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ABSTRACT

A simple approach to estimating vertically integrated atmospheric water vapor, or precipitable water, from
Global Positioning System (GPS) radio signals collected by a regional network of ground-based geodetic GPS
receivers is illustrated and validated. Standard space geodetic methods are used to estimate the zenith delay
caused by the neutral atmosphere, and surface pressure measurements are used to compute the hydrostatic (or
*‘dry’’) component of this delay. The zenith hydrostatic delay is subtracted from the zenith neutral delay to
determine the zenith wet delay, which is then transformed into an estimate of precipitable water. By incorporating
a few remote global tracking stations (and thus long baselines) into the geodetic analysis of a regional GPS
network, it is possible to resolve the absolute (not merely the relative) value of the zenith neutral delay at each
station in the augmented network. This approach eliminates any need for external comparisons with water vapor
radiometer observations and delivers a pure GPS solution for precipitable water. Since the neutral delay is
decomposed into its hydrostatic and wet components after the geodetic inversion, the geodetic analysis is not
complicated by the fact that some GPS stations are equipped with barometers and some are not. This approach
is taken to reduce observations collected in the field experiment GPS/STORM and recover precipitable water
with an rms error of 1.0~1.5 mm.

1. Introduction

Water vapor plays a crucial role in a variety of at-
mospheric processes that act over a wide range of spa-
tial and temporal scales. 1t is widely appreciated that
improved monitoring of atmospheric water vapor will
lead to more accurate forecasts of precipitation and se-
vere weather and to a better understanding of climate
and climate change. Emerging networks of continu-
ously operating Global Positioning System (GPS) re-
ceivers invite a new and powerful approach to the re-
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mote sensing of atmospheric water vapor (Bevis et al.
1992). The GPS consists of a constellation of satellites
that transmit L-band radio signals to large numbers of
users engaged in navigation, time transfer, and relative
positioning (Hoffman-Wellenhof et al. 1993). These
signals are delayed by atmospheric water vapor as they
propagate from GPS satellites to ground-based GPS re-
ceivers. This ‘‘wet delay’’ is nearly proportional to the
quantity of water vapor integrated along the signal path
(Hogg et al. 1981; Askne and Nordius 1987). An es-
timate of the zenith wet delay (the wet delay in the
vertical direction) can be transformed with very little
additional uncertainty into an estimate of precipitable
water (PW) (e.g., Bevis et al. 1994), which is the total
quantity of water vapor overlying a point on the earth’s
surface expressed as the height of an equivalent column
of liquid water.
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A small-scale demonstration of GPS meteorology
was performed in late 1992 (Rocken et al. 1993). A
second and much larger demonstration experiment,
named GPS/STORM, was conducted in May 1993.
This experiment was analyzed by Rocken et al. (1995)
and is reanalyzed here using a different approach. The
rapidity with which this meteorological application has
been developing reflects the fact that most of the critical
algorithms had already been developed by GPS geod-
esists. The GPS geodesists in turn had learned a great
deal about characterizing atmospheric signal delays
from geodesists and astronomers engaged in very long
baseline interferometry (VLBI), most of whom made
extensive use of water vapor radiometers (WVRs)
{e.g., Resch 1984; Elgered et al. 1991). GPS meteorol-
ogy requires no major hardware innovations. All that
is necessary to render a geodetic GPS station useful for
meteorology is to record surface pressure and temper-
ature. The recovery of PW estimates from a GPS net-
work can be viewed as postprocessing of a more or less
conventional geodetic analysis. Rocken et al. (1995)
and this paper demonstrate that GPS meteorology has
already developed to the point that it yields PW esti-
mates of immediate meteorological utility.

Rocken et al. (1993, 1995) obtained their best results
by using GPS to estimate the relative values of PW
among the GPS stations and using a WVR to measure
the absolute value of PW at a reference station, thereby
determining the correction necessary to transform rel-
ative PW estimates into absolute PW estimates at every
station in the network. Our emphasis is on estimating
the absolute value of PW directly without incorporating
WYVR observations in the reduction of the GPS obser-
vations. Our immediate goal is to show that it is pos-
sible to obtain a pure GPS solution for PW with ac-
curacy at least as good as that obtained previously with
the hybrid GPS-WVR technique.

For a general overview of GPS meteorology and its
geodetic heritage see Bevis et al. (1992). In this paper
we review only those concepts central to our theme of
estimating absolute rather than relative PW. Table 1 is
provided for the reader’s convenience.

2. Geodetic modeling of neutral atmospheric delay

In GPS geodesy the relative positions of GPS satel-
lites and GPS receivers are gauged either by timing the

flight of radio signals (codes) that propagate from sat-.

ellites to receivers or, over an extended period of time,
by modeling the phase history of the associated carrier
waves (e.g., Hoffman-Wellenhof et al. 1993). Both
measurements are complicated by the presence of the
earth’s atmosphere. One of the tasks of geodetic GPS
processing software is to model or calibrate these prop-
agation effects. Atmospheric delays are caused by the
ionosphere and by the neutral atmosphere. The iono-
spheric delay is dispersive (frequency dependent) and
can be determined by observing both of the frequencies
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TABLE 1. Abbreviations and symbols used in this paper.

Quantity Abbreviation Symbol
Zenith wet delay ZWD Z,
Zenith hydrostatic delay ZHD Z,
Zenith neutral delay ZND Z,
Zenith delay (nonspecific) Z
Satellite elevation angle [
Wet mapping function m(8)
Hydrostatic mapping function my(0)
Neutral mapping function m,(0)
Mapping function (nonspecific) m(6)
Precipitable water PW PW

transmitted by GPS satellites (L1 at 1.575 GHz and L2
at 1.228 GHz) and exploiting the known dispersion re-
lations for the ionosphere (e.g., Spilker 1980). Iono-
spheric delays affecting observations recorded by a
dual frequency GPS receiver can be eliminated without
reference to observations recorded by other GPS re-
ceivers in the same network. The delay due to the neu-
tral atmosphere, which we shall refer to as the neutral
delay, is not dispersive and cannot be estimated or cal-
ibrated in this way. It is possible, however, to pa-
rameterize the neutral delays affecting each station in
a network of GPS receivers and to estimate these pa-
rameters jointly as part of the overall geodetic inversion
for the relative geometry of the network and the precise
orbits of the satellites (e.g., Hoffman-Wellenhof et al.
1993).

The neutral delay accumulated along a path through
the atmosphere is smallest when the path is oriented in
the zenith direction. For slanted paths the delay in-
creases approximately inversely with the sine of the
elevation angle. GPS and VLBI analysts typically
model the delay along a path of arbitrary orientation as
the product of the zenith delay and a ‘‘mapping func-
tion,”” which describes the dependence on path orien-
tation. These functions can take into account the cur-
vature of the earth and are dependent primarily on the
profile of temperature and water vapor through the tro-
posphere, effects that become important at the low el-
evation angles (~5°) used for VLBI observations (see
Davis et al. 1985). Unlike the large, highly directional
antennas used for VLBI, GPS antennas are small and
omnidirectional, making them susceptible to ground re-
flections (multipathing) at low elevations. Hence, most
analysts process only those observations collected from
satellites with elevation angles greater than 15°. Above
15° and with an azimuthally symmetric atmosphere,
the mapping function can be represented as a function
only of elevation angle. The simplest atmospheric de-
lay models have the form

D =Zm(9), (1)
where D is the delay accumulated along the signal path
with elevation angle 6, Z is the zenith delay, m(8) is
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the mapping function, and m(8) =~ csc(8). For this
class of models, a particular mapping function is

adopted a priori and signal delays are totally specified

by the (time varying) zenith delay parameter. GPS data
processing software allows the analyst to introduce ze-
nith delay parameters for each station in a GPS network
and estimate these ‘‘nuisance’’ parameters along with
parameters of geodetic interest. The physical basis for
estimating the zenith delay parameter Z is that a GPS
receiver is typically tracking 4-8 GPS satellites si-
multaneously and so senses the value of D for multiple
values of 8, thus overdetermining the value of Z. The
simplest approach for retrieving the zenith delay from
GPS data is to assume that it remains constant for one
or more time intervals, and to estimate these values
more or less independently. A more sophisticated ap-
proach utilizes the fact that the temporal variation of
the zenith delay has exploitable statistical properties.
The zenith delay is unlikely to change by a large
amount over a short period of time (e.g., 10 min). In
fact, the zenith delay can be viewed as a stochastic
process, and the process parameters can be estimated
using a Kalman filter, or a related class of optimal filters
based on the state-space, time-domain formulation
(Treuhaft and Lanyi 1987; Lichten and Border 1987;
Tralli et al. 1988; Dixon and Kornreich Wolf 1990;
Herring et al. 1990). In our analysis we adopt a hybrid
approach, using a batch least squares estimator but pa-
rameterizing the zenith delay by a linear spline with
knots at 30-min intervals. By treating the knots as a
Gauss—Markov process, we are able to gain most of
the advantages of a sequential estimator with less com-
putational burden.

The delay due to the neutral atmosphere can be de-
composed into the ‘‘hydrostatic delay’’ associated with
the induced dipole moment of the atmosphere and the
“‘wet delay’’ associated with the permanent dipole mo-
ment of water vapor (Saastamoinen 1972; Davis et al.
1985). The zenith hydrostatic delay (ZHD) has a typ-
ical magnitude of about 2.3 m at sea level. (We follow
the usual practice of stating delays in terms of the
equivalent excess pathlengths.) Given surface pressure
measurements accurate to 0.3 mb or better, it is usually
possible to predict the ZHD to better than 1 mm (EI-
gered et al. 1991). The zenith wet delay (ZWD) can
vary from a few millimeters in very arid conditions to
more than 350 mm in very humid conditions. It is not
possible to predict the wet delay with any useful degree
of accuracy from surface measurements of pressure,
temperature, and humidity. It is possible to estimate the
wet delay using ground-based WVRs (Resch 1984;
Tralli et al. 1988; Elgered et al. 1991; Dixon and Korn-
reich Wolf 1990). Given the expense of WVRs and the
difficulty of calibrating them with sufficient accuracy,
most geodesists prefer either to estimate the neutral de-
lay from the GPS observations or to measure the hy-
drostatic component of the neutral delay, using barom-
eters, and estimate the remaining wet delay during in-
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version of the GPS observations. One advantage of
decomposing the neutral delay in this way is that it

eenables the delay models to incorporate separate hy-

drostatic and wet mapping functions, thereby taking
better account of the differing scale heights of the wet
and hydrostatic components of the neutral atmosphere.
In this case, Eq. (1) is generalized thus

D= Zwmw(e) + thh(0)9 (2)

where Z, is the ZWD, Z, is the ZHD, m,,(#) is the wet
mapping function, and m,(8) is the hydrostatic map-
ping function. This approach is highly advantageous in
the context of VLBI, in which radio sources are tracked
to elevation angles as low as 5°. Above 15°, however,
the wet and dry mapping functions differ only very
slightly, and it is reasonable to lump the wet and hy-
drostatic delays together and use a single mapping
function, thereby parameterizing the problem solely in
terms of the zenith neutral delay (ZND) (Tralli and
Lichten 1990). Thus,

D = Z,m,(8), (3)

where m,(0) is the neutral mapping fufiction, and the
ZND (Z,) is simply

Z,, = Zw + Zh. (4)

We adopt this approach. Once the ZND parameters
have been estimated during the geodetic inversion, it is
possible to estimate the ZWD by subtracting the ZHD
from the ZND—that is, Z, = Z, — Z,, where the ZHD

is derived from surface pressure readings.

3. Transforming wet delay parameters into
precipitable water estimates

Having estimated the ZWD history at a given GPS
receiver, it is possible to transform this time series into
an estimate of the PW (Bevis et al. 1994) using the
relationship

PW =TI1Z,, (5)

where the constant of proportionality [T is a function
of various physical constants and a weighted ‘‘mean
temperature’’ of the atmosphere defined (Davis et al.
1985) by

f(PU/T)dz

T, (6)

f (P,/T*)dz

where P, is the partial pressure of water vapor, T is
temperature, and the integrations occur along a vertical
path through the atmosphere. The time-varying param-
eter 7, can be estimated using measurements of surface
temperature (Bevis et al. 1992) or numerical weather
models (Bevis et al. 1994) with such accuracy that very
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FIG. 1. (top) Regional map showing the six stations of the field
experiment GPS/STORM and four outlying global GPS tracking sites
used in subsequent data analysis to introduce long baselines into the
network. (bottom) Detailed site map for the field experiment GPS/
STORM. Dual frequency geodetic GPS receivers were set up at four
sites in Oklahoma and one in Kansas, and GPS observations were
obtained in addition from a permanent station in Platteville, Colo-
rado. At four of these sites water vapor radiometer (WVR) observa-
tions were collected in the immediate vicinity of the GPS receivers.
The WVRs at Lamont and Platteville were part of a permanent in-
stallation, while those at Purcell and Vici were deployed for the ex-
periment. All six GPS receivers were Trimble 4000 SSE dual-fre-
quency P-code systems. The WVR at Platteville was constructed and
is maintained by the Wave Propagation Laboratory in Boulder, Col-
orado. The other WVRs were commercial instruments manufactured
by Radiometrics, Inc. of Boulder, Colorado. Precise barometers were
located at each of the six sites.

little noise is introduced during the transformation [ Eq.
(5)]. That is, the uncertainty in the PW estimate de-
rives almost entirely from the uncertainty in the earlier
estimate of ZWD.

The transformation of ZWD into PW [Eq. (5)] as-
sumes that the wet delay is entirely due to water vapor
and that liquid water and ice do not contribute signifi-
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cantly to the wet delay. Largely theoretical arguments
indicate that thick, dense clouds could cause delays as
large as 7.5 mm, leading to an error of 1 mm in our
estimates of PW (Elgered 1993). Similar arguments
indicate that the delay associated with liquid water in
the form of raindrops is smaller and can be disregarded
altogether. Large quantities of wet snow in the air col-
umn may prove problematic (J. Davis 1995, personal
communication), though this situation occurs only in-
frequently.

4. Sensitivity to absolute versus relative zenith delay

For GPS networks with interstation spacings of less
than several hundred kilometers, a significant problem
is encountered in retrieving PW histories from GPS
observations. The ZND or ZWD parameters inferred
across the network contain large but highly correlated
errors (Rothacher 1992; Rocken et al. 1993). The prob-
lem arises because receivers at each end of a short base-
line observe satellites at similar elevation angles. Con-
sider the difference in the delays (AD) associated with
GPS signals propagating from a single GPS satellite to
two GPS receivers (i and j):

AD = Z;m(0;) — Zim(0)), (N

where Z; and Z; are the zenith delays at receivers i and
J» m(6) is the mapping function, and §; and 6, are the
elevation angles of the satellite as viewed from receiv-
ers i andj. Clearly, as stations i and j get closer together

AD—(Z, — Zym(0;), as 6,0, (8)

and the differential delay is sensitive only to the dif-
ferential or relative zenith delay, not to the absolute
values of the zenith delays Z; and Z;.

In this case, one may infer relative ZWD or PW val-
ues across the network but not the absolute values.
Rocken et al. (1993) solved this problem by recogniz-
ing that the PW solutions obtained at each epoch are
correct except for an unknown bias that is common to
all stations. This bias can be determined at one site by
using a collocated WVR to provide an absolute esti-
mate of PW, and the bias can then be removed from
the PW estimates at every other station in the GPS net-
work. This technique has become known as ‘““WVR-
levering.”’ (GPS-derived PW values are ‘‘levered up
the PW axis’’ until the value at a reference station
matches that obtained using a collocated WVR.)

We demonstrate here the alternate, pure GPS ap-
proach not requiring WVR observations. (This ap-
proach was originally advocated by Bevis et al. (1992)
on the basis of the previously demonstrated ability of
VLBI and GPS geodesists to resolve the absolute val-
ues of atmospheric delay parameters.) Remote stations
(more than 500 km distant) are included in the geodetic
inversion, so that the absolute (and not just relative)
values of the ZWD parameters can be estimated di-
rectly. Continuously operating GPS stations of the
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FIG. 2. A comparison of GPS (open circles) and WVR (small gray dots) estimates of PW at four stations in the GPS/STORM network
for the entire 30-day period of the experiment. The GPS estimates are knots at 30-min intervals, in a linear spline representing PW over
the span of observations. The WVR PW estimates (from Rocken et al. 1995) represent line of sight estimates, acquired at 1-2-min
intervals, at various elevations and azimuths, and mapped to the zenith direction. See Fig. 1 for the locations of the sites. .

global GPS tracking network can be used for this pur-
pose. To implement this approach we depart from our
previous practice (Rocken et al. 1993, 1995) of decom-
posing the neutral delays in the model used during geo-
detic inversion so as to estimate the ZWD histories di-
rectly. Since precise surface pressure measurements are
not available for most global tracking sites, it is not
possible to determine the hydrostatic delays at these
sites. Accordingly we estimate neutral delays at all sta-
tions in the network and then subtract off the hydro-
static delays subsequently for those sites that are
equipped with precise barometers.

5. Results from GPS/STORM

GPS/STORM observations were collected at six sta-
tions in Oklahoma, Kansas, and Colorado (Fig. 1) for
22 h a day over a 30-day period in May 1993. Water

vapor radiometers (WVRs) were available at four of
these sites, and precisely calibrated barometers at all
six. The analysis of the WVR observations is described
in Rocken et al. (1995).

We analyzed the GPS data from GPS/STORM using
the software package Gamit (King and Bock 1994).
To introduce long baselines (large elevation angle dif-
ferences), we incorporated data from four stations in
North and South America (Fig. 1). In our analysis we
combined our 10-station daily solutions with similar
solutions generated for 32 globally distributed stations
at the Scripps Orbit and Permanent Array Facility
(Bock et al. 1992), using the techniques discussed in
Feigl et al. (1993). This step provided precise (sub-
centimeter) geocentric positions for the six GPS/
STORM stations with respect to the International Ter-
restrial Reference Frame, realized by the positions of
the global tracking stations (Boucher et al. 1993). The
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daily GamIT solutions were then repeated, tightly con-
straining the positions of all ten stations. We modeled
the neutral delay using ZND parameters at 30-min in-
tervals with the Gauss—Markov constraints on the ZND
parameters set sufficiently loose that the constraints had
little effect on the estimates. Finally, we recovered
ZWD histories for the six GPS/STORM sites by sub-
tracting the ZHD computed from surface pressure, and
used Eq. (5) to convert these to PW.

Figure 2 and Table 2 show the comparison between
GPS-derived PW and WVR-derived PW estimates dur-
ing the 30-day experiment for the four stations with
collocated instruments. The root-mean-square differ-
ences between the two sets of estimates vary between
1.15 and 1.45 mm, slightly better than those previously
obtained by Rocken et al. (1995) using the WVR lever.
The biases between the series are negligible. Figures 3
and 4 show with finer resolution the comparison for
station Purcell over a representative 14-day period. The
brief periods of extremely high scatter in the WVR PW
estimates are caused by wetting of the WVR’s window
by rainfall or dew, which renders the PW estimates
meaningless. Except for the rain spikes, the differences
between the GPS and WVR estimates (Fig. 4) show
no strong temporal patterns that might indicate system-
atic errors in either set of measurements. Also shown
in Fig. 3 are PW estimates derived twice daily from a
radiosonde. We attribute the relatively large differences
between the radiosonde estimates and those derived
from GPS and WVRs to the distance between the bal-
loon launch point and the GPS-WVR station (28 km)
and to the downwind drift of the ascending radiosonde.

6. Discussion

Figures 3 and 4 illustrate a significant advantage of
estimating PW from GPS observations without using
collocated WVRs in the GPS analysis. The measure-
ments of PW provided by WVRSs are virtually useless
during brief but not rare episodes in which these in-
struments are wetted by rainfall or heavy dew. This
shortcoming of WVRs greatly complicates their use as
external reference systems for solving time-varying bi-
ases associated with relative PW solutions. The pure
GPS approach demonstrated here is more robust as well
as simpler to implement than the hybrid GPS-WVR
approach.

Although it is preferable that WVRs are not used in
the derivation of PW from GPS observations, WVR
observations remain very useful in that they provide a
basis for external comparison. During our first attempts
to process the GPS/STORM data we found that the
WVR PW and GPS PW time series tracked each other
nicely but were offset by several millimeters. This led
us to discover a small but significant bug in the map-
ping function module with gamirt. On fixing this error
in the code, the bias between the WVR and GPS time
series disappeared. If GPS networks analyzed for PW
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TABLE 2. The weighted rms difference between PW solutions
derived from GPS and PW solutions derived from WVR
observations, for all stations in the GPS/STORM network with
collocated GPS receivers and WVRs. The weighting procedure was
designed to accommodate the difference in the intervals of the WVR
(1-2 min) and GPS (30 min) estimates, and to manage objectively
the problem of wildly varying and physically meaningless WVR
estimates during brief periods in which a WVR was wetted by rainfall
or by dew (Fig. 3). We fit the WVR estimates to a linear spline with
knots coincident with the knots of the GPS spline. We then assigned
to each smoothed WVR value an uncertainty equal to the rms scatter
(about the linear spline) of the original WVR estimates within 15 min
of the epoch of the knot. These uncertainties were used to weight the
comparison between the GPS and WVR estimates for PW. Also
shown are the weighted mean differences, or biases, which are very
small.

Weighted rms difference

GPS PW vs WVR PW Bias Number of paired

Station name {mm) (mm) observations used
Vici 1.15 0.10 1003
Platteville 1.26 0.00 1143
Purcell 1.30 0.01 868
Lamont 145 0.13 851

contain at least one station with a collocated WVR, the
comparison between the WVR and GPS time series at
that station could provide a basis for controlling the
quality of the network solution. This would be partic-
ularly attractive in a nearly real-time setting.

During the geodetic analysis of a GPS network, it is
possible to estimate the total neutral delay affecting
each station, or, if surface pressure measurements are
available, to strip off the hydrostatic component and
estimate only the remaining wet component of delay.
To optimize PW retrievals from relatively small re-
gional networks like GPS/STORM, it is desirabie to
incorporate a few distant global tracking stations in or-
der to introduce some very long baselines. The geodetic
analysis of such augmented networks is most conve-
niently framed in terms of the neutral delay, since most
global tracking stations are not equipped with barom-
eters. Accordingly, we have chosen to estimate neutral
delay at all stations, whether or not they are equipped
with barometers, and subsequently to estimate and re-
move the hydrostatic component of delay at all stations
equipped with barometers, thereby isolating the wet de-
lay and thus PW. This strategy allows us to treat all
stations in precisely the same way during the course of
the geodetic analysis. The practical significance of this
is that any global tracking station can be used to aug-
ment a meteorological GPS network, not just those
global tracking stations equipped with accurate barom-
eters. Barometers are needed only at those sites where
PW is wanted. This approach works because observa-
tions acquired below 15° elevation are not used in cur-
rent GPS analyses, and above 15° there is very little
difference between the hydrostatic and wet mapping
functions. Although we do not need barometers at
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FiG. 3. A comparison of PW estimates derived from GPS (solid circles) and WVR (small gray dots) observations for a
14-day period at Purcell. The GPS receiver and the WVR were located only a few meters apart. Also shown are PW
estimates derived twice daily from a radiosonde balloon (crosses) launched 28 km from the GPS receiver and WVR. At
most times the vertical scatter in the WVR solutions reflects the magnitude of lateral gradients in PW. However, the brief
periods of extremely high scatter in the WVR PW estimates are caused by wetting of the WVR’s window by rainfall,

which renders the PW estimates meaningless.

global tracking stations in order to use them to retrieve
PW from regional GPS networks, if the International
GPS Service (IGS) does equip its tracking stations with
accurate barometers then this global tracking network
could also generate useful measurements of PW.

The WVR rain spikes in Fig. 3 are known to have
been associated with thunderstorms. Notice the sharp
rise in PW that precedes each thunderstorm. Moisture-
flux convergence has long been recognized as essential
to convection (e.g., Kuo 1965; Charba 1979), thus, no
variable is more critical to quantitative precipitation
forecasting than water vapor. By tracking short-term
changes in PW associated with moisture-flux conver-
gence and destabilizing midtropospheric intrusions of
dry air (not detected by surface measurements), time
series PW data constitute a useful new tool for short-
term forecasting of thunderstorm activity (Chiswell et
al. 1996, submitted to' Mon. Wea. Rev.). In combina-
tion with other data sources, such as Doppler radar and

radiosondes, earth-based GPS receivers can provide
valuable input to numerical weather forecasting mod-
els. The applications of GPS PW measurements in
weather analysis and forecasting are discussed further
in Chiswell et al. (1996, submitted to Mon. Wea. Rev.).
Businger et al. (1996) discuss possible synergy be-
tween earth-based GPS data and data collected by sat-
ellite-based nadir-pointing radiometers and refractivity
profiles derived by space-based GPS receivers (Mel-
bourne et al. 1994; Ware et al. 1996).

We have demonstrated that GPS networks can esti-
mate PW with a temporal resolution of 30 min or better
and with an accuracy better than 1.5 mm. Both this
analysis, and that of Rocken et al. (1995), were
achieved by postprocessing. This enabled us to incor-
porate precise orbit solutions generated by analysis of
global tracking data collected throughout each GPS
day. With no further technical development, it is clear
that GPS can play a useful role in water vapor clima-
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DIFFERENCE BETWEEN GPS AND INTERPOLATED WVR SOLUTIONS AT PURCELL
25 T T I T T —T

200 & .
£ .
2 15 °C ° . -
a o o
o 10 0o ® . ]

[ " L4 o oo o
E 5 B oo :’ :° ¢ ° ° ¢ ] ° % ° —
o ° ° &

142

144

JULIAN DAY

FIG. 4. The difference between PW estimates derived from GPS and WVR observations for the 14-day period at Purcell shown in Fig. 3.
Since the WVR measurements were much more frequent than the GPS observations, the residuals were formed by comparing the GPS values
and a piecewise linear approximation to the WVR data evaluated at the times of the GPS solutions, as described in Table 2.

tology (IPCC 1992). By modifying our algorithms and
procedures so as to assimilate GPS observations in
nearly real time and incorporate precise orbit predic-
tions, it will be possible for GPS to play a useful role
in operational weather analysis and prediction. The
rapid emergence of continental-scale GPS networks,
therefore, represents an opportunity for the meteoro-
logical community to appreciably enhance its ability to
resolve the distribution of atmospheric water vapor.
Predicted orbits are less accurate than orbital solu-
tions obtained post facto, and since errors in predicted
orbits grow with the age of the prediction (i.e., the time
span of extrapolation ), the major issue related to nearly
real-time applications will be the accuracy of the GPS
PW solution as a function of solution latency and time
of day. At present the IGS downloads the global track-
ing network just once a day; therefore, real-time me-
teorological GPS networks would have to be analyzed
with predicted orbits extrapolated as much as 24 h. It
may prove desirable to download and analyze the
global tracking network more than once a day in order
to optimize the value of GPS PW measurements for
operational weather analysis and prediction.
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