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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
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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

Precipitable water vapor (mm)

50—
40—
30

r
¥

20—

t

Vici, OK WVR rain spikes

- WVR-PW
- GPS-PW

y L _;'\ F Achc

- AR,

4
-
3
Ry ..o -

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

8 May

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.
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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.
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