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Validation of line-of-sight water vapor measurements with GPS 

John Braun, Christian Rocken, and Randolph Ware 
GPS Research Group, University Corporation for Atmospheric Research, Boulder, Colorado 

Abstract. We present a direct comparison of nonisotropic, integrated water vapor measurements 
between a ground-based Global Positioning System (GPS) receiver and a water vapor radiometer 
(WVR). These line-of-sight water vapor observations are made in the straight line path between a 
ground station and a GPS satellite. GPS double-difference observations are processed, and the 
residual line-of-sight water vapor delays are extracted from the double-difference residuals. These 
water vapor delays contain the nonisotropic component of the integrated water vapor signal. The 
isotropic component is represented by the zenith precipitable water vapor measurement and can be 
scaled to a specific elevation angle based on a mapping function. The GPS observations are cor- 
rected for station-dependent errors using site-specific multipath maps. The resulting measurements 
are validated using a WVR which pointed in the direction of the observed satellites. The double- 
difference technique used to make these water vapor observations does not depend on accurate sat- 
ellite clock estimates. Therefore it is especially well suited for near-real-time application in weather 
prediction and allows for sensing atmospheric structure that is below the noise level of current sat- 
ellite and receiver clock errors. This paper describes the analysis technique and provides precision 
estimates for the GPS-measured nonisotropic water vapor as a function of elevation angle for use 
with data assimilation systems. 

1. Introduction 

This study is motivated by the need for accurate mea- 
surements of atmospheric water vapor with precise spa- 
tial and temporal resolution. Applications of these 
observations include weather prediction [Emanuel et al., 
1996; Dabberdt and Schlatter, 1996] and climate 
research [Stokes and Schwartz, 1994]. Experiments have 
shown that zenith integrated precipitable water (PW) 
can be readily obtained with better than 2 mm absolute 
accuracy using GPS instruments [e.g., Bevis et al., 1992; 
Rocken et al., 1993, 1995, 1997]. The assimilation of 
PW data into numerical weather models has been shown 

to significantly improve the initial state and model pre- 
diction of rainfall [Guo et al., 2000]. However, PW 
measurements do not provide any information on the 
spatial distribution of water vapor. The integrated 
amount of precipitable water along each path from an 
individual satellite to a receiver is called slant water 

(SW) [Ware et al., 1997]. GPS PW measurements are 
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essentially averages over all SW measurements which 
are mapped to the equivalent zenith value and averaged 
over a period of time typically ranging from between 5 
and 30 min. Because of this averaging, the nonisotropic 
component of SW is removed when computing PW. For 
a single site, recording measurements every 30 s from 5- 
12 satellites, there are between 300 and 750 observa- 

tions averaged in a 30 min estimate of PW. While PW 
measurements contain no information about the distri- 

bution of the water vapor at a site, SW measurements 
do. SW measurements, however, are more difficult to 
measure than PW because they do not benefit from 
averaging and are thus strongly affected by noise due to 
instabilities of the GPS receiver and transmitter oscilla- 

tors, satellite orbit error, site multipath, and antenna 
effects. 

SW observations have the potential to be useful in 
reconstructing the three-dimensional water vapor field if 
they can be successfully assimilated into numerical 
weather models [MacDonald and Xie, 2000]. Assimila- 
tion techniques for this data type are currently under 
development at the National Center for Atmospheric 
Research (NCAR). For data assimilation the error esti- 
mate of the measurement is as important as the measure- 
ment itself [Kuo et al., 1996; Guo et al., 2000]. In 
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preparation for future use of SW in weather prediction 
we describe how the nonisotropic component of SW can 
be obtained from the residuals of modeled GPS observa- 

tions and what the error of these water vapor measure- 
ments is as a function of satellite elevation angle. Other 
applications of SW measurements are in the calibration 
of interferometric synthetic aperture radar (InSAR) 
images [Hanssen et al., 1999] and tomographic model- 
ing techniques [Howe et al., 1998; Ruffini et al., 1999; 
Elosegui et al., 1999]. This paper first describes how we 
retrieve the nonisotropic component of SW from our 
GPS analysis. Then we describe a technique to reduce 
the effect of site multipath on these observations. 
Finally, they are compared with independent observa- 
tions from a water vapor radiometer (WVR) that was 
located near the GPS antenna and pointed at the 
observed GPS satellites. 

2. Estimation of SW From GPS 

Slant water vapor delay (SWD[") is defined as the 
path integral of atmospheric refractivity due to water 
vapor N(w), between the receiving antenna i and the 
transmitting GPS satellite m. 

m 

m SWDi = 10-6• GPS N(w)ds. (1) 
aANTi 

The refractivity of atmospheric water vapor is a function 
of the partial pressure of water vapor ew (millibars) and 
the temperature T (Kelvin) [Bevis et al., 1994]: 

e w 

N(w)•k•, (2) 
where the constant k = 3.73 x 105 K2/mbar. 

Integrated slant water vapor ISW[" is defined as the 
integrated water vapor density Pw along the ray path 
between the receiving antenna i and the transmitting 
GPS satellite rn and, as shown below, is linearly related 
to the slant water vapor delay [see, e.g., Hogg et al., 
1981; Bevis et al., 1992]. 

rn [GPS m ISWi = Pwds. (3) 
'ANT i 

Using the ideal gas law with the gas constant for water 
vapor, Ru = 461.5 J/(kgK), we can rewrite the integrated 
slant water vapor as a function of vapor pressure (ew) 
and temperature (T) along the line integral from the 
receiving GPS antenna i to the transmitting satellite m. 

rn 1 fGPS mew ISWi = •vvJANT/-•ds' (4) 

Atmospheric scientists oftentimes relate the amount 
of integrated water vapor in the atmosphere (in the 
zenith direction) to the length of an equivalent column 
of liquid water. This is done by dividing the zenith inte- 
grated water vapor by the density of liquid water p, and 
is referred to as precipitable water (PW). In a similar 
manner, we define the slant water SWi m as the length of 
an equivalent column of liquid water for the ray path 
between a GPS receiver i and satellite m. SWi m is then 
the integrated slant water vapor divided by the density 

m 

of liquid water (SWi = ISW•/p). 
The ratio of slant water to the slant water vapor delay 

is known as I1 It can be expressed as 

1 j•APS nt ew SW? P•v NTi 106 

SWD• 10-6k•3Psmew 'ANT/•ds Dkgvrm , (5) 
where Tm is called the mean temperature of the atmo- 
sphere [Davis et al., 1985] and can be computed from 
the temperature profile above a GPS receiver. It has 
been shown that T,, is highly correlated with the surface 
temperature and can be approximated by T m = 70.2 + 
0.72T• [Bevis et al., 1994]. This approximation was 
obtained through an analysis of radiosonde data col- 
lected from stations within the United States and should 

be accurate to -2% for all weather conditions. We used 

this approximation in the study presented here. The typ- 
ical value of FI is 0.15, implying that 1 mm of slant 
water corresponds to a slant water vapor delay of-6.5 
mm. In this paper we will henceforth refer to slant water 
as the equivalent amount of liquid water in units of mil- 
limeters. It should be mentioned that to eliminate any 
errors that might be introduced from assumptions about 
Tin, the slant water vapor delay can be used in place of 
slant water for assimilation into numerical weather 

models. This paper discusses slant water because it can 
be directly validated against measurements from a 
WVR. 

GPS observations are affected by the delay due to 
both the wet and dry components of the atmosphere. 
The dry delay is commonly removed through the use of 
surface observations of pressure and temperature 
[Elgered et al., 1991] and will not be extensively dis- 
cussed in this paper. 

The slant water vapor delay SWD[" can be divided 
into two components: 
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SWD7' = 
where m(O?) is the mapping function that scales the 
delay at an elevation angle 07 from station i to satellite 
m [Niell, 1996] to zenith. The first term on the right- 
hand side of (6), the isotropic component of slant water, 
can be computed from the PW measurements. The sec- 
ond term, Si"', represents the nonisotropic component of 
the slant water and is the focus of this paper. The term is 
zero when the atmosphere is perfectly isotropic, nega- 
tive when the GPS signal passes through a region of low 
water vapor content relative to the PW estimate, and 
positive when it passes through a region of high water 
vapor content relative to the estimate based on PW. Typ- 
ically, the magnitude of the second term is less than 20% 
of the PW term [see, e.g., Roeken et al., 1991; Jar- 
lemark et al., 1998]. For this reason we present observa- 
tions of Sim only, neglecting the PW component. We 
measure Si"' by accurately modeling and correcting for 
the clock delays, geometric delays, hydrostatic delay, 
ionospheric delay, and the isotropic part of the wet 
delay. After these components of the GPS measure- 
ments are correctly removed by the modeled observa- 
tions, the residual (observation minus model) is the 
delay caused by the nonisotropic component of the SW, 
or S,"' ß , 

Modeling of the GPS observations can be done with 
either precise point positioning (PP) [Zurnberge et al., 
1997] or with double-difference (DD) processing [Beut- 
ler et al., 1996]. The PP technique has the advantage 
that the line-of-sight observations from the receiving 
antenna to each transmitting satellite are individually 
modeled. The resulting residuals are then the nonisotro- 
pic component of the wet delay. The disadvantage of PP 
analysis is that accurate receiver and satellite clock esti- 
mates are needed. Typically, satellite clock values are 
computed from a large, often global, GPS tracking net- 
work in the same processing step that the orbits are 
computed. These satellite clock values are then distrib- 
uted in the same file as the orbits. The receiver clock is 

included in the estimation process as a random walk 
parameter when PW is estimated. In addition to the 
receiver clock estimate, it is not possible to resolve the 
integer carrier phase ambiguities in PP. The DD tech- 
nique removes GPS transmitter and receiver clock 
errors and allows for ambiguity resolution by differenc- 
ing simultaneous observations from two sites and two 
satellites. The disadvantage is that the resulting residual 

is a combination of four observations instead of one. 

Because DD processing eliminates clock estimation and 
allows for ambiguity resolution, it is more sensitive to 
small variations in Si"' than the PP technique. This is 
especially important for weather prediction applications 
because the nonisotropic component of SW can be small 
and results must be available in close to real time when 

accurate clock estimates are generally not available. 
The technique to transform double-difference residu- 

als into line-of-sight residual delays (which can then be 
converted into nonisotropic slant water observations) 
for an individual ray path between a transmitting satel- 
lite and a receiving antenna is explained in detail by 
Alber et al. [2000]. In brief, the technique depends on 
two assumptions. First, the sum of the single-difference 
residuals to all satellites visible at each observation 

epoch for a pair of stations in a baseline must be equal to 
zero. This implies that the observations must be suffi- 
ciently well modeled so that for every baseline in the 
solution, the sum of the unmodeled components of the 
single-difference observations is equal to zero. Errors in 
this assumption arise when station biases are left in the 
solution. This can occur when the mean atmospheric 
delay (caused by PW) is not removed or when incor- 
rectly resolving carrier phase ambiguities. The second 
assumption requires that the sum of the unmodeled por- 
tions of the observations from all the stations in the net- 

work to a single satellite is zero. Errors in the 
assumptions, and their effects on the individual line-of- 
sight residuals, are reduced by increasing the number of 
stations processed in the network and by increasing 
baseline length to avoid common mode errors. The 
resulting line-of-sight residuals contain unmodeled 
atmospheric delay, antenna phase center variations, and 
station multipath. In order to retrieve high-quality atmo- 
spheric signals from the line-of-sight residuals, the 
antenna phase center variations need to be accurately 
modeled, and the multipath errors must be kept to a min- 
imum. After the residuals have been corrected for these 

station-specific errors, they can be multiplied by 1-I to 
become the Sim observations. 

3. Experiment Description and Analysis 
Data were analyzed from eight locations spanning 3 

days, May 21-23, 1996. Six of the stations are part of the 
National Oceanic and Atmospheric Administration's 
(NOAA) Forecast Systems Laboratory (FSL) wind pro- 
filer network [Gutman et al., 1995]. These six stations 
are equipped with Trimble 4000 SSE receivers and 
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Trimble 4000ST L l/L2 antennas. The distances between 
the NOAA FSL stations are a few hundreds of kilome- 

ters, with locations in Colorado, New Mexico, Kansas, 
and Oklahoma. Two additional GPS stations were used, 

both equipped with Trimble 4000 SSI receivers and 85 
cm choke ring antennas [Alber et al., 1997]. One of 
these was essentially collocated with the NOAA FSL 
station in Platteville, Colorado. For these two Platteville 
stations the distance between the two antennas was 100 

m. The PW and Si"' results from these two stations were 
compared for consistency. The second additional GPS 
station was operated at the Table Mountain Gravity 
Observatory just north of Boulder, Colorado. Table 
Mountain is approximately 43 km west of Platteville. 
Radiometrics WVR- 1100 radiometers with elevation 

and azimuth pointing capability were operated at Plat- 
teville and Table Mountain. In an earlier experiment, 
data from two collocated WVR-1100 radiometers were 

compared and produced equivalent PW measurements 
with an RMS difference of 2.8 mm and a bias of 1.8 mm 

[Ware et al., 1993]. The GPS and radiometer data from 
these two sites have been analyzed for previous studies 
[Alber et al., 1997; Ware et al., 1997], including the 
sensing of double-differenced slant water observations. 
The average PW at Platteville and Table Mountain dur- 
ing the observation period was 18 mm, with variations 
ranging from 15 to 30 mm. 

3.1. GPS Data Analysis 

All GPS data were processed using the Bernese GPS 
software version 4.0 [Beutler et al., 1996]. Final orbits 
from the International GPS Service [Kouba, 1998] were 
used. To remain consistent with the orbits, station coor- 

dinates were estimated using the International Terres- 
trial Reference Frame 1993 (ITRF93). In both the 
positioning and the atmospheric analysis, data were col- 
lected and processed at 30 s intervals and all available 
data above 10 ø elevation were used. For the atmospheric 
analysis the station coordinates were constrained to 0.1 
mm. This tight constraint essentially fixed their position 
to their previously estimated values. The vertical coordi- 
nate repeatability for the 3 days of solutions was 2-3 
mm for the two stations. Vertical position errors and PW 
errors are correlated. For example, a 3 mm vertical error 
introduces a 0.07 mm error in PW when analyzing data 
with a 10 ø elevation mask [Beutler et al., 1988]. While 
coordinate errors cause errors in PW, they will not affect 
the nonisotropic component of SW as defined in (6). 
Surface pressure measurements were used with a modi- 
fied Saastamoinen model to remove the dry delay. PW 

estimates for each station were computed using all 
observations collected during a half hour interval and 
the wet Niell mapping function [Niell, 1996]. The dou- 
ble-difference residuals were inverted into line-of-sight 
residuals through a separate program and the technique 
of Alber et al. [2000]. They were then converted into 
nonisotropic SW observations (S[") using a II value 
computed from observed surface temperature (section 
2). 

3.2. Stacking of Residuals for Multipath Suppression 

The retrieved S[" observations can contain, in addi- 
tion to the atmospheric signal, noise from ground reflec- 
tions near the GPS antenna and from direction- 

dependent variations in the GPS antenna's phase 
response. These noise sources, to first order, are a func- 
tion of the elevation and azimuth angle of the incoming 
GPS signal and repeat on a daily basis according to the 
direction of the incident ray path. To minimize these 
errors, the line-of-sight residuals were averaged for the 
3 days to produce a multipath map. This map was then 
incorporated into the modeled observations during pro- 
cessing. The use of this map was modestly successful, 
and the results of its use will be discussed in sections 5 

and 7. 

3.3. Processing of Water Vapor Radiometer 
Observations 

The radiometers were operated so that they would 
measure SW in the direction of all GPS satellites which 

were greater than 10 ø above the horizon. During a typi- 
cal configuration there would be between 5 and 12 satel- 
lites in view. The radiometers would cycle through each 
of the satellites, pointing in the direction of a particular 
one approximately every 8 min. The SW observations 
were transformed into PW measurements using the 
function PW(Oi m) = m(Oim)SW(Oim), with the mapping 
function m(Oi m) = sin(Oim). This simple mapping func- 
tion should not degrade the accuracy of the WVR obser- 
vations because the WVR measures water vapor from 
atmospheric brightness temperature with a 5 ø beam 
width. 

During the 3 days there were at least two rain events. 
The radiometer SW measurements during these times 
were corrupted by liquid water collecting on the instru- 
ment window or by scattering effects from hydromete- 
ors [Zhang et al., 1999]. It was therefore necessary to 
discard these sections of data. The radiometer data were 

binned into half-hour time windows to estimate PW and 

remove the isotropic component of SW. This time win- 
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dow was chosen to match the one used for the GPS PW 
estimates. For each half hour the mean PW value was 
calculated and subtracted from the individual radiometer 
measurements, leaving only the Si" component. To elim- 
inate data corrupted by liquid water, all the Sim measure- 
ments for each 30 min time window were scaled to 
zenith, and the root-mean-square (RMS) of each win- 
dow was computed. The RMS of the entire 3 days of Si" 
observations was also computed. Any 30 min set of Si"' 
observations whose RMS value was larger than the 
RMS for the entire 3 day data set was removed from the 
comparison. While limiting the total water vapor vari- 
ability, it guaranteed the removal of any portions of data 
which might have been corrupted by liquid water. 

4. Results 

During the 3 days of observations there were 183 sat- 
ellite tracks where both the GPS and WVR instruments 

collected a sufficient amount of data to compare obser- 
vations. The GPS-derived Si m measurements are plotted 
in Figure 1 for the GPS station at Table Mountain. 

Figure 1 represents the second, or nonisotropic, term 
in (6). The PW portion of the signal is not included to 
better illustrate the variations in S[". Figure 1 shows a 
peak variability of up to 5 mm, while the mean PW esti- 
mate for these data was 18 mm. When this nonisotropic 
term is scaled to the equivalent zenith value, the largest 
Sim observations corresponded to less than 5% of the 
mean PW value. The lack of large-magnitude S? obser- 
vations can be attributed to the dry, homogeneous atmo- 
spheric conditions which often exist over the Colorado 
Front Range area at an altitude of- 1500 m. Radiometric 
studies by Rocken et al. [1991] and Davis et al. [1993] 
have reported nonisotropic components of SW as large 
as 20% of the equivalent PW values. Davis et al. report 
variations of Sim to be as large as 4.5 mm of the equiva- 
lent PW (or 17.3 mm of Sim at 15 ø elevation) along the 
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Figure 1. Nonisotropic SW for the Table Mountain GPS station plotted as a function of elevation angle. The 
observations are from the solution using the choke ring antenna and multipath map. All observations are plot- 
ted for all 3 days of data analyzed. 
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Figure 2. Nonisotropic SW for a single satellite track for the Table Mountain GPS station. In the top panel, 
GPS observations (in 30 s intervals) are plotted as the dashed line, and WVR observations are plotted as the 
thicker solid line (8 min intervals). The coherence between the GPS (decimated to 8 min intervals) and WVR 
time series is plotted in the bottom panel as a function of frequency in hertz. The GPS observations are from 
the solution using the choke ring antenna, multipath map, and 2 min filter. 

Swedish coastline, significantly larger than anything 
observed during this experiment. 

As part of the GPS data analysis, estimates of PW 
and $i m were computed at the six NOAA FSL stations 
that were included in the analysis. While there was not a 
pointing radiometer at any of these stations, an analysis 
of their GPS-derived Si m observations indicates larger 
nonisotropic SW. In particular, three of the stations had 
Si m observations as large as 5 mm at elevation angles of 
45 ø. Estimates of PW at these locations were in general 
also larger than those estimated at either Platteville or 
Table Mountain. On the basis of comparisons between 
GPS- and WVR-derived $i m observations at Platteville 
and Table Mountain and previous studies that indicate 
that nonisotropic water vapor variability increases with 
increasing total water vapor content [Treuhaft and 
Lanyi, 1987], we interpret these as actual Si m observa- 
tions. 

Comparisons of GPS- and WVR-retrieved Sim mea- 
surements for individual satellite tracks are displayed in 
Figures 2 and 3. The GPS values are plotted in 30 sec 
intervals, while the WVR values are plotted approxi- 
mately every 8 min. Once again, the portion of SW 
attributable to the PW estimate has been removed. Fig- 
ures 2 and 3 also show the coherence estimates between 

the GPS and WVR time series of Si m based on the Welch 
method of power spectrum estimation [Welch, 1967]. 
The examples shown in figures 2 and 3 have exception- 
ally high coherence estimates across all frequencies. 
The high coherence of the GPS and WVR time series 
indicates that while the noise level of the two techniques 
is relatively high, they have a common signal structure. 
This common signal is due to water vapor. In general, 
the times series of the other satellite tracks did not 

exhibit such high coherence across all frequencies, 
although they did show coherence of better than 0.5 
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Figure 3. Nonisotropic SW for a single satellite track for the Platteville GPS station. The description of the 
panels is the same as in Figure 2. 

across most frequencies (indicating that the two instru- 
ments observe the same nonisotropic slant water). This 
level of coherence between the two time series is rea- 

sonable considering that often, compared to the mea- 
surement noise of the two techniques, no significant 
water vapor heterogeneity is present. 

5. Error Analysis 
The value of SW measurements is their increased 

information on the spatial variability of water vapor in 
the atmosphere. A comparison of the nonisotropic com- 
ponent of the GPS and WVR SW observations allows 

for the determination of a reasonable error budget. 
During this experiment the size of the nonisotropic 

component of SW, Si m, was generally the same order of 
magnitude as the size of the error in the two measure- 
ment techniques. In our simple error analysis we assume 
that the GPS errors, the WVR errors, and the nonisotro- 
pic component of SW were all zero mean, Gaussian, and 
independent from one another. The RMS of the GPS 

(½•miGPS) and WVR (o",wvR) measurements of Sim can 
then be represented through (7) and (8) 

rn rn 2 2 1/2 
O iGPS = [(Oi ) +(qGPS) ] , (7) 

rn rn 2 )2 1/2 O iWVR = [(Oi ) +(qWVR ] , (8) 
where omi is the RMS variation of the actual amount of 

Si, m common to both instruments and l'lGPs and qWVR are 
the respective GPS and WVR RMS measurement noise. 

To statistically quantify the magnitude of S/" observed by the two instruments, the GPS and WVR 

observations were combined. First, the time series of the 
two measurements were added together. Note that we 
can manipulate the time series in this way because we 
are comparing instantaneous GPS and WVR observa- 
tions of Si m at common epochs. The RMS of this time 
series contained twice the RMS amount of Si m in addi- 
tion to the GPS and WVR RMS measurement noise 

OGPS+ WVR [(2oim)2 + (qGPS)2 1/2 -- + (TIWVR) 2] . (9) 
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Second, the GPS and WVR time series were sub- 
tracted. The RMS of this time series contained only the 
noise in the two measurements 

OGPS-WVR_ [(TIGPS) 2 1/2 - + (qWVR)2] . (10) 
The RMS size of actual nonisotropic SW common to 

both instruments could then be computed by squaring 
(9) and (10) and solving for 

m 1 1/2 
(7 i = •[((7GPS+WVR)2-((IGPS_WVR )2] . (11) 
Once o:"'i was determined, the RMS measurement 

noise of the GPS and WVR observations could also be 

computed 

11GPS [ (OmiGPS)2 m)2 1/2 = -(O i ] , (12) 
rn 2 rn 2 1/2 

qWVR = [(C• iWVR)-(C• i ) ] ß (13) 
In our error analysis we grouped the observations by 

elevation angle and by individual satellite track. The 

values of (Jmi, T]WVR, and T]GPS are plotted as a function of 
elevation angle in Figure 4. These values are also shown 
in Table 1. Table 1 contains multiple columns for the 
GPS RMS measurement errors. Each column corre- 

sponds to a different technique that was used to reduce 
noise levels. Besides applying a filter for certain speci- 
fied analysis techniques, the GPS and WVR results were 
compared without any type of time integration or aver- 
aging. The RMS of S[" common to both instruments is 
shown in column 2, and the WVR RMS measurement 
noise is shown in column 3. The Platteville location 

contained two stations: One was part of the NOAA FSL 
network, and one was the additional station with the 85 
cm choke ring antenna. The RMS noise level of the data 
collected by the NOAA FSL station is given in column 
4. 

Columns 5-8 contain the combined analysis of data 
collected with the GPS instruments at both Platteville 

and Table Mountain using the 85 cm choke ring anten- 
nas. Neither station had significantly lower noise char- 
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Figure 4. RMS of nonisotropic SW (solid line); GPS error using the choke ring antenna, multipath map, and 2 
min filter (dotted line); and WVR error (dash-dotted line) as a function of elevation angle, in units of millime- 
ters. 
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Table 1. RMS of Sim Observation and Measurement Noise Estimates a 

•IGPS, mm 
Elevation, 

deg o'mi, mm XlwvR, mm Multipath Combined NOAA Choke Rings Filter Map 
10-15 0.66 2.28 1.45 1.47 1.07 1.40 0.97 

15-20 0.51 1.17 1.17 1.28 0.88 1.22 0.81 

20-25 0.44 0.70 1.08 1.06 0.85 0.92 0.72 

25-30 0.43 0.56 0.76 0.76 0.62 0.73 0.57 

30-35 0.33 0.47 0.71 0.53 0.46 0.53 0.45 

35-40 0.29 0.45 0.72 0.57 0.53 0.50 0.45 

40-45 0.24 0.45 0.64 0.49 0.46 0.45 0.41 

45-50 0.22 0.44 0.58 0.42 0.39 0.35 0.31 

50-55 0.20 0.41 0.59 0.44 0.40 0.40 0.36 

55-60 0.15 0.31 0.44 0.31 0.28 0.30 0.26 

60-65 0.14 0.36 0.36 0.31 0.29 0.30 0.26 

65-70 0.15 0.37 0.47 0.30 0.28 0.28 0.25 

70-75 0.00 0.40 0.49 0.30 0.27 0.27 0.24 

75-80 0.12 0.30 0.42 0.26 0.23 0.26 0.22 

80-85 0.09 0.37 0.18 0.19 0.16 0.15 0.13 

85-90 0.04 0.31 0.18 0.22 0.19 0.20 0.14 

aRMS variation of the nonisotropic component of SW (column 2) and RMS errors for the WVR (column 3) and GPS (columns 4-8) 
observations as a function of elevation angle are shown in units of millimeters. The values are computed for all measurements within a 
5 ø elevation bin. The GPS error estimates for the NOAA FSL station in Platteville are in column 4. The results presented in the remain- 
ing columns are from a combination of the two GPS stations in Platteville and Table Mountain that were equipped with 85 cm choke 
ring antennas. The data from these two stations without additional noise suppression are in column 5. The same two stations but with a 
2 min filter applied are in column 6. The two stations using a multipath map are in column 7. The two stations with both a filter and 
multipath map applied are in column 8. 

acteristics than the other. In column 5, the values are 

from data collected using the choke ring antennas with- 
out any additional type of noise suppression. There is a 
modest reduction in noise levels for observations above 

30 ø elevation angle when compared to the data collected 
at the Platteville NOAA FSL station, which was 

equipped with a standard dielectric patch antenna with 
ground plane. 

In one variation of the analysis a 2 min filter was 
applied to the GPS observations to improve the signal- 
to-noise characteristics of the GPS measurements. The 

length of the filter was chosen so that a sufficient num- 
ber of observations could be used to reduce noise, while 

maintaining the instantaneous nonisotropic SW along 
the ray path between the satellite and the receiving 
antenna. As can be seen from column 6, the filter 
reduced the RMS measurement error for the lower ele- 

vation angles between 10 ø and 30 ø . These low-angle 
observations are typically more corrupted by ground- 
reflected multipath than higher-elevation-angle observa- 
tions. 

The effect of stacking of the 3 days of residuals in an 
attempt to reduce multipath is shown in column 7. Most 
of the improvement from the stacking of residuals was 
in the elevation angles between 30 ø and 80 ø (column 7). 
This improvement was probably due to the removal of 
phase center variations between antennas, not to the 
elimination of multipath errors. The high-frequency 
multipath structure at lower elevation angles was proba- 
bly not sufficiently well captured with a multipath map 
made from just 3 days of data. To further improve the 
results when compared to the filtering data, a larger 
number of days should be used when creating the map. 
Alber et al. [2000] identified significant levels of multi- 
path reduction by using maps that were created by 
stacking data for more than a week. 

Finally, when the filtering and multipath maps were 
used together (column 8), the RMS GPS noise levels 
showed improvement across all elevation angles, but 
most significantly at elevation angles below 30 ø . Like 
the results from column 6 where just the filter was 
applied to the observations, the improvement at these 
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low elevation angles is due to the suppression of multi- 
path. 

6. Comparison of Double-Difference 
and Precise Point Position Processing 

To compare results from PP and DD processing, data 
from a GPS station located in central Oklahoma were 

processed using both GPS analysis strategies. Both solu- 
tions were computed using a recently released version 
of the Bernese 4.2 software containing PP and DD capa- 
bilities. These data were collected in late December 

1999. The 1996 data were not used for this analysis 
because satellite clocks were not available. The RMS 

variations of the nonisotropic SW are plotted in Figure 5 
as a function of elevation angle. The time series for a 
single satellite using both processing strategies are also 
shown in Figure 5. There is high coherence between the 
PP and DD time series. However, the RMS variations of 

the PP line-of-sight residuals were at least twice as large 

as those of the DD strategy across all elevation angles. 
We therefore believe that the reduced RMS for the DD- 

derived nonisotropic SW is due to the elimination of 
receiver clock modeling. The residuals from both solu- 
tions contain multipath, antenna phase center variations, 
and atmospheric variability. These additional noise 
sources may significantly decrease the sensitivity of SW 
sensing using PP processing strategies. 

7. Discussion 

The variability in the nonisotropic component of the 
SW, Si m, and noise estimates for various elevation angles 
are provided in Figure 4 and Table 1. During the 3 days 
of the experiment the RMS of the Si" observations 
increases from 0.1 mm near zenith to 0.6 mm at 10 ø ele- 

vation. This is smaller than the noise levels of both the 

WVR (0.3-2.3 mm RMS) and GPS (0.2-1.4 mm RMS) 
observations. We attribute the small nonisotropic RMS 
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Figure 5. Double-difference (solid line) and precise-point-positioning (dashed line) RMS of nonisotropic SW 
as a function of elevation angle. Two example time series are plotted in the bottom panel. The residuals from 
double-difference analysis are plotted as the thin solid line, and the residuals from the point-positioning analy- 
sis are plotted as the thicker dash-dotted line. 
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Figure 6. Histogram plotting the signal-to-noise ratio of the GPS-measured nonisotropic SW for all satellite 
tracks considered. 

variations to the High Plains location of the experiment, 
to the lack of significant atmospheric variability at the 
time of the experiment, and to the elimination of WVR 
data during rainy periods when convective cells pro- 
vided the largest Si'"variability. We expect that an analy- 
sis of SW measurements in locations with higher and 
more variable PW values would also show an increase 

in the magnitude of the nonisotropic component of SW. 
For each of the 183 satellite tracks considered, the 

GPS and WVR observations were combined to compute 
the RMS amount of nonisotropic SW, GPS observation 
noise, and WVR observation noise. The ratios of (11) 
and (12) were computed and can be considered to be a 
signal-to-noise ratio of the GPS observations over all 
elevation angles. A histogram of the ratios is shown in 
Figure 6. For this plot, approximately one third of the 
tracks had a signal-to-noise ratio of greater than 1, and 
more than half had a signal-to-noise ratio of greater than 
0.8. This histogram illustrates that using the nonisotro- 
pic component of SW will oftentimes not introduce sig- 
nificant information in comparison to a single PW 

measurement. Complete SW measurements will only 
benefit weather prediction during conditions and loca- 
tions where the nonisotropic water vapor structure is 
larger than the noise level of the observations. These 
conditions should occur during rapidly changing 
weather events associated with deep convection or fron- 
tal passage. 

It is mentioned throughout this paper that GPS obser- 
vations need to be accurately modeled to measure SW 
and Sim. Error budgets have been proposed in previous 
articles concerning the estimation of PW with GPS. In 
particular, this topic is discussed by Bevis et al. [1992]; 
and Rocken et al. [1993, 1997]. The error budgets out- 
lined in these articles are valid for the sensing of SW 
observations and are not extensively discussed here. The 
errors discussed here will be the ones that most severely 
limit the measurement of Si m. These errors are caused by 
carrier phase noise, ground-reflected multipath, antenna 
phase center variations, and hydrostatic gradients in the 
atmosphere. 

As can be seen from Table 1, the RMS error in the 
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GPS Si n' Observations ranges from approximately 0.2 
mm near zenith and increases to between 1.0 and 1.5 

mm at elevation angles between 10 ̧ and 15 ̧. High- 
accuracy dual-frequency GPS receivers, like the ones 
used in this experiment, typically have RMS carrier 
phase noise levels in the ionospheric free linear combi- 
nation of 1-1.5 mm. This corresponds to 0.15-0.23 mm 
of error in SW. Therefore an RMS error of 0.2 mm for 

S? measurements near zenith implies that receiver noise 
is the principle error source at high elevation angles. 
Contributions from other error sources, such as mismod- 

eling of the geometric component of the range measure- 
ment, or from errors introduced in the transformation of 

double-difference residuals into line-of-sight slant resid- 
uals [Alber et al., 2000] are negligible at high angles. At 
low elevation angles the RMS error in Si"' is as high as 
1.4 mm. This corresponds to a delay measurement error 
of 9.1 mm. Low-elevation-angle observations are cor- 
rupted by multipath and antenna phase center errors. We 
attribute most of the additional increase in RMS noise of 

the GPS observations to these two error sources. Low- 

elevation-angle noise reduction requires improved mul- 
tipath suppression in the GPS receivers and in postpro- 
cessing through site-specific phase correction maps like 
the ones outlined in section 3.2. We believe that these 

maps can be improved by using more days of observa- 
tions (10 or more) in the computation of a map and by 
regularly updating the map to account for local varia- 
tions in the multipath characteristics at a station. 

One additional error that may affect low-elevation 
GPS slant water observations is the existence of hori- 

zontal gradients in the hydrostatic delay of the GPS sig- 
nal. This topic has been previously considered by Chen 
and Herring [1997]. An investigation into such gradi- 
ents during the data set presented in this paper revealed 
that there was a small hydrostatic gradient, particularly 
in the north-south direction, that may have contributed 
as much as 0.6 mm of RMS error for elevation angles 
near 10 ̧. This is a significant error source and implies 
that the utilization of a mesoscale weather model may 
be needed to separate hydrostatic gradients from the 
actual SW. 

In addition to errors in the GPS and WVR observa- 

tions of Si m some of the discrepancy in the two measure- 
ment techniques can be attributed to the fact that the two 
instruments did not measure the exact same volume of 

atmosphere. The radiometer has a beam width of 5 ̧, a 
much larger cross section than the GPS instrument 
whose beam width is approximated by the first Fresnel 
zone. At 3 km this corresponds to a 260 m beam width 

for the radiometer and a 54 m beam width for GPS. Any 
variability in the volume of atmosphere measured by the 
WVR would cause an error in the comparisons with 
GPS. Analysis of the GPS observations often showed 
significant changes in Sim over a time period of less than 
8 min. This indicates that the atmosphere contained spa- 
tial variations of water vapor that were smaller than the 
WVR could resolve. The difference in the volume of 

atmosphere sampled by the two instruments accounts 
for part of the RMS noise values presented in Table 1 
and Figure 4. 

The error budgets shown in Table 1 are derived from 
a rather limited data set taken from just 3 days of data at 
two High Plains locations. It is not possible to defini- 
tively obtain reliable uncertainties on these error esti- 
mates without collecting data from other locations and 
other time periods. However, the daily variability of the 
error estimates shown in Table 1 was approximately 
15%. Therefore it should be reasonable to apply these 
empirically derived error estimates to data collected in 
other locations because the GPS errors will not scale 

with the total amount of water vapor observed by the 
instrument. The most important consideration when 
using these values at other locations will be the noise 
characteristics and multipath of the station. Data 
obtained from most of the permanently operating GPS 
stations will have characteristics similar to the ones 

reported by the NOAA FSL station (column 4). Any 
type of filtering of the data, or use of site-specific multi- 
path maps, will further reduce the station-dependent 
errors, and the other columns may be used. 

This analysis compares the precision in the measure- 
ment of the nonisotropic component of SW from two 
different instruments. If this analysis considered the 
absolute accuracy of the total SW measurement, it 
would be dominated by differences in the GPS- and 
WVR- measured isotropic components of SW. This is 
represented through the estimate of PW. Typical com- 
parisons of GPS- and WVR-derived PW measurements 
show absolute RMS agreement of the two techniques to 
be 2 mm or better. 

Because GPS senses water vapor on the basis of an 
excess delay, the error budget is based on the accuracy 
of a distance measurement. Errors will not scale with the 

total water vapor content in the atmosphere. Increased 
errors in Si" may arise in the conversion of double-dif- 
ference residuals into line-of-sight slant water vapor 
delays. As discussed by Alber et al. [2000], errors in the 
line-of-sight slant water vapor delays may increase with 
increased spatial and temporal variability and can be 

_ 
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minimized using a large network of receivers (more than 
10) and with a network of GPS systems that is on the 
order of synoptic-scale weather features (a few hundreds 
of kilometers). 

We expect that high-quality GPS measurements of 
SW can be obtained during nearly all weather condi- 
tions since the slant delays induced by hydrometeors 
and other particulates are generally negligible compared 
to delays induced by water vapor [Solheim et al., 1999]. 
However, further validation of the method is needed 
during severe weather and for low elevation angles 
(below 10ø). Further validation could be conducted via 
aircraft measurements during stormy conditions and via 
solar spectrometry [Sierk et al., 1998] during clear con- 
ditions at low elevation angles. 

8. Conclusions 

We report a validation of GPS-derived slant water 
(SW) measurements by comparing the nonisotropic 
component of the SW measurement (Si m) to similar ones 
made using a water vapor radiometer. The comparison 
was made with 3 days of observations collected in Colo- 
rado during the late spring. The size of the observed 
nonisotropic component of SW was as large as 5 mm at 
an elevation angle near 10 ø. When these observations 
are scaled to their equivalent PW value, they correspond 
to less than 5% of the PW estimate. This indicates that 

the atmosphere was mostly isotropic during the experi- 
ment. The double-difference processing technique that 
was used in this analysis appears to offer increased sen- 
s•tivity of S[" observations when compared to point- 
positioning analysis. This increased sensitivity is most 
likely due to the elimination of clock errors. The RMS 
noise level of the nonisotropic component of the GPS 
measurements was determined to be 0.2 mm of SW near 

zenith, equivalent to a 1.4 mm RMS noise level of the 
carrier phase (or slant water vapor delay) observations. 
At low elevation angles, where the contribution of errors 
from ground-reflected multipath and antenna phase cen- 
ter errors increases, the RMS GPS noise level rises to 

1.4 mm, equivalent to 9.1 mm of RMS slant delay noise. 
If environmental noise is further suppressed, more pre- 
cise measurements of Sim are possible. The technique of 
sensing SW has potential for real-time sensing of atmo- 
spheric water vapor for use in weather modeling and 
forecasting. In order to realize this potential, further val- 
idation of the method, including determination of its 
accuracy during severe weather and at low elevation 
angles, is needed. 
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