moisture over both
oceans and continents, thereby improv-
ing the accuracy of numerical four-di-
mensional data assimilation analyses.

Although GPS limb soundings
have the potential to enhance the
analysis and prediction of weather and
climate, significant research is re-
quired to assess this potential in detail and develop
capabilities to derive maximum benefit from this new
source of atmospheric data. Fundamental studies are
needed to 1) quantify the accuracy of retrieved tempera-
ture and moisture profiles for the spectrum of real at-
mospheric conditions that will be encountered, 2) deter-
mine how these data can be most effectively used by
weather forecast models, and 3) enhance the accuracy
and resolution of the data by combining these models
and other data sources with the retrieval process. In ad-
dition, data acquisition in the lower troposphere is
currently degraded by defocusing and multipath, and
improved tracking strategies and algorithms are needed.

Preliminary simulations indicate that the optimum
way of using GPS limb sounding data in numerical
weather prediction models may be to assimilate more
fundamental observables, such as refractivity profiles
or even bending angles (Eyre 1994), directly into the
model rather than assimilating temperature and water
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vapor profiles derived from the refrac- |

tivity profiles (Zou et al. 1995). Zou’s

approach minimizes the difference be- as -

tween a model prediction and the ob-
served profile of refractivity in a cer-
tain time window.

b. Global change research
Although there is consensus in the

M
[}

scientific community that climate
change is likely as a result of the ob-
served increases in greenhouse gases
in the atmosphere (Houghton et al.
1990, 1992), there is much uncer-
tainty about the magnitude and details
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document the climate and how it is
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changing with time. The need is for 10
both regional and global monitoring
of many climatological variables.

wn

A long record of GPS limb sound-
ing observations could have a signifi-
cant impact on climate and global

change issues. One of the signals ex- 0

pected from the increases in green- 70

house gases from anthropogenic
sources is in global mean tempera-
ture. However, detection of the ex-
pected lower-tropospheric global
warming is confounded by flawed
and patchy observations, by natural
variability that adds climatic noise to
the system, and because observed climate change is
not geographically uniform. Therefore, although there
are clearly established upward trends in several green-
house gases, it has not yet been possible to establish
unequivocally that the approximately 0.5°C increase
in global surface temperatures observed over the last
century is caused by increases in greenhouse gases.

An important indicator of climate change associ-
ated with temperature change is an expected increase
in water vapor (Rind et al. 1991; Gaffen et al. 1992).
Water vapor itself is also a strong greenhouse gas,
providing feedback effects that can substantially en-
hance temperature changes. Increases in greenhouse
gases are expected to warm the lower troposphere and
cool the stratosphere, with the amount of cooling in-
creasing with height to at least 30 km (10 mb).

The detection of any greenhouse gas—induced tem-
perature trends in the stratosphere is compounded by
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Fic. 7. GPS/MET sounding observed 5 May 1995 over South Dakota. The erratic
behavior of the GPS/MET profile below about 7 km may be a result of defocusing
of GPS signals by atmospheric gradients. Also shown are nearby high-resolution
balloon (CL), radiosonde (RS), and interpolated profiles from the NCEP analysis.

the very large natural variability there. This variabil-
ity is associated with the stratospheric quasibiennial
oscillation, decadal timescale changes associated with
solar activity (Van Loon and Labitzke 1990), sudden
stratospheric warmings, and the effects of changes in
ozone concentrations. In addition, the observational
record is limited at most to four decades. Therefore,
it has not been possible to detect a greenhouse gas
signal in stratospheric temperatures. Nevertheless,
global long-term GPS limb sounding measurements
of stratospheric temperature may be useful for global
climate research.

A related global change issue is the loss of ozone
in the stratosphere arising from the increases in hu-
man-made chlorofluorocarbons (CFCs). CFCs are
essentially inert in the troposphere but break down in
the stratosphere and lead to depletion of ozone through
complex heterogeneous chemistry. The most pro-
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have been identified as key indicators
of global change, it may be possible
to interpret refractivity profiles as a

35
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“holistic global change indicator.”
Model results support the conclu-
sion that refractivity profiles could

[
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provide a useful parameter to measure
long-term changes and trends in the
global atmosphere. Using the Na-
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tional Center for Atmospheric Re-
search Community Climate Model
and ray tracing tools, Yuan et al.
(1993) demonstrated that the change
in refractivity resulting from a dou-
bling of atmospheric CO, would be
significant. This finding is important
since refractivity profiles derived
from GPS limb soundings will gener-
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ally be more accurate than the derived
temperature or moisture profiles.
Moreover, as illustrated in Fig. 12,

Yuan et al. (1993) found that the to-
tal raw GPS limb sounding propaga-
tion delay measured as a function of
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Fic. 8. GPS/MET sounding observed 4 May 1995 over western Lake Superior.

Also shown are nearby high-resolution balloon (CL), radios
interpolated profiles from the NCEP analysis.

nounced example of this is the emergence of the ozone
hole at high latitudes during the spring in the South-
ern Hemisphere. Stratospheric temperatures are very
critical to this process, as the polar stratospheric ice
cloud particles, which play a key role in facilitating
the chemical reactions leading to ozone depletion,
form mainly at very low temperatures. Stratospheric
cooling from increases in greenhouse gases may ex-
acerbate ozone losses. Improved understanding of
temperature changes in the stratosphere, important for
global change research, could be accomplished using
GPS limb sounding data.

As discussed in section 5c and the appendix, an-
cillary data from other sources usually will be required
to derive either temperature or moisture profiles from
GPS occultation data. However, profiles of atmospher-
ic refractivity are retrieved directly from GPS occul-
tation data. Since refractivity is a function of atmo-
spheric temperature and moisture and these variables
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height may provide an even more fun-
damental integrated signal of global
change. If temperature and moisture
increase with global warming, the to-
tal propagation delay will also in-
crease, providing another measure of
global change.

Climate change has also been
linked to volcanic activity. An injection of material
from a large volcanic eruption can result in massive
amounts of aerosol in the lower stratosphere, which
significantly limit satellite infrared observations of this
and lower regions. However, because these aerosols
change the radiative forcing of the atmosphere, this
is precisely the time and place where accurate obser-
vations are needed to determine how the atmospheric
thermal structure is changing to achieve overall radia-
tive energy balance. Unlike passive infrared radiom-
eters, the accuracy of GPS limb sounding observations
will be relatively unaffected by these aerosols.

onde (RS), and

c. Other research opportunities

GPS limb sounding technology also will provide
an opportunity for global mapping of the ionosphere
with sufficient temporal and spatial resolution to in-
vestigate many important dynamical processes in the
ionosphere/thermosphere system and their relation to
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processes in the atmosphere and solid 40

Earth. For example, data from GPS
limb sounding could be useful in the
study of gravity waves, which trans- 35
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port energy and momentum through
the neutral atmosphere and iono-
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further to the science objectives of
global change research and weather

forecasting. 5
As an example of another opportu-

nity, adding a LEO GPS receiver to

the growing fiducial network used for 0

S~am

GPS precision geodetic surveys will -70
improve the accuracy of all positions
taken in ways not possible with an ex-
clusively Earthbound fiducial net-
work. This will occur primarily due to
the improved GPS orbits obtained
when the geometry of a fiducial net-
work includes an orbiting receiver, as demonstrated
for the TOPEX/POSEIDON satellite by Melbourne
et al. (1994b). Improved GPS orbits will improve the
accuracy of a variety of scientific applications of GPS
(e.g., Ware and Businger 1995). For example, as
shown by Malla et al. (1992), a detailed covariance
analysis indicates that GPS will be more effective in
the study of crustal deformation *. . . when data col-
lected from low Earth-orbiting satellites as well as
from ground sites are combined, enhancing the accu-
racy and resolution for measuring high frequency geo-
physical signals over timescales of less than one day.”

Another opportunity follows from the fact that
anisotropic turbulence in the horizontal atmospheric
structure may cause considerable amplitude variations
in the occultation signal (Dalaudier et al. 1994). Mea-
surement of these fluctuations will allow determina-
tion of turbulence parameters responsible for vertical
atmospheric diffusion.

analysis.
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Fic. 9. GPS/MET sounding observed 5 May 1995 northwest of Beijing, China.
Also shown are nearby radiosonde (RS) and interpolated profiles from the NCEP

In addition, accurate temperature profiles are
needed as initial conditions for many existing and
planned passive satellite remote sensing systems (e.g.,
humidity, ozone, other trace gases). GPS limb sound-
ing could help provide these profiles.

Finally, the combination of GPS-sensed refractiv-
ity profiles (from space) and GPS-sensed precipitable
water vapor data (from the ground) could be assimi-
lated into four-dimensional models to improve the def-
inition of temperature and moisture over continents.

9. Summary

Preliminary results show that accurate vertical tem-
perature profiles from an altitude of approximately 40
to about 5 km can be obtained using the GPS limb
sounding technique. GPS/MET-derived temperatures
in this region usually agree within 2°C with tempera-
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FiG. 10. GPS/MET sounding observed 4 May 1995 near Parkersburg, West Virginia: (a) regular and (b) expanded view from 9- to
19-km altitude. Erratic behavior of the GPS/MET profile below about 8 km may be a result of defocusing of GPS signals by atmospheric
gradients. Also shown are nearby high-resolution batloon (CL), radiosonde (RS), and interpolated profiles from the NCEP analysis.
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tures measured by nearby balloon soundings and with
temperatures interpolated in time and space from the
NCEP analysis. GPS/MET profiles have a vertical
resolution of about 1 km and routinely resolve the
location and the temperature of the tropopause.

Data above 40 km and below 5 km from these pre-
liminary GPS/MET analyses require improved inter-
pretation. In the upper atmosphere, the major difficul-
ties are associated with the upper-atmosphere bound-
ary conditions and possibly with the ionosphere. In
the lower troposphere, the problems are probably
linked to multipath effects caused by pressure, tem-
perature, and water vapor gradients. These difficul-
ties are being investigated.

Appendix: Background and theoretical
aspects of GPS limb sounding
observations

a. GPS characteristics
GPS includes 24 operational satellites, four in each
of six 12-h 20 000-km circular prograde orbits, all in-
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clined 55° to produce global coverage. The GPS sat-
ellites transmit two L-band carrier frequencies:
1575.42 (LL1) and 1227.6 MHz (L.2). Each carrier is
phase modulated by a precise ranging code (P-code)
consisting of pseudorandom bit sequences at
10.23 Mb s™!. In addition, the L1 carrier is modulated
with a 1.023-Mb s™! pseudorandom bit sequence used
for the coarse (or clear) acquisition code (C/A-code).
The transmit time, as kept by the clock onboard each
GPS satellite, is precisely known for each bit in the
sequence. A GPS receiver identifies the incoming
code bits and measures their arrival time, as kept by
the receiver clock, with a precision of better than 1%
of a bit length (about 1 ns or 30 cm for the P-code).
A priori GPS orbital positions and clock offsets be-
tween GPS satellites are broadcast to the user along
with other information on a 50-bps data message su-
perimposed on the L1 and L2 carriers. The difference
between the known transmit time and observed arrival
time is a measure of the distance between the satel-
lite and receiver plus the clock offset between trans-
mitter and receiver clocks, a quantity referred to as
pseudorange. A receiver simultaneously measuring
pseudoranges to four satellites can instantaneously de-

Vol. 77, No. 1, January 1996



termine its three components of po- N5
sition and its time offset from GPS le

time, typically with an accuracy of —

10-15 m and better than 1 us, respec-

1 SIc |
* @PS_125_1016_15.48_166.4w_0045_02

+ GPS_125_1016_15.48_166.4wW_0045_03

80
tively. Modern receivers can also

measure and keep continuous count
of carrier phase with a precision of

® U/H_125_0503_14.8S_162.7W

better than 0.5% of a wavelength (ap- 70

proximately 1 mm). Continuous |
phase can then be used to construct a
record of position change with milli-

=1
o

meter precision.
For reasons of national security,
current U.S. government policy calls

5]
(=]

MSL Altitude, km

for limiting access to the Precision
Positioning Service (PPS) and the
accuracy of the Standard Positioning

Service. Two techniques are used to 40

limit the access and the accuracy of
GPS: selective availability (S/A)
and/or antispoofing (A/S). The A/S

technique is a process used to deny 30
users access to the full capabilities of
the system by encryption of the high-
rate P-code normally required for 20

]

high-precision measurements. When -100
so encrypted, the high-rate code is re-
ferred to as the Y code. Unless the
user has the required encryption key
to track the Y code, the user will not
have access to the PPS. The S/A tech-
nique is believed to involve the delib-
erate introduction of small, random
errors in the broadcast satellite
ephemeris data and in the transmitted carrier and/or
clock frequency. Uncorrected, S/A can result in po-
sition errors on the order of 100 m.

The TurboRogue GPS/MET receiver uses a code-
less option when A/S is on, and L2 carrier phase track-
ing is performed without explicit knowledge of the Y
code. Most codeless techniques use the Y code resid-
ing on both the L1 and L2 carriers with cross or
autocorrelation to recover full wavelength L2 phase.
The penalty of using a codeless technique is minor
when good SNR conditions prevail or when the phase

_dynamics of the tracked signal are sufficiently predict-
able so that signal averaging can be performed. There-
fore, use of codeless techniques for recovery of full
wavelength L2 phase (for altitudes of about 6—40 km)
results in SNR-induced errors that are small compared
to other error sources. However, for the lower tropo-
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FiG. 11. Two retrievals are shown for a single GPS/MET measurement on 5 May
1995 near Western Samoa in the South Pacific. Each used a different GPS fiducial
tracking site. A temperature sounding from the Halogen Occultation Experiment is
shown for comparison. We attribute the large oscillations in the GPS/MET retrievals
and differences between them to differences in the assumed initial altitude and
pressure conditions near 70 km.

sphere where adverse SNR and signal dynamics pre-
vail and in the upper stratosphere where SNR and
ionospheric correction errors prevail, the use of high-
gain antennas and Y-code receivers (when A/S is on)
may be required to fully exploit the potential of GPS
limb sounding.

A technique known as double differencing is em-
ployed in high-accuracy GPS geodesy to cancel most
transmitter and receiver clock errors. By differencing
observations of a given GPS satellite at two receiv-
ers, clock errors and S/A dithering for that satellite are
canceled. This is referred to as a single difference
(SD). If SDs are formed for a second GPS satellite and
differenced with the first SD, a double difference is
formed canceling errors common to the receiver
clocks. If double differencing is used in conjunction
with receiver clocks synchronized to better than 1 ms,

35



20 T T T T T 207 T T

CONTROL ........
2xC02

HEIGHT (km)
3
HEIGHT (km)
S

(o] T T R S 0 i fosed s
0 500 1000 1500 2000 2500 -100 O 100 200 300 400
DELAY (m) CHANGE IN DELAY (m)

Fic. 12. Change in delay for tropical zone 10°S-10°N,
averaged over the month of July, for climate model simulations
of present-day and doubled carbon dioxide levels (Yuan et al.
1993).

S/A is effectively canceled, just as normal clock er-
rors are canceled (Rocken and Meertens 1991). There-
fore, A/S and S/A do not preclude the use of the GPS
for occultation measurements.

For GPS/MET, ground-based data collected from
precisely known 1-Hz GPS fiducial tracking sites are
double differenced with the data collected from the
GPS/MET LEO receiver. The tracking sites used for
GPS/MET, located in Australia (Tidbinbilla), Alaska
(Fairbanks), California (Pasadena), Germany
(Potsdam), and Hawaii (Kokee Park), are part of the
worldwide International GPS Service network.

b. Retrieval methodology »
The process described below might be considered
the classic retrieval method. The fundamental prin-
ciples have evolved over time from the original plan-
etary occultation work conducted at JPL and Stanford
(described in section 2) and are similar to methods
used in seismology (Phinney and Anderson 1968). A
detailed description of the retrieval methodology of-
fered below is provided by Melbourne et al. (1994a).

1) COMPENSATING FOR THE IONOSPHERE

To extract information on the neutral atmosphere,
propagation delays caused by the ionosphere must be
isolated and removed from the signal. Electrons in the
ionosphere cause a frequency-dependent delay in the
phase of received GPS signals. Anticipating the need
for ionospheric corrections, GPS planners designed
into the system the use of two carrier frequencies, L1
and L2, as previously described. By using dual-fre-
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quency phase measurements and knowledge of the
inverse square relationship between the ionospheric
group delay and the frequency of each carrier, a simple
linear correction can be derived. According to a study
conducted by Hajj and Kursinski (1991), a simple lin-
ear combination correction is accurate to 1 mm for
nighttime occultations below 80 km. The error in-
creases above 80 km. Because of high electron den-
sity variability in the daytime ionosphere, the simple
linear combination correction is good only to 1-5 cm
below 80 km, primarily due to splitting of the L1 and
L2 rays. The required correction can be expressed as
follows:

AT, =15336AT;,_,,, (A1)
where ATL] is the ionospheric time delay for L1 and
AT, is the measurable difference in delay between
L1 and L2. The Doppler frequency offset, also af-
fected by the ionosphere, can be modeled with a simi-
lar linear correction:

Af,; =3.529(Af, - Af)s (A2)

where (Af, , — Af, ) is the measurable Doppler differ-
ence (Spilker 1978).

The dominant residual error of traditional iono-
spheric correction results from the different bending
of L1 and L2 carriers (Hardy et al. 1993). To reduce
this effect, Vorob’ev and Krasilnikova (1994) sug-
gested a modified method of ionospheric correction
based on a linear combination of separate refraction
angles for the two carriers. This method, used in analy-
sis of the results presented here, assumes the same
impact parameter instead of the same time (the im-
pact parameter is defined in the following section).
Correcting for ionospheric effects completes the first
step in the recovery of meteorological data from the
GPS/MET observables.

2) RECOVERING ATMOSPHERIC INDEX OF REFRACTION

The fundamental measurement in the GPS limb
sounding technique is phase delay resulting from
transmission of the GPS signal through the atmo-
sphere. Total atmospheric delay is a function of two
factors: ray bending due to refraction and reduced
propagation velocity in the atmosphere. The radio sig-
nal propagating from the GPS transmitter to the LEO
receiver follows a path through the atmosphere that
curves distinctively in response to atmospheric gra-
dients in refractive index. The cumulative effect of the
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atmosphere on the ray path can be expressed in terms
of the total refractive bending angle ¢, which has a
known relationship to the atmospheric Doppler shift.
For Earth’s atmosphere, the maximum bending angle
is on the order of 0.03 rad (1.5°). The atmospheric
Doppler shift is in turn determined by taking the time
derivative of the observed phase. The variation of o
with experiment geometry can be characterized
through use of an impact parameter a, defined as the
perpendicular distance between the center of the
planet and the straight line followed by the ray ap-
proaching the atmosphere. When combined with a
precise knowledge of the geometry (obtained concur-
rently from other GPS satellites), each sample of phase
data (corrected for ionospheric effects) can be con-
verted to the corresponding values for @ and a. This
step is straightforward and involves simple geometri-
cal considerations, basic laws of geometrical optics,
and relativistic formulas for Doppler shift.

For an atmosphere with local spherical symmetry
(i.e., no significant asymmetric horizontal variations
in temperature or moisture), and having determined
the bending angle o(a) as described above, there is a
unique relationship between o(a) and p(r), the atmo-
spheric refractive index as a function of radius r. The
refractive index profile u(r) is then derived through
an Abel transform of the measurements of ofa) ob-
tained over the complete occultation:

17  afa)
Inpr,) = p J;—_—_—az)lﬂ da. (A3)

where a_ is the value of a for the ray whose radius of
closest approach is r. Application of Eq. (A3) will
provide the index of refraction profile through the
atmosphere. This transformation assumes 1) the atmo-
spheric shells are spherical and 2) each shell has a
uniform index of refraction, that is, no horizontal
variations.

The assumption of spherical symmetry is a limita-
tion that must be overcome to achieve the generality
desired for an operational system. Some state-of-the-
art ray-tracing algorithms developed for seismology
do not depend on this assumption.

c. Relationship of refractivity to meteorological
parameters
Atmospheric parameters of interest can be derived
from the refractive index profile through the follow-
ing sequence of steps. To simplify the explanation, the
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process will first be described for the case of dry air.
Then the effect of moisture will be considered.

1) DRrY AIR CASE

First, as the index of refraction 1 is close to unity
in the terrestrial atmosphere, it is convenient to de-
fine the refractivity:

N =(u-1)10°. (A4)
For dry air, N can be expressed as
P
N=776—
= (AS)

where P is the pressure in millibars and T is the tem-
perature in kelvins. Furthermore, by virtue of the
equation of state, Eq. (A5) may be written as

N=71.6pR, (A6)
where p is the air density in kg m™ and R is the gas
constant for dry air. Equation (A6) shows that p is di-
rectly proportional to A for dry air, so that p(r) can
be obtained easily from u(r). Next, P(r) can be ob-
tained from p(7) by integrating the equation of hydro-
static equilibrium:

P[0z =—gp, (A7)
where z is the altitude and g is the acceleration of grav-
ity. Finally, T can be obtained from P and p using the
equation of state. In summary, for dry air, vertical pro-
files of p, P, and T can be obtained from p(r) in a di-
rect and simple manner.

2) GENERAL CASE

The procedure described above must be modified
to account for the presence of water vapor. When the
effect of water vapor is included, the expression for
the refractivity is

N= 77.6? +3.73(10°)e/T?, (A8)

where e is the vapor pressure of water in millibars.
The first or dry term has been supplemented by a con-
tribution from the second or wet term due to water
vapor, which can be substantial in the lower tropo-
sphere. The wet term also exhibits considerable varia-
tion with location and time. The separate contributions
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to N by the dry and wet terms cannot be distinguished
uniquely through occultation measurements. This in-
troduces an ambiguity into the profiles of p, P, and
T; the effects of water vapor at variable and uncer-
tain concentrations are indistinguishable from the ef-
fects of variations in temperature and pressure.

At altitudes above the tropopause, this ambiguity
is not a significant problem as the contribution to the
refractive index by water vapor is nearly always much
less than 2%. Similarly, the contribution of moisture
to refractive index is negligible throughout the polar
atmosphere during winter. In the lower troposphere,
ambiguity can be overcome. For example, if the tem-
perature profile in the troposphere were known from
model calculations, then moisture profiles could be
retrieved from the measurements. This approach will
work best in tropical regions where the temperature
profiles exhibit relatively small changes, but mois-
ture fields change significantly in space and time. It
should be emphasized that £ and N can still be deter-
mined uniquely regardless of the abundance of water
vapor.
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The Promise of GPS in
Atmospheric Monitoring

Steven Businger,* Steven R. Chiswell,* Michael Bevis,* Jingping Duan,”
Richard A. Anthes,* Christian Rocken,* Randolph H. Ware,*
Michael Exner,* T. VanHove,* and Fredrick S. Solheim*

ABSTRACT

This paper provides an overview of applications of the Global Positioning System (GPS) for active measurement of
the Earth’s atmosphere. Microwave radio signals transmitted by GPS satellites are delayed (refracted) by the atmo-
sphere as they propagate to Earth-based GPS receivers or GPS receivers carried on low Earth orbit satellites.

The delay in GPS signals reaching Earth-based receivers due to the presence of water vapor is nearly proportional
to the quantity of water vapor integrated along the signal path. Measurement of atmospheric water vapor by Earth-
based GPS receivers was demonstrated during the GPS/STORM field project to be comparable and in some respects
superior to measurements by ground-based water vapor radiometers. Increased spatial and temporal resolution of the
water vapor distribution provided by the GPS/STORM network proved useful in monitoring the moisture-flux conver-
gence along a dryline and the decrease in integrated water vapor associated with the passage of a midtropospheric cold
front, both of which triggered severe weather over the area during the course of the experiment.

Given the rapid growth in regional networks of continuously operating Earth-based GPS receivers currently being
implemented, an opportunity exists to observe the distribution of water vapor with increased spatial and temporal cov-
erage, which could prove valuable in a range of operational and research applications in the atmospheric sciences.

The first space-based GPS receiver designed for sensing the Earth’s atmosphere was launched in April 1995. Phase
measurements of GPS signals as they are occluded by the atmosphere provide refractivity profiles (see the companion
article by Ware et al. on page 19 of this issue). Water vapor limits the accuracy of temperature recovery below the
tropopause because of uncertainty in the water vapor distribution. The sensitivity of atmospheric refractivity to water
vapor pressure, however, means that refractivity profiles can in principle yield information on the atmospheric humid-
ity distribution given independent information on the temperature and pressure distribution from NWP models or inde-
pendent observational data.

A discussion is provided of some of the research opportunities that exist to capitalize on the complementary nature
of the methods of active atmospheric monitoring by GPS and other observation systems for use in weather and climate
studies and in numerical weather prediction models.

1. Introduction

Soon after the launch of the space age, it was rec-
ognized that the predictable orbits of satellites provide
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a valuable reference frame for global navigation sys-
tems. Twenty years ago, the first Global Positioning
System (GPS) tracking network was established by the
U.S. military to link the satellite reference frame to
Earth. The military network includes five globally dis-
tributed tracking stations that provide orbit determi-
nations with 10-m accuracy. More recently, civilian
organizations from various nations have established
the International GPS Service network, which in-
cludes more than 50 globally distributed tracking sta-
tions and provides orbit determination with 50-cm ac-
curacy in support of geodetic and geophysical research
activities.



Today, the Global Positioning System consists of
a constellation of 24 satellites that transmit L-band
radio signals (~19- and 22-cm wavelengths) to large
numbers of users engaged in navigation, time trans-
fer, and relative positioning. A number of applications
of meteorological utility have emerged as a product
of this positioning technology. For example, as the
cost and weight of GPS receivers have decreased, they
are increasingly being used in balloon instrument tran-
sponders to provide location information and, thereby,
information on layer-mean winds. There is also the
possibility of using the receivers for quasi-Lagrangian
air parcel tracking (e.g., Businger et al. 1996; Barat
and Cot 1995). GPS technology can provide wind
speed measurements with an accuracy of 0.1 m s, is
not susceptible to atmospheric electrical interference,
and allows for simultaneous tracking of multiple bal-
loons. These advantages, in addition to threats of the
demise of the navigational aids loran (Long Range
Navigation) and Omega, favor GPS systems for ra-
diosonde and dropwindsonde applications (e.g., Boire
et al. 1993). Accurate position and timing informa-
tion is also crucial to research that uses the travel time
of acoustic waves to probe global sea surface tempera-
tures; the travel time of acoustic waves can then be
related to the mean sea surface temperature along the
path of the wave. This paper will focus on the appli-
cation of GPS in active atmospheric measurement.

There are two primary methods by which GPS can
be used to actively sense properties of the Earth’s at-
mosphere. The first technique involves data collected
by dual-frequency GPS receivers at fixed locations on
the ground. GPS signals are delayed and refracted by
the gases composing the atmosphere as they propa-
gate from GPS satellites to the Earth-based receivers
(Fig. 1). In particular, a significant and unique delay
is introduced by water vapor because it is the only
common atmospheric constituent that possesses a per-
manent dipole moment. This dipole moment is caused
by an asymmetric distribution of charge in the water
molecule, and it retards the propagation of electro-
magnetic radiation through the atmosphere. Per mole,
the refractivity of water vapor is ~17 times that of dry
air. Water’s permanent dipole moment is also directly
responsible for the unusually large latent energy as-
sociated with water’s changes of phase, which in turn
significantly impacts the vertical stability of the atmo-
sphere, the structure and evolution of storm systems,
and the meridional and radiational energy balance of
the earth—atmosphere system. Thus, knowledge of the
distribution of water vapor is essential in understand-
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ing weather and global climate (Stephens and
Greenwald 1991; IPCC 1992).

The sensitivity of atmospheric refractivity to the
presence of water vapor makes it possible for Earth-
based GPS receivers to provide time series data on
integrated water vapor above the receiver site. The
delay in propagation of microwave radiation to Earth-
based receivers introduced by water vapor is referred
to as the “wet delay” and is nearly proportional to the
quantity of vapor integrated along the signal path. In
liquid water and ice, the hydrogen bond between wa-
ter molecules greatly reduces the contribution of the
dipole moment to the delay. Thus, the presence of
cloud water and ice does not discernibly affect the
GPS measurement of water vapor. The ionospheric
delay is dispersive (frequency dependent) and can be
determined by observing both of the frequencies trans-
mitted by GPS satellites and exploiting the known dis-
persion relations for the ionosphere (Spilker 1980;
Brunner and Gu 1991). Ionospheric delays affecting
observations recorded by a dual-frequency GPS re-
ceiver can be eliminated without reference to obser-
vations recorded by other GPS receivers in the same
network. If the position of the receiver is accurately
known and the ionospheric delay has been accounted
for, an estimate of the vertically integrated water va-
por overlying the receiver can be derived from the
GPS signals and observations of surface temperature
and pressure (Bevis et al. 1992, 1994; Rocken et al.
1993, 1995; Duan et al. 1996). Integrated water va-
por represents the total latent heat available in the col-
umn from the vapor, and as such it has the potential
to provide a powerful constraint to numerical weather
prediction (NWP) models (Kuo et al. 1993, 1996) and
in weather analysis. -

A second approach for monitoring the Earth’s at-
mosphere using GPS signals arises from efforts more
than 30 years ago to study the atmospheres of other
planets (see Melbourne et al. 1994 for a review). Co-
herent dual-band radio signals transmitted by a radio
telescope to a spacecraft on the far side of a planet
are bent through the planet’s atmosphere on their way
back to Earth, where a receiver picks up the signal.
Profiles of the planetary atmosphere’s pressure and
temperature are then recovered from the two-way dif-
ferential phase measurements (Melbourne 1976).
Radio occultation, as this technique is called, has been
used to probe the atmospheres and ionospheres of the
planets and their moons, as well as certain physical
properties of planetary surfaces and planetary rings
(e.g., Fjeldbo et al. 1971; Lindal et al. 1981).
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With the recent launch of a GPS re-
ceiver on a low Earth orbit (LEO) sat-
ellite (see the companion article by
Ware et al. 1996), the radio occulta-
tion technique is now being applied to
the Earth’s atmosphere. When the
GPS receiver aboard the LEO tracks
a GPS satellite as it occults the Earth’s
atmosphere, the arrival time of the
GPS signal at the receiver is delayed
because of the refractive bending and
slowing of the signal as it traverses the
atmosphere (Fig. 1). By measuring
the change in carrier phase over the
entire occultation event (~60 s for the
neutral atmosphere), the atmospheric
refractive index can be determined as
a function of altitude. Temperature
and pressure profiles can then be de-
rived through a downward integration
using the known linear relationship
between refractivity and density of
dry air, the gas law, and the assump-
tion of hydrostatic equilibrium.

Water vapor, the most variable and
inhomogeneous of the major constitu-
ents of the troposphere, limits the ac-
curacy of temperature recovery below
the tropopause because of uncertainty
in the water vapor distribution. How-
ever, the sensitivity of atmospheric re-
fractivity to water vapor pressure
means that refractivity profiles can in
principle yield information on the glo-
bal atmospheric humidity distribution
and abundance, given independent in-
formation on the temperature and
pressure distribution from NWP mod-
els or independent observational data
(Gurvich and Krasil’nikova 1990;
Gorbunov and Sokolovskiy 1993;
Ware et al. 1996).

atmosphere.

2.Earth-based GPS meteorology:
A meteorological signal from geodetic
noise

A primary task of geodetic GPS algorithms is to
calibrate the delay or “equivalent excess path length”
introduced by the refractivity of the Earth’s atmo-
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GPS Meteorology

Fic. 1. A schematic diagram of GPS meteorology showing GPS signals passing
from GPS satellites, orbiting at heights of ~20 000 km, through the intervening Earth’s
atmosphere to Earth-based receivers and to a low Earth orbit satellite. The delay of
signals arriving at Earth-based receivers is proportional to the intervening integrated
water vapor. Signals propagating from the GPS satellite to the LEO satellite at a height
of about 775 km are refracted by the Earth’s atmosphere during the ~60-s period
before the signal is occulted by the Earth, providing a refractivity profile of the

sphere. The ionosphere introduces a delay that can be
determined and removed by recording the phase
angles of the carriers of both of the frequencies trans-
mitted by GPS satellites and exploiting known disper-
sion relations for the ionosphere (Spilker 1980). The
remaining delay, due to the electrically neutral atmo-
sphere, can be divided into two parts: a hydrostatic
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delay and a wet delay (Saastamoinen 1972; Davis et
al. 1985). Both delays are smallest for paths oriented
along the zenith direction and increase approximately
inversely with the sine of the elevation angle. Most
expressions for the delay along a path of arbitrary el-
evation consist of the zenith delay multiplied by a
mapping function that describes the dependence on
elevation angle (Davis et al. 1985; Leick 1990). For
example, assuming the atmosphere above a GPS an-
tenna is azimuthally isotropic and neglecting the cur-
vature of the Earth, the wet delay along a line with
elevation angle e is related to the zenith wet delay by
the mapping function (sin e)™': wet delay equals zenith
wet delay times (sin e)™!, where e is the elevation angle.

Since the hydrostatic delay-is due to the transient
or induced dipole moment of all the gaseous constitu-
ents of the atmosphere including water vapor, the term
hydrostatic delay is favored over the sometimes used
term “dry delay.” The hydrostatic delay is well deter-
mined from pressure measurements, and at sea level
it typically reaches about 2.3 m in the zenith direc-
tion. It is possible to calculate the zenith hydrostatic
delay to better than 1 mm, given surface pressure mea-
surements accurate to 0.3 mb or better. The basis for
estimating the precipitable water in the atmosphere
arises from the fact that the wet delay is closely re-
lated to the quantity of water vapor overlying the re-
ceiver. The zenith wet delay (ZWD) can be less than
10 mm in arid regions and as large as 400 mm in hu-
mid regions. Significantly, the daily variability of the
wet delay usually exceeds that of the hydrostatic de-
lay by more than an order of magnitude, especially in
temperate areas (e.g., Elgered et al. 1990). Zenith wet
delay can be estimated from GPS data as part of the
overall least squares inversion for the coordinates of
the GPS receivers, the orbital parameters of the GPS
satellites, and other geodetic parameters of interest
(Bevisetal. 1992; Rocken et al. 1993; Duan et al. 1996).

If we state integrated water vapor in terms of pre-
cipitable water (PW), the height of an equivalent col-
umn of liquid water is

PW = J-r&dz , (1)
o Pw

where r is the mixing ratio, p, is the density of dry air,

and p_is the density of liquid water. It can then be shown

(Askne and Nordius 1987; Bevis et al. 1994) that

PW =T1(ZWD), )

where ZWD is given in units of length. The dimen-
sionless constant of proportionality

=109 p, R s/, +k2'):|_1 3)

is a function of empirical constants related to the re-
fractivity of moist air (k, and k,’), the gas constant for
water vapor (R ), and a mean temperature of the at-
mosphere 7 defined (Davis et al. 1985) as

B J(e/T)dz

" () @

where e is the water vapor pressure and T is the
temperature.

As a rough rule of thumb, the ratio PW/ZWD =11
~ 0.15, but the actual value of the parameter IT de-
pends on the summation of the local climate controls
(e.g., location, elevation, and season) and it can vary
by as much as 15% (Bevis et al. 1992). Figure 2 shows
the daily and seasonal variability inIT calculated from
radiosonde data for Greensboro, North Carolina. It is
significant that the amplitude of the daily fluctuations
is of the same order of magnitude as that of the sea-
sonal change. Nearly all of the spatial and temporal
variability of IT is derived from the variability of 7 .
Therefore, the accuracy with which a GPS-derived

Greensboro, NC
T
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Fic. 2. Ratio of PW to ZWD, or I, calculated for two years
(January 1990 to January 1992) of radiosonde data from
Greensboro, North Carolina.
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ZWD estimate can be transformed into an estimate of
PW is determined by the accuracy to which we can
estimate the value of T . By using NWP models to
estimate 7 at each GPS receiver as a function of time,
one can estimate the coefficient IT used to map the
ZWD onto PW with a relative error of less than 1%
(Bevis et al. 1994). Alternatively, in an approach that
is more convenient but slightly less accurate (£2%),
one can use a regression based on surface tempera-
ture and climatology (Bevis et al. 1992). Rocken et
al. (1993) and Bevis et al. (1994) provide more com-
prehensive discussions of error sources.

Most GPS processing software packages in use
today model the neutral atmospheric delay given the
assumption of azimuthal isotropy. That is, mapping
functions characterize line of sight (or pointed) delays
solely in terms of the zenith delay and elevation angle
measured from a horizon 90° from the local zenith.
In fact, horizontal refractivity gradients, mainly asso-
ciated with the inhomogeneity of water vapor, are
known to produce azimuthal variations in delay (Ware
et al. 1996). Algorithms have been developed to char-
acterize azimuthal anisotropy (Herring 1992). To do
s0, it is necessary to increase the number of param-
eters from one (the zenith delay) to at least three and
the number of predictor variables from one (elevation)
to two (elevation and azimuth). The estimation of azi-
muthal variation is currently used in Very Long
Baseline Interferometry analysis, and it is likely that
this new class of mapping function will be incorpo-
rated in GPS processing on a routine basis. The ad-
vantages are twofold: taking proper account of azi-
muthal anisotropy will lead to better estimates of the
zenith wet delay and, hence, PW, and information will
be provided on the direction and magnitude of hori-
zontal gradients in PW.

3. Results from the field

During May 1993, a field experiment called
GPS/STORM was conducted to evaluate Earth-based

'The University Navstar Consortium (UNAVCO) provides equip-
ment and assistance to academic investigators using GPS for sci-
entific research. UNAVCO operates as a program of the
University Corporation for Atmospheric Research and is sup-
ported by the National Science Foundation and NASA.
2GPS/STORM was funded by the National Science Foundation
and was conducted in coordination with NOAA’s Forecast Sys-
tems Laboratory Demonstration Division and the DOE Atmo-
spheric Radiation Measurement program.
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Fic. 3. (Top) Map of the GPS/STORM region showing the
locations of the GPS receivers () and NWS radiosonde sites (+).
(Bottom) Map showing remote GPS sites (labeled circles) used
in absolute water vapor estimation.

GPS measurement of atmospheric water vapor in
a region infamous for severe weather. During
GPS/STORM, university and UNAVCO! scientists
installed GPS receivers and ground-based microwave
radiometers at five National Oceanic and Atmospheric
Administration (NOAA) wind profiler sites and at the
Department of Energy’s (DOE) Southern Great Plains
Cloud and Radiation Testbed sites near Lamont
(LAMO), Oklahoma (Fig. 3, top).2 The sites were cho-
sen to take advantage of the existing operational in-
frastructure at the NOAA profiler sites. The mounted
GPS receiver antenna is shown in Fig. 4.

To estimate the zenith wet delay (ZWD) and thus
PW, knowledge of the station position and the satel-
lite orbits is required. Precise orbits were obtained via
the Internet from the International GPS Service
(Zumberge et al. 1994) and from the Scripps Orbit
and Permanent Array Center (SOPAC). During the
field experiment, five or more satellites were typically
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FiG. 4. Photograph of a GPS receiver antenna mounted on the
perimeter fence of a NOAA wind profiler. The diameter of the
antenna ground plane shown is ~50 cm.

visible at any time at each receiver site. For GPS net-
works with a separation between receivers of less than
~500 km, both the deterministic (least squares) and
Kalman filtering techniques used to estimate zenith
delay are more sensitive to relative rather than abso-
lute delays (Rocken et al. 1993, 1995). This is because
a GPS satellite observed by two or more receivers is
viewed at almost identical elevation angles, causing
the delay estimates to be highly correlated. Therefore,
the estimates of ZWD derived from a small network
are subject to an unknown bias for each sampling
period. The value of the bias is constant across the
whole network (i.e., the bias varies in time but not in
space). One approach to estimating this bias is to
measure PW with a ground-based water vapor radi-
ometer (radiometer, hereafter) at a single reference
site and use the GPS data to estimate PW relative to
this reference site at any number of so-called second-
ary sites in the monitoring network. This procedure
is known as levering. (One levers the group of biased
PW estimates until they all have the correct absolute
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value.) Rocken et al. (1995) show PW results using
radiometer levering and find an rms error of ~1.5 mm
and a bias of <0.5 mm when comparing PW from
GPS receivers with that from radiometers.

An attractive alternate approach that eliminates the
need for an independent measurement of PW at a
reference site is to add a few outlying GPS stations
to the receiver network that introduce baselines much
longer than 500 km (e.g., Fig. 3). Provided GPS sat-
ellite orbit information of sufficient accuracy
(~50 cm) is available, it is possible to estimate abso-
lute ZWD and, therefore, absolute PW from the GPS
observations alone. Rocken et al. (1995) noted that
the difference, or error, between absolute PW estima-
tion derived solely from GPS/STORM GPS data
and that derived from radiometers was about 15%
greater than the error when comparing radiometer-
levered PW resuits with the radiometer PW values.
Duan et al. (1996) included outlying GPS reference
sites in Canada, California, and French Guiana (Fig.
3, bottom) and found errors slightly smaller than those
obtained with radiometer levering. A complete de-
scription of the absolute estimation technique is given
in Duan et al. (1996), which is the source of the GPS
PW data in this paper. The radiometer data are from
Rocken et al. (1995).

Subsequently, the NOAA’s Environmental Re-
search Laboratories, in an effort to implement the
capability to monitor atmospheric water vapor in real
time using GPS signal delay within NOAA, has co-
ordinated a comprehensive comparison of GPS-de-
rived PW data with radiometer PW data (NOAA
1995). The results of the tests show that when com-
pared with rawinsonde observation, GPS-derived PW
estimates are comparable in accuracy and precision
to radiometer estimates. The reader is referred to the
NOAA (1995) document for details of the statistics.

From a logistical perspective, the weather during
GPS/STORM proved a major challenge. Hardware
sustained considerable damage due to lightning
strikes, including the loss of six personal computers
used in data logging. However, GPS receivers escaped
harm. During the period 6-9 May 1993, over 100 tor-
nadoes, including an F-4 intensity tornado over Kan-
sas, were reported in the general area of the field ex-
periment, accompanying a slow-moving dryline. Pre-
vious research has documented the association of se-
vere weather with such features (Schaefer 1974,
McCarthy and Koch 1982; Parsons et al. 1991).

GPS-derived PW data from this period show fluc-
tuations associated with the diurnal shift of the dryline
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back and forth across the network (Fig. 5). Superim-
posed on the more gradual changes in PW associated
with the changing position of the dryline are rapid
changes in PW that appear in many cases to precede
thunderstorm development (Fig. 5). These increases
are consistent with moisture flux convergence, which
has long been recognized as essential to convection
(e.g., Kuo 1965). Charba (1979) found this quantity
second only to the Modified Total-Totals index as a
model output statistics predictor of local severe
weather. Case studies (e.g., Waldstreicher 1989;
Businger et al. 1991) have shown that storms often
form in areas where moisture flux convergence is in-
creasing rapidly with time and where the gradient in
moisture flux convergence is tightening. Time series
GPS PW data by themselves do not allow the fore-
caster to discriminate between advection and locate
time-rate-of-change increases in PW at a single re-
ceiver site. However, in combination with other data
sources, such as Doppler radar and satellites, the GPS
PW time series have the potential to be valuable in
short-term forecasting applications.

The scale of weather features that future GPS net-
works will be able to resolve spatially
will depend in part upon the distance

midtropospheric advection of relatively cold, dry air
triggered convection and was associated with numer-
ous reports of large hail and damaging winds in south-
ern Oklahoma and northern Texas and several reports
of funnel clouds or tornadoes in north Texas. Intru-
sions of cold, dry air at midlevels ahead of surface cold
fronts or drylines have been described as cold fronts
aloft (CFA) (Locatelli et al. 1989; Hobbs et al. 1990;
Businger et al. 1991) and are not detected in standard
surface observations. Figure 7 shows the drop in in-
tegrated water vapor at Purcell, Oklahoma, prior to
the arrival of the surface front, illustrating the signa-
ture of this feature in the PW data. The advance of
the cold front aloft across the surface cold front was
a primary factor in the initiation of severe weather
over the GPS/STORM region, because it generated
convective instability and entrained dry air into thun-
derstorm downdrafts (Chiswell et al. 1996).

The temporal resolving power represented by the
GPS data is demonstrated when a comparison is made
between time series cross sections of equivalent po-
tential temperature with and without the GPS PW data
(Fig. 8). Combining radiosonde and GPS PW data can

between receivers in the network. Fig-
ure 6 illustrates the impact of GPS PW
data from five receiver sites on a synop-
tic objective analysis in the GPS/
STORM region. Since moisture in this
case was confined to the lower tropo-
sphere by a shallow capping inversion,
the location of the dryline provides a
qualitative reference for the accuracy of
the analysis. The analysis using only ra-
diosonde data shows relatively dry air
over western Oklahoma (Fig. 6a), in
conflict with the GPS data and in con-
flict with the analyzed position of the
dryline shown in Fig. 6b. Qualitatively,
the best agreement between the position
of the dryline and the analysis of PW oc-
curs in the heart of the GPS network,
where the greatest concentration of 10
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supplemental data resides. The high PW
value (32 mm) at Vici, Oklahoma,
(VICI) is consistent with thunderstorm
activity observed in that area and illus-
trates the degree of local variability in the
distribution of atmospheric water vapor.

During the period 23-24 May 1993,
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7 May
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Fic. 5. Precipitable water at Vici for 1200 UTC 6 May to 0000 UTC 10 May
1994. The small blue dots represent radiometer measurements along the line of
sight to GPS satellites, mapped to the zenith. The red dots represent 30-min
averages of PW calculated from the least squares fits of GPS wet delay. Vertical
arrows denote the time of the observed surface dryline passages at Vici. Time of
thunderstorm activity is indicated with conventional symbols.
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FiG. 6. (a) Objective analysis of precipitable water (in mm) using radiosonde
derived PW data for 0000 UTC 8 May 1993. Small numbers indicate PW values
at radiosonde sites (black circles). Purple dashed line in each panel indicates
position of dryline analyzed by the National Meteorological Center. (b) Objective
analysis of PW using radiosonde and GPS-derived PW data. Small numbers
indicate PW values at radiosonde (black dots) and GPS sites (red dots) (adapted
from Chiswell et al. 1996). The high PW value of 32 mm at Vici is consistent

with thunderstorm activity observed in that area.

reveal more detail of the time evolution of the CFA
than is available from NWP model output, satellite im-
agery, or radiosonde data alone. Water vapor density
profiles can be obtained directly from radiosonde pro-
files (Fig. 8a) to obtain a time history of the evolu-
tion of the water vapor above a site."

The region of dry advection centered at ~600 mb
can be distinguished from the more slowly changing
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boundary-layer moisture (<850 mb) in
the radiosonde data (Fig. 8a). Using the
relationship between PW and vapor den-

sity (p,)

PW =p.![p,dz, )

where p_ is the density of liquid water,
and also using radiosonde profiles of p ,
the GPS-measured PW can be used to
constrain the analysis of p, in the period
between radiosonde releases. By requir-
ing the integrated vapor density at each
time in the analysis to agree with the
value obtained from the GPS, while
maintaining the boundary conditions im-
posed by the sounding data, the result-
ing analysis more accurately reflects the
temporal evolution of the vapor density
profile between sounding times (Fig.
8b). The result of this method shows the
CFA base near 800 mb, with a consid-
erably sharper gradient in vapor density
than is available from sounding data
alone or that which can be resolved over
the relatively coarse grid of the National
Meteorological Center’s Nested Grid
Model. The location of the enhanced gra-
dient coincides in time with the onset of
thunderstorms activity at Purcell and at
Norman, Oklahoma.

The above case study examples from
GPS/STORM are for illustrative pur-
poses. Ongoing research will be required
to more fully evaluate the utility of the
Earth-based GPS PW data in weather
analysis and forecasting as additional
data from this method become available
and are combined with other operation-
al data sources and assimilated into
NWP models. The reader is referred to
Chiswell et al. (1996) for a more com-
plete description of the weather conditions surround-
ing the dryline, CFA cases reviewed here, and the ap-
plication of GPS PW data in weather analysis.

In comparing the PW data from GPS and radiom-
eters taken during GPS/STORM, an rms agreement
of 1.0 to 1.5 mm is found (Duan et al. 1996). It is note-
worthy that GPS measurements outperform those of
the radiometers during periods of rain. Under these
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conditions, the radiometer data are significantly de-
graded by the presence of water droplets on the mi-
crowave windows of the Radiometrics microwave ra-
diometers deployed in the field experiment. The pres-
ence of rain, drizzle, or dew causes erroneously high
and variable reports of PW, as seen in Figs. 5 and 7.
This difficulty is a drawback in using the radiometer
as a reference with which to lever a network of GPS
receivers. By contrast, the absolute estimation tech-
nique, which relies only on GPS data, is not affected
by precipitation.

4, Discussion

The meteorological applications of GPS fall into
two classes—those that require observations in near
real time, such as numerical weather prediction, and
those, such as climate studies, in which the delay be-
tween data collection and data processing is not an im-
portant issue. Climate studies make no demands re-
lated to timing but benefit from data that have been pro-
cessed with the most precise orbits available (currently
<0.5 m absolute error). The quality of the orbits improves
as the number of tracking sites used to calculate the
orbits increases. A benefit of the addition of a space-
based receiver in the geometry of the

to compute GPS orbit corrections simultaneously with
PW estimates or to make short-term (~1 day) orbit pre-
dictions. The Scripps Orbit and Permanent Array Cen-
ter has recently initiated a rapid orbit determination
using orbit predictions. SOPAC-predicted orbits have
recently achieved an accuracy approaching that of the
postprocessed orbits used in calculating the GPS/
STORM PW data shown in this paper (Y. Bock 1995,
personal communication).

A number of research opportunities exist for opti-
mizing the complementary nature of the methods of
active atmospheric monitoring by GPS described here
and other observation systems currently in use. A few
promising examples will be mentioned here. The
space- and Earth-based approaches to monitoring the
Earth’s atmosphere are complementary in a number
of ways.

1) Most Earth-based measurements involve vertical
integration or averaging of atmospheric properties,
whereas the space-based approach involves sig-
nificant lateral averaging. Earth-based networks
will be able to estimate lateral gradients in inte-
grated water vapor at each station, whereas a single
occultation event provides no significant informa-
tion on lateral variability.

Earth-based tracking network is the pros-
pect of improved GPS orbits.

To be of greatest value to the opera-
tional forecasting community, data from
Earth-based GPS networks and LEO re-
ceivers must be collected in a central lo-
cation and processed with accurate GPS
orbits, in near real time (within the
hour).? High quality orbits (~0.5 m ab-
solute error) are available from the Inter-
national GPS Service 7 to 10 days after
data collection. Since these orbits are

Precipitable water vapor (mm)

Purcell, OK

b

: %
‘__-\‘7 WVR rain spikes
: e

4

v WVR-PW

:; * GPS-PW

£ » Radiosonde-PW
i

3

RTE

l | f I I

used almost exclusively for postpro- -
cessing of survey and scientific data, this

delay has not presented a problem. l
As the demand for real-time data for 122 May

weather (and earthquake) prediction has
risen, increased attention has been fo-
cused on the development of near-real-
time orbits. Two possible approaches are

23 May 24 May 25 May 26 May

Fic. 7. Precipitable water at Purcell as measured by GPS, radiometer, and
radiosonde from 0000 UTC 22 May to 0000 UTC 26 May 1993. The small blue
dots represent radiometer measurements along the line-of-sight to GPS satellites,

mapped to the zenith. The red dots represent 30-min averages of water PW

3For perspective, the processing time for GPS PW
data can be compared with the time it takes (~2 h)
for a radiosonde to ascend.
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calculated from the least squares fits of GPS wet delay. Twelve-hourly radiosonde
data from Norman are shown by the purple dots. The vertical arrow denotes the
time of the observed surface cold front passage at Purcell. Time of thunderstorm
activity is indicated with conventional symbols.

13



will provide refractivity profiles from
approximately 500 GPS occultations per
day distributed over the globe.

The relatively good vertical resolution
and poor horizontal resolution of the
GPS profiles are similarly complemen-
tary to those of nadir radiometric sound-
ings. Preliminary results show that LEO-
derived temperature soundings are com-
parable to radiosonde soundings in re-
solving the tropopause inversion (Ware

et al. 1996). Knowledge of the spatial
character of the tropopause has applica-
tion in diagnosing potential vorticity
anomalies and tropopause folds, which
play a pivotal role in cyclogenesis (e.g.,
Hoskins et al. 1985). Over ocean areas,
satellite radiometric radiances from op-
erational polar and geostationary satel-
lites are employed to construct sound-

FPressure (mb)

ings (Hayden 1988). Like soundings de-
rived from Earth-based GPS receivers,
radiometric soundings have high hori-
zontal resolution and poor vertical reso-

A A L b A A Q& 8

Ao A A B

A A A _A__L_J1000

2318 23/15

Fic. 8. (a) Time series cross section of equivalent potential temperature for
1200 UTC 23 May to 0000 UTC 24 May 1993 at Norman from radiosonde
measurements. (b) Time series cross section of equivalent potential temperature
with addition of GPS data constraints from Purcell. Cloud outline indicates time
of thunderstorm activity. Small triangles along the bottom of the figure indicate
times that GPS data are available. Labels along ordinate indicate date/UTC time

(adapted from Chiswell et al. 1996).

2) Earth-based meteorology provides continuous
measurements at a network of fixed points, where-
as the space-based approach is discrete in time.
Continuity in both space and time will be advan-
tageous in contexts such as severe weather moni-
toring near major population centers and airports.

3) Because of the subhorizontal nature of its sampling
geometry, space-based measurements are subject
to obstruction by mountain ranges, and in adjacent
low-lying areas, this may render much of the lower
troposphere invisible.

4) Earth-based meteorology will never achieve good
coverage over the oceans, whereas the space-based
approach is essentially global. A GPS receiver in
low Earth orbit with an inclination of at least 65°
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lution (~3 km). Since the measurement
errors for these Earth- and space-based
systems are largely independent, the es-
timation of atmospheric profiles of wa-
ter vapor and temperature by a combined
approach that includes data from Earth-
and space-based GPS techniques and
from satellite radiometer will be more
accurate and provide better coverage
than could be achieved by these methods
alone (Suomi 1993).

The Earth- and space-based GPS techniques may
be able to play a role in the development of a com-
bined remote sensing capability that could eventually
replace or reduce reliance on radiosondes. Integrated
water vapor derived from Earth-based receivers can
be distributed vertically according to ancillary infor-
mation such as radiosonde or NWP model data
(Chiswell et al. 1996). However, given a dense array
of Earth-based receivers, the set of vectors from each
receiver to each GPS satellite over a finite period of
time represents a dense sampling of the troposphere
above the array and could be processed using a tech-
nique similar to CAT scan tomography to provide in-
formation on the vertical distribution of water vapor.
The vertical resolution provided by such an array

231z
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would depend upon the number of receiving anten-
nas and their spatial distribution and is the subject of
future research. There is potential for Earth-based GPS
measurements to complement ground-based radio
acoustic sounding system (RASS) measurements
(Matuura et al. 1986), which provide information on
the virtual temperature profile. The installation of GPS
receivers at profiler sites in the Midwest, where RASS
is also being tested, allows this potential to be inves-
tigated further (NOAA 1995). The opportunity for
synergy between WSR-88D radar data and humidity
data derived from GPS should also be mentioned.
The NWS is increasingly employing powerful
workstations for data assimilation and graphical dis-
play to facilitate the analysis of new data streams from
WSR-88D radars, the automated surface observing
system, and satellites and to construct mesoscale fore-
casts for timely dissemination. In this context, GPS
data can be incorporated in data assimilation systems
for integration in mesoscale NWP models (Benjamin
et al. 1991). Since the Earth-based GPS data repre-
sent the total integrated water vapor in the column,
they provide a powerful constraint for NWP models.
Mesoscale numerical model simulations have shown
that when model-predicted precipitable water is re-
laxed toward an observed value, the model recovers
the vertical structure of water vapor with an accuracy
much greater than that found in statistical retrieval
based on climatology, leading to improved short-range
precipitation forecasts (Kuo et al. 1993). Data on the
direction and magnitude of horizontal gradients in PW
present an additional model constraint. Finally, data
resolution over ocean areas in global NWP models
should improve when refractivity profiles from space-
based receivers are directly ingested. Studies with
simulated space-based GPS profile data conclude that
the optimum way of using the data in numerical
weather prediction models may be to assimilate ver-
tical profiles of atmospheric refractivity directly into
the model (Eyre 1994; Zou et al. 1995), rather than
separating temperature and humidity data first.
Concerns that arise in the context of GPS technol-
ogy and real-time estimation are the effects of selec-
tive availability (SA) and antispoofing. The Depart-
ment of Defense implemented SA in March 1990 in
order to deny most civilian users of the system the
maximum achievable accuracy in navigation applica-

“Satellites such as TOPEX/POSEIDON, Gravity Probe-B,
ARISTOTELES, and EOS-B are carrying, or plan to carry, GPS
receivers.
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tions by corrupting the signal structure. Although this
policy has affected many civilian users of GPS, it has
not had a significant impact on geodetic (relative
positioning) applications (e.g., Rocken and Meertens
1991). Provided that all receivers sample the GPS sig-
nal close to simultaneously, the effect of SA can be
eliminated after the fact. Consequently, SA is not a
significant problem for GPS meteorology. However,
it does affect the efficiency with which GPS process-
ing applications can provide real-time estimates of PW
for operational applications. Antispoofing is meant to
stop false signals from misleading military receivers
by encrypting the codes superimposed on both micro-
wave carrier waves transmitted by the GPS satellite.
New receiver architectures have addressed this issue.
The prospect of using Earth-based GPS data to
measure atmospheric water vapor for research and op-
erational weather forecasting is promising because
extensive networks of continuously operating Earth-
based GPS receivers are now being installed around
the world by geophysicists, geodesists, surveyors, and
others for a variety of scientific, engineering, and
civilian navigation and positioning applications
(Table 1, Fig. 9). GPS-derived PW data could be made
available to the research and operational meteorologi-
cal community at relatively little incremental cost.
Several hundred new private (communication) and
government satellites have been announced for
launching in the next several years (Ware 1992).*

& FAA aircraft tracking sites
© U.S. Coast Guard differential GPS sites

« Aircraft Reporting and Addressing System (ACARS) stations ’\‘\¥

— rL - A
O Selected continuously operating GPS sites, including NGS satellite tracking stations v o ‘7\\ ~ (
S

Fig. 9. Location of proposed Aircraft Reporting and
Addressing System differential GPS Stations (triangles), proposed
FAA aircraft tracking sites (), selected continuously operating
GPS sites including NGS satellite tracking stations (squares), and
U.S. Coast Guard differential GPS sites (open circles).
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TasLE 1. Continuously operating Earth-based GPS receivers by network. Current GPS
receivers are those already installed; proposed are those planned for installation in the near

future (after Ware and Businger 1995).

their global coverage, these data
may provide the best opportu-
nity to date for monitoring the

global climate by observing

Location Current  Proposed

Sponsor

changes in mean refractivity

Antarctica 3 3

Australian and German

profiles (Yuan et al. 1993).

governments/National Aeronautic

and Space Administration (NASA)

5. Conclusions

Canada 4 2

NASA

Fennoscandia

governments

Finnish, Norwegian, and Swedish

U.S. Army Corps of Engineers

Measurement of atmospheric
water vapor by Earth-based GPS
receivers was demonstrated
during the GPS/STORM field
project to be comparable, and in
some respects superior, to that
by ground-based water vapor
radiometers. Increased spatial
and temporal resolution of
the water vapor distribution
from the GPS/STORM network
proved valuable in monitoring
the moisture flux convergence
associated with thunderstorm

governments

3 Australian and Japanese

development associated with an
evolving dryline and the de-

viation Administra

crease in integrated water vapor
associated with the passage of a

U.S. Coast Guard

midtropospheric cold front,
both of which triggered severe

NGS/state governments

weather over the area during the
course of the experiment.

The first space-based GPS
receiver designed for sensing
the Earth’s atmosphere was
launched in April 1995. Pre-

Defense Mapping Agency (DMA)/

Worldwide (other) 71 114 liminary results of this approach
NASA/NSF/NGS/Other indicate that temperature pro-
governments files obtained from the refrac-

Subtotals 175 1444 tivity data in the mid- to upper

troposphere and lower strato-

Total current sphere (Ware et al. 1996) can

and proposed 1619 identify sharp temperature in-

Many of these satellites will carry GPS receivers for
tracking and attitude measurements. With the demon-
strated early promise of the GPS occultation technique
for providing useful atmospheric data, the potential for
gaining additional refractivity, temperature, and hu-
midity data from this method is considerable. Due to
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versions characteristic of the
tropopause with a resolution
approaching that of radiosonde soundings. In prin-
ciple, humidity profiles can be obtained from the re-
fractivity profiles wherever the temperature distribu-
tion is known from other sources, such as radio-
sondes, or over tropical regions where horizontal and
temporal variations in the temperature are small and
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reasonably well represented in global weather predic-
tion models.

In conjunction with operationally available
datasets, PW data from Earth-based receivers and re-
fractivity profiles from space-based receivers repre-
sent a potentially important new resource for opera-
tional numerical weather prediction. The development
of models that produce accurate orbit predictions is a
step toward realizing this potential. Archived datasets
from GPS networks and space-based receivers could
prove valuable in basic research of mesoscale and syn-
optic-scale weather systems, the hydrologic cycle, and
global climate change.

Although GPS measurements of the atmosphere
have the potential to enhance the analysis and predic-
tion of weather and climate, significant research is
required to assess this potential in detail and to develop
capabilities to derive maximum benefit from these
new sources of atmospheric data. Further research is
needed to determine how these data can most effec-
tively be processed in combination with other data re-
sources and assimilated into weather prediction mod-
els.

Acknowledgments. We would like to thank Seth Gutman
(NOAA/FSL) and Ted Cress (Battelle NW) for their support of
the GPS/STORM project. This research was supported by the
National Science Foundation under Grants ATM-9207111, ATM-
9496335, EAR-911756, and EAR-9116461. UNAVCO provided
facilities and equipment under NSF Grant EAR-9116461. NCAR
and NOAA/Environmental Testing Laboratory provided surface
meteorological and additional radiometer data. Radiometrics Inc.,
Boulder, Colorado, loaned water vapor radiometers, and
Paroscientific loaned a precise barometer for use in GPS/STORM.

References

Askne, J., and H. Nordius, 1987: Estimation of tropospheric de-
lay for microwaves from surface weather data. Radio Sci., 22,
379-386.

Barat, J., and C. Cot, 1995: Accuracy analysis of Rubsonde-
GPS tracking wind sounding system. J. Appl. Meteor., 34,
1123-1132. '

Benjamin, S. G., and K. A. Brewster, R. Brummer, B. F. Jeweit,
T. W. Schlatter, T. L. Smith, and P. A. Stamus, 1991: An isen-
tropic three hourly data assimilation system using ACARS
aircraft observations. Mon. Wea. Rev., 119, 888-906.

Bevis, M., S. Businger, T. A. Herring, C. Rocken, R. A. Anthes,
and R. H. Ware, 1992: GPS Meteorology: Remote sensing of
atmospheric water vapor using the Global Positioning System.
J. Geophys. Res., 97,15 787-15 801.

_— , ——, R. A. Anthes, C. Rocken, R. H. Ware, and
S. R. Chiswell, 1994: GPS Meteorology: Mapping zenith
wet delays onto precipitable water. J. Appl. Meteor., 33,
379-386.

Bulletin of the American Meteorological Society

Boire, G., E. C. Souter, and S. P. Pryor, 1993: A low cost GPS
rawinsonde system. Preprints, Eighth Symp. on Meteorologi-
cal Observations and Instrumentation, Anaheim, CA, Amer.
Meteor. Soc., 23-24.

Brunner, F. K., and M. Gu, 1991: An improved model for the dual
frequency ionospheric correction of GPS observations.
Manuscr. Geod., 16, 205-214,

Businger, S., W. H. Bauman III, and G. F. Watson, 1991: Coastal
frontogenesis and associated severe weather on 13 March
1986. Mon. Wea. Rev., 119, 2224-2251.

——, S. R. Chiswell, W. C. Ulmer, and R. Johnson, 1996: Bal-
loons as a Lagrangian measurement platform for atmospheric
research. J. Geophys. Res., in press.

Charba, J. P., 1979: Two to six hour severe local storm probabili-
ties: An operational forecasting system. Mon. Wea. Rev., 107,
268-282.

Chiswell, S. R., S. Businger, M. Bevis, C. Rocken, R. Ware,
T. VanHove, and F. Solheim, 1996: Application of GPS wa-
ter vapor data in severe weather analysis. Mon. Wea. Rev.,
submitted.

Davis, J. L., T. A. Herring, 1. I. Shapiro, A. E. Rogers, and
G. Elgered, 1985: Geodesy by radio interferometry: Effects
of atmospheric modeling errors on estimates of baseline length.
Radio Sci., 20, 1593-1607.

Duan, J., and Coauthors, 1996: GPS meteorology: Direct estima-
tion of the absolute value of precipitable water. J. Appl. Me-
teor., in press.

Elgered, G., J. L. Davis, T. A. Herring, and I. I. Shapiro,
1990: Geodesy by radio interferometry: Water vapor radiom-
etry for estimation of the wet delay. J. Geophys. Res., 96,6541
6555.

Eyre, J. R., 1994: Assimilation of radio occultation measurements
into a numerical weather prediction system. ECMWF Tech.
Memo. No. 199, 34 pp. [Available from ECMWF, Shinfield
Park, Reading RG2 9AX, United Kingdom.]

Fjeldbo, G. A., J. Kliore, and V. R. Eshleman, 1971: The neutral
atmosphere of Venus as studied with the Mariner V radio oc-
cultation experiments. Astron. J., 76, 123-140.

Gorbunov, M. E., and S. V. Sokolovskiy, 1993: Remote sensing
of refractivity from space for global observations of atmo-
spheric parameters. Max-Planck-Institut fur Meteorologie
Report No. 119. [ISSN 0937-1060.]

Gurvich, A. S., and T. G. Krasil’nikova, 1990: Navigation satel-
lites for radio sensing of the Earth’s atmosphere. Sovier J.
Remote Sens., 7(6), 1124-1131.

Hayden, C. M., 1988: GOES-VAS simultaneous tempera-
ture-moisture retrieval algorithm. J. Appl. Meteor., 27,
705-733.

Herring, T. A., 1992: Modeling atmospheric delays in the analy-
sis of space geodetic data. Proc. Symp. on Refraction of
Transatmospheric Signals in Geodesy, Delft, the Netherlands,
Netherlands Geodetic Commission, 157-164.

Hobbs, P. V., J. D. Locatelli, and J. E. Martin, 1990: Cold
fronts aloft and the forecasting of precipitation and severe
weather east of the Rocky Mountains. Wea. Forecasting,
5, 613-626.

Hoskins, B. J., M. E. McIntyre, and A. W. Robertson, 1985: On
the use and significance of isentropic potential vorticity maps.
Quart. J. Roy. Meteor. Soc., 111, 877-946.

IPCC, 1992: Climate Change 1992. J. T. Houghton, B. A.

17



Callander, and S. K. Varney, Eds., University of Cambridge
Press, 200 pp.

Kuo, H. L., 1965: On the formation and intensification of tropi-
cal cyclones through latent heat release by cumulus convec-
tion. J. Atmos. Sci., 22, 40-63.

Kuo, Y.-H., Y.-R. Guo, and E. R. Westwater, 1993: Assimilation
of precipitable water into a mesoscale numerical model. Mon.
Wea. Rev., 121, 1215-1238.

———, X. Zou, and Y.-R. Guo, 1996: Variational assimilation of
precipitable water using a nonhydrostatic mesoscale adjoint
model, Part I: Moisture retrieval and sensitivity experiments.
Mon. Wea. Rev., in press.

Leick, A., 1990: GPS Satellite Surveying. John Wiley & Sons, 352
pp-

Lindal, G. F., and Coauthors, 1981: The atmosphere of Jupiter:
An analysis of the voyager radio occultation measurements.
J. Geophys. Res., 86, 8721-8727.

Locatelli, J. D., J. M. Sienkiewicz, and P. V. Hobbs, 1989: Orga-
nization and structure of clouds and precipitation on the mid-
Atlantic coast of the United States. Part 1: Synoptic evolution
of a frontal system from the Rockies to the Atlantic coast. J.
Atmos. Sci., 46, 1327-1348.

Matuura, N., Y. Masua, H. Inuki, S. Kato, S. Fukao, T. Sato, and
T. Tsuda, 1986: Radio acoustic measurement of temperature
profiles in the troposphere and stratosphere. Nature, 323,426~
428.

McCarthy, J., and S. E. Koch, 1982: The evolution of an Okla-
homa dryline. Part I: Meso- and subsynoptic-scale analysis.
J. Atmos. Sci., 39, 225-236.

Melbourne, W. G., 1976: Navigation between the planets. Sci.
Amer., 234, 58-74.

, and Coauthors, 1994: The application of spaceborne GPS
to atmospheric limb sounding and global change monitoring.
JPL Publication 94-18, 147 pp.

NOAA, 1995: Precipitable water vapor comparisons using vari-
ous GPS processing techniques. Document No. 1203-GP-36,
35 pp- [Available from NOAA ERL FSL, Boulder, CO.]

Parsons, D. B., M. A. Shapiro, R. M. Hardesty, R. K. Zamora,
and J. M. Intrieri, 1991: The finescale structure of a west Texas
dryline. Mon. Wea. Rev., 119, 1242-1258.

Rocken, C., and C. Meertens, 1991: Monitoring selective avail-
ability dither frequencies and their effect on GPS data. Bull.
Geodesique, 65, 162-169.

——, R. Ware, T. VanHove, F. Solheim, C. Alber, J. Johnson,
M. Bevis, and S. Businger, 1993: Sensing atmospheric water

vapor with the Global Positioning System. Geophys. Res. Lett.,
20, 2631-2634.

——, T. VanHove, J. Johnson, F. Solheim, R. H. Ware, M. Bevis,
S. Businger, and S. R. Chiswell, 1995: GPS/STORM—GPS
sensing of atmospheric water vapor for meteorology.J. Atmos.
Oceanic Technol., 12, 468-478.

Saastamoinen, J., 1972: Atmospheric correction for the tropo-
sphere and stratosphere in radio ranging of satellites. The Use
of Artificial Satellites for Geodesy, Geophys. Monogr., Ser. 15,
AGU, 247 pp.

Schaefer, J. T., 1974: The life cycle of the dryline. J. Appl. Me-
teor., 13, 444-449.

Spilker, J. J., 1980: Signal structure and performance character-
istics. Global Positioning System, Vol. 1, The Institute of Navi-
gation, 246.

Stephens, G. L., and T. J. Greenwald, 1991: The Earth’s radia-
tion budget and its relation to atmospheric hydrology. 1. Ob-
servations of the clear sky greenhouse effect. J. Geophys. Res.,
96, 15 311-15 324.

Suomi, V. E., 1993: Final Report to Space System/Loral. [Avail-
able from Suomi Scientific, Inc., 10 Rosewood Circle, Madi-
son, WI 53711.]

Waldstreicher, J. S., 1989: A guide to utilizing moisture flux con-
vergence as a predictor of convection. Natl. Wea. Dig., 14,20~
35.

Ware, R., 1992: GPS sounding of Earth’s atmosphere. GPS World,
3, 56-57. :

, and S. Businger, 1995: Global positioning for geosciences

research. Eos, Trans. Amer. Geophys. Union, 76, 187.

, C. Rocken, and K. Hurst, 1986: A GPS baseline determi-

nation including bias fixing and water vapor radiometer cor-

rections. J. Geophys. Res., 91,9183-9192.

, and Coauthors, 1996: GPS sounding of the atmosphere from
low Earth orbit: Preliminary results. Bull. Amer. Meteor. Soc.
77, 19-40.

Yuan, L., R. Anthes, R. Ware, A. Rocken, W. Bonner, M. Bevis,
and S. Businger, 1993: Sensing global climate change using the
Global Positioning System. J. Geophys. Res., 98, 14 925-14 937.

Zou, X., Y.-H. Kuo, and Y.-R. Guo, 1995: Assimilation of atmo-
spheric radio refractivity using a nonhydrostatic mesoscale
model. Mon. Wea. Rev., 123, 2229-2249.

Zumberge, J., R. Neilan, and J. Kouba, 1994: The international
GPS service for geodynamics—Benefits to users. Proc. Insti-
tute of Navigation, 7th Technical Meeting, Salt Lake City, UT,
1663-1666.

18

Vol. 77, No. 1, January 1996



