Near real-time GPS sensing of atmospheric water vapor
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Abstract. We describe sensing of atmospheric column water va
por in near real-time using the Global Positioning System (GPS).
We use predicted GPS orbits for automated computation of vertical
column water vapor within 30 minutes of GPS data collection.
Based on a4 month comparison, near real-time GPS column water
vapor agrees with radiosondes and radiometers within 2 mm rms.
Our near real-time column water vapor data are posted hourly at
www.unavco.ucar.edu. They are available for assimilation in nu-
merical weather models and for other applications.

Introduction

Water vapor is a highly variable atmospheric constituent. It is
fundamental to the transfer of energy in the atmosphere and in the
formation and propagation of weather. Yet water vapor remains
one of the most poorly characterized meteorological parameters.
Improved knowledge of its distribution is needed for a variety of
atmospheric research applications and for improved weather fore-
casting.

An opportunity to address this need is presented by the 24 sat-
ellite GPS constellation that fills the atmosphere with microwave
signals based on atomic clocks. GPS signals are delayed by water
vapor, dry air, hydrometeors and other particulates [Niell, 1996;
Solheim et al., 1997]. The delay due to water vapor offers an op-
portunity for sensing water vapor with GPS [Bevis et al., 1992,
1994; Rocken et al., 1993, 1995; Businger et al., 1996; Duan et al.,
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1996] and promises improvements in short-term forecasting [Kuo
et al., 1993, 1996, McPherson et al., 1997].

To use column water vapor for weather forecasting it must be
available closeto real-time. Thisrequires GPS dataand high-accu-
racy orbit availability in real-time. Since May, 1996 we have begun
to analyze GPS datafrom the NOAA Forecast Systems Laboratory
(FSL) GPS network in near real-time (Figure 1). We describe the
data, the processing technique, and comparisons of real-time and
post-processed GPS with radiosonde and radiometer sensed col-
umn water vapor.

Data collection

We are obtaining near real-time GPS tracking data from a 16
station network inthe central U.S. (Figure 1). Fifteen of the stations
are operated by FSL [Gutman et al., 1994], most of them located at
wind profiling (radar) sites. One station is operated in Y ellowstone
National Park, Wyoming, by the University of Utah. All stations

use dual frequency Trimble™ SSE or SSI GPS receivers. The FSL
sites transmit 30 sec GPS data, and 6 min surface meteorological
data to the FSL data hub in Boulder, Colorado, every 30 min. The
Y ellowstone site transmits GPS data to Boulder every 30 sec via
satellitelink. Thissiteisoperated primarily to monitor geodetic de-
formation of the vol canic caldera and does not provide surface me-
teorological data.

The real-time GPS network extends more than 1,500 km from
the Mississippi Gulf coast to Y ellowstone. A network of this size
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Figure 1. Example of column water vapor maps available in real-time at www.unavco.ucar.edu. The maps were
produced using data from 16 central United States GPS sites identified by black dots. GMT software [Smith and
Wessel, 1990] was used for interpolation, contouring and plotting. Interpolated and extrapolated values far from the
GPS sites are artifacts of the interpolation software. Sites used for comparisons of GPS, radiosonde and radiometer
measurements of column water vapor are labeled in the right-hand panel. Shown is an example of a strong drop in
column water vapor near the Texas-Arkansas border during 6 hours.



can provide absolute column water vapor data without including
additional global GPS stations [Rocken et al., 1993].

Radiosonde data and water vapor radiometer data were provid-
ed by the Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) program. Radiosondes are released twice
daily at Vici, Purcell, and Haskell, Oklahoma and Hillsborough,
Kansas and more frequently at Lamont, Oklahoma. Radiometers
are operated continuously at these sites and data are provided at 5
min intervals. We interpolated 30 min GPS sensed column water
vapor to the radiosonde rel ease times, and averaged six of the5min
radiometer data points to match the 30 min GPS data.

The radiometers, manufactured by Radiometrics Corporation
and operated by ARM, are described by Ware et al. [1993, 1997].
We excluded radiometer data degraded by moisture on the radiom-
eter windows and radiosonde datathat wereflagged asnot reliable.

Real-time data analysis

Weretrieve real-time GPS data hourly and use Bernese 4.0 soft-
ware[Beutler et al., 1996] to estimate vertical column water vapor.
Station coordinates are held fixed and satellite positions are also
assumed known. Signal delay due to the dry atmosphere is re-
moved using surface barometric pressure measurements and a
mapping function [Niell, 1996]. Vertical zenith wet delay is esti-
mated every 30 minutes for each station in the network under the
assumption that the delay is azimuthally isotropic and changes ap-
proximately as the cosecant of the satellite elevation angle. The ze-
nith wet delay is converted to zenith column water vapor using the
linear relationship, published by Bevis et al. [1994].

We use predicted GPS satellite orbits computed at the Universi-
ty of Berne, Switzerland, for real-time analysis. These orbits be-
comeavailableevery day at 15:00 UT. They are estimated from the
International GPS Service (1GS) global network data [Zumberge et
al., 1994] collected from 0:00 to 24:00 UT during the previous day.
The Berne group computes satellite positions from previous day
data, and then integrates the equations of motion for each GPS sat-
liteto predict orbits two days ahead. Thus, the predicted GPS or-
bits that we use for near rea-time processing are 39 hr old just
before downloading at 15:00 UT, and 15 hr old just after down-
loading. Predicted orbits degrade in time primarily because of un-
predictable non-conservative drag forces. Their accuracy ranges
from~0.1 mrmsat zero hr to ~1.5 m at 48 hr. The average accura-
cy of predicted orbits with 15 to 39 hr ageis~0.4 m rms.

Data from each GPS satellite are weighted according to the
goodness of fit to previous day global tracking data, provided by
the group in Berne. However, satellite maneuvers are unpredict-
able and can cause large orbit errors. Our real-time analysis detects
and eliminates such errors prior to column water vapor estimation,
based on the goodness of fit to the hourly data from the FSL GPS
network.

Bernese 4.0 uses a batched least squares algorithm which stores
the normal equations for each processed time interval. We process
thereal-time datain hourly observation windows, store the normal
equations, and then stack the normal equations from the sequence
of the last 24 solutions. This processing mode enforces continuity
between the hourly segmentsand it is nearly equivalent to process-
ing 24 hr of observations, but requires significantly less computer

time. We invert the data from the 16 station network in about 20
min, including data trandation and preparation of contour maps

and plots for hourly publishing, on one HP K200™ workstation
central processor unit (CPU). Thus, our current procedures allow
us to post column water vapor data on the Internet within about 30
min of real-time. This process can be streamlined to reduce pro-
cessing time to less than 10 min. It is also possible to compute col-
umn vapor more frequently.

Results and discussion

We estimate column water vapor in near real-time using GPS
data from each site every 30 min. Figure 2 shows an example of a
near real time water vapor time series that is updated hourly. Our
GPS estimations represent averages of integrated water vapor

along all GPS ray paths above an elevation cut-off angle of 15°.
Since most water vapor is concentrated in the lowest 3 km of the
atmosphere all observations fall within a circular cone of 3 km
height and ~11 km radius at the top. Thus we estimate 30 min av-

erages of the vertical column water vapor within a 400 km? vol-
ume.
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Figure 2. Near rea-time GPS column water vapor estimates and
their formal errors for one day. The numbers to the right mark the
solutions that we define as 0,1,2,3, etc. hour latency results.

The quality of real-time column water vapor is determined by
comparison with radiosonde, water vapor radiometer, and post-
processed GPS data. Post-processed results are computed in 24-
hour batches using accurate GPS orbits provided by the University
of Berne 4 days after data collection. Figure 3 shows an example
of the compared data, where a sharp dip in column water vapor at
Lamont from 40 mm to 10 mm during 5 hoursis clearly resolved.
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Figure 3. Seven day comparison of real-time GPS (read vertical
error bars), post-processed GPS (blue dots), radiosonde (black
sguares) and radiometer data (green diamonds).



Comparisons of 4 months of data are summarized in Table 1.
The average column water vapor for the five sites during this peri-
od was 14 mm. The near real-time column water vapor data agrees
with radiosonde and radiometer data during this period within 2.1
and 1.9 mm rms respectively. Near real-time and post-processed

vation window to the start of the analysis. We find: (1) better re-
sults can be obtained if better orbits are used; (2) ambiguity
resolution, if possible, further improves the quality of the results;
and (3) results improve with increasing latency, especially when
ambiguities are not resolved.

GPS results during the same period agree to 1.7 mm rms. Radiom-

eters and the radiosondes agree for the same period to 1.5 mm rms é 17
(not shown in table). Post-processed GPS results using 5 to 10 cm g . )
quality orbits agree with the radi osondes to 1.3 mm rms (not shown S predicted orbits
in table). g 1.3
Q
. ; 4 e}
Ta_ble 1 Co_mpanson of near real-time _GPS colum_n water vapor = post-processed orbi
estimates with post-processed GPS estimates, radiosondes, and %
radiometers during a four month period. Approximately 5,000 g 0914
post-processed, 190 (470 at Lamont) radiosonde, and 4,000 o
radiometer comparisons are included for each site. E post-processed orbits & ambiguity resol{tion
0.5
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Comparison results (rms * bias in mm) latency (hr)
Post- Radio- Radio- : : )
process sonde meter Figure 4. Comparisons of post-processed and near-real-time
column water vapor data as a function of result latency for three
Hillsborough 15 0.0 17-01 17 0.9 different real-time processing test modes.
Haskell 1.8 0.0 25 03 24 13 - . . . . .
Ambiguity resolution results in more precise tropospheric esti-
Lamont 1.6 0.0 2.1-0.6 22-10 .
mates because fewer parameters have to be estimated once the am-
Purcell 1.8-0.1 2.1-0.8 1.7 01 L - . . .
: biguities are fixed to their correct integer values. Increasing latency
Vici 1.7-0.2 1.9 0.0 1.7 -0.8 . o
improves the results because added normal equation files generally
average 1.7-0.1 21-0.2 1.9-01 reduce formal uncertainties of the column water vapor values esti-

mated by least squares. This can be seen in Figure 2 where the for-

The rms values in Table 1 and those quoted above are computgl?l errors of the 0-hr latency solutions are slightly larger than the

relative to zero without bias removal. Some sites appear to be &f'70rs With several hour latency. Data from hr N provide additional

fected by significant biases. At Lamont and Purcell radiosongdformation for hr N-1 solutions, and thus contribute to improving
measurements of column water vapor are 0.6 and 0.8 mm respdf€ 1: 2. 3....., hr latency results. .

tively higher than real-time GPS. The largest radiometer bias is N summary, we found that better real-ime results can be
seen at Haskell where the radiometer reports on average 1.3 nfRhieved with improved predicted GPS orbits. Presently predicted

less column water vapor than GPS. The source of these biase<GES orbits are not sufficiently accurate to allow reliable integer
not understood. ambiguity resolution in real-time for the FSL network. Orbit error

effects scale with station spacing and ambiguity resolution should

be applied for denser GPS networks with shorter baselines to
achieve improved real-time GPS results. The easiest way to obtain
better results is to wait and include a few hours of additional data

in the processing. This however, is not acceptable for weather fore-
sting applications where the most recent 0-hr latency results are
greatest value.

Improving real-time accur acy

While post-processed GPS results agree with radiometers arf
radiosondes to 1.3 mm rms, real-time results agree presently?
only 2 mm rms. Therefore we examined possible ways to improve
the accuracy of real-time column water vapor data by comparing
ppst-processgd column \{vater vapor vyith results obtained.in thrgR g ated applications
different real-time analysis modes during a ten day test period. The
first mode was the routine hourly real-time analysis described
above. For the second mode we applied the same analysis but usedReal-time GPS estimation of column water vapor has applica-
more accurate post-processed orbits, instead of the predicted éens beyond weather forecasting. GPS is an all-weather system
bits. Finally, for the third mode, we used the better orbits andhat could be used to supplement the Geostationary Operational
changed the analysis to resolve the correct initial number of GPENvironmental Satellite (GOES) and other satellite observations
carrier wavelengths at signal lock-on (ambiguities) for each hourljhat are degraded in cloudy regions. GPS column water vapor can
data segmeng]ewitt, 1989]. also be used for calibration and validation of satellite radiometers.

Comparisons of the results as a function of latency for the three Average global atmospheric column water vapor is expected to
processing modes are shown in Figure 4. As labeled in Figure 2, Wige due to increasing atmospheric.Q0ncentrationsyuan et al.,
define latency as the elapsed time from the end of an hourly obset993]. GPS column water vapor that is available close to real-time



can be included in operational numerical weather models that pro-
vide the primary input for climate studies. Thus real-time analysis
isvauablefor climate monitoring applications of GPS column wa-
ter vapor.

Measurements of slant water vapor with GPS networks [Ware
et al., 1997] could potentially be applied to water vapor tomogra-
phy, prediction of convection, and related aviation wind sheer haz-
ard. These applications are also most valuable if conducted close
to red-time.

We have recently begun to apply real-time GPS analysis to the
estimation of ionospheric total electron content (TEC). TEC mod-
s, similar to those determined for the column water vapor, are
generated and can be applied to correct GPS observations with
lower-cost single frequency receivers and for ionospheric research
and monitoring [Ho et al., 1996].

Real-time maps of GPS derived column water vapor as shown
in Figure 1 can also be used to compute tropospheric delay correc-
tions for real-time kinematic GPS surveying and potentially im-
prove survey accuracies [E. Cannon, personal communication,
1997].

Conclusions

We have demonstrated automated computation of near real-
time GPS sensed column water vapor with 2 mm rms radiosonde
and radiometer agreement and less than 1 hr latency. Real-time
column water vapor improvement to about 1.5 mm rms agreement
with radiosondes is possible if carrier phase ambiguities are re-
solved.

Because real-time GPS column water vapor is accurate, works
in al weather, and has high temporal resolution it promises to be
complementary to other atmospheric observing systems such asra-
diosondes, GOES, and other satellites. Scientists at the National
Center for Atmospheric Research (NCAR) and at FSL are current-
ly studying the impact of GPS column water vapor by assimilating
it into numerical weather models. Evaluation of these assimilation
studies is needed to determine the accuracy, latency, and spatia
and temporal resolution required for improved weather prediction.

Dense dua-frequency GPS networks for crustal deformation
monitoring are currently installed in Japan (950 stations) and in
southern California (250 stations). In addition, a growing number
of GPS sites are operated world wide for avariety of reasons. The
growing GPS infrastructure, using real-time GPS dataanalysis and
integrated water vapor assimilation techniques, has the potential to
significantly improve weather and precipitation forecasting in the
near future.
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