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Abstract

One of the major sources of the error in estimating precipitable water derived from GPS data is
horizontal gradient of the moisture. Several characteristics of the error were investigated in comparison
with water-vapor radiometer measurements.

The GPS-precipitable water (GPS PW) exhibited good agreement with precipitable water derived from
water-vapor radiometer measurements. The correlation coefficient and rms error for this comparison were
determined as 0.991 and 1.93 mm, respectively.

The estimation errors for the GPS PW can be divided into two components based on the time scale
of the variation. The first components of the error has low frequency with the time scale of several days,
with an amplitude of about 2.5 mm. This estimation error was negatively correlated with the north-south
component of the GPS-PW gradient derived from GPS data. The GPS PW was overestimated under the
condition in which water vapor increased southward.
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Another component of the error has high frequency with the time scale of several hours, having an
amplitude of at most 5.0 mm. The high frequency component of the error seems to depend on rapid

changes of the GPS-PW gradient.

1. Introduction

Mesoscale variations of water vapor caused by the
thermally induced local circulation are important in
order to understand the behavior of cumulonimbus
clouds. It had been rather difficult, however, to ob-
serve the mesoscale distribution of precipitable wa-
ter (PW) over land with sufficient accuracy. In re-
cent years, the PW over land has been retrieved from
the electrical wave signal data from Global Position-
ing System (GPS) satellites, with high time resolu-
tion and high accuracy (e.g., Bevis et al. 1993, 1994;
Rocken et al. 1995).

The Geographical Survey Institute (GSI) of Japan
has deployed 947 geodetic GPS receivers in a dense
network across Japan, with a resulting spatial reso-
lution of about 20 km. The GPS PW derived from
the GSI-GPS network has sufficient resolution to
clarify the features of mesoscale disturbances. How-
ever, the delay of electrical wave signals due to at-
mospheric moisture is calculated from GPS data un-
der the assumption of a uniform horizontal distribu-
tion of water vapor. The local circulation, induced
by the thermal imbalance between the plain and
mountains, causes diurnal variations of water vapor
(Kimura and Kuwagata 1993, 1995). The range of
the diurnal variation of PW frequently reaches val-
ues over 10 mm at Gunma University located in a
semi-basin (Iwasaki and Ohbayashi 1998; Iwasaki
1999). In the daytime hours of summer sunny days,
water vapor is transported from the plain to the
mountains, and during the nighttime to early morn-
ing, in the opposite direction (Kimura and Tanikawa
1997; Iwasaki 1999). This means that the moisture
gradient around mountainous areas is reversed be-
tween daytime and nighttime.

It is well known that geodetic parameter estima-
tions are affected by the horizontal moisture gra-
dient (e.g., Ichikawa et al. 1995, 1996; Kimata et
al. 1996; Alber et al. 1997; Kimata and Mannoji
1998). There is a possibility that the moisture gra-
dient also creates noise in the GPS PW in the region
where diurnal variations of water vapor are promi-
nent. The purpose of the present study is to clarify
the relationship between the errors in estimating the
GPS PW and the horizontal moisture gradient, to
advance applications in mesoscale meteorology.

2. Data and analysis of GPS data

2.1 Observation

The observational period was from 20 July to
24 August, 1998. Figure 1 shows the location of
the observational sites. In order to determine the
gradient of precipitable water, three GPS receivers

were triangularly installed at Kizaki (KIZA), Nu-
mata (NUMA), and Kurabuchi (KURA). A GPS
receiver and a water-vapor radiometer (WVR) were
placed at Gunma University (GUNU), located in the
center of the triangular network. A total of 25 ra-
diosondes were launched from the same site from
20 July to 4 August, in order to calibrate the WVR
PW . Surface temperature and pressure were also
observed at GUNU within an accuracy of 0.1 K and
0.1 hPa, respectively, in order to calculate the GPS
PW from total zenith delay (TZD).

The summer season of 1998 over the Kanto dis-
trict was the so-called “cold summer”, in which the
thermally induced local circulation did not develop.
The variations of water vapor and its gradient deter-
mined in the present paper are therefore associated
with synoptic scale disturbances.

2.2 Procedure to calculate the GPS and WYVR-
precipitable water

The properties of the GPS analysis are listed in
Table 1. The GPS receivers collected all data from
GPS satellites above 15 degrees elevation at a 30-
second interval. The GPS PW is estimated from
the values of TZD, which are directly calculated
from the GPS data every 30 minutes with the use
of Bernese GPS software Version 4.0, using mea-
surements of surface temperature and pressure at
GUNU.

The TZD is the atmospheric delay of the GPS
signal arriving from the zenith direction, and can be
separated into two components: the zenith hydro-
static delay, and the zenith wet delay. The zenith
hydrostatic delay can be estimated from the surface
pressure. After removing the zenith hydrostatic de-
lay from the TZD, the remaining zenith wet delay is
nearly proportional to the precipitable water. The
proportional factor slightly depends on the weighted
mean temperature of the atmosphere T,,. In the
present study, Ty, is estimated from surface temper-
ature data by the regression formula (see, Table 1)
as proposed by Bevis et al. (1994).

Surface temperature and pressure at KIZA,
NUMA, and KURA were estimated from data ob-
served at GUNU, assuming hydrostatic equilibrium
and a constant temperature lapse rate of 6.5 K/km.
The horizontal variations of temperature and pres-
sure were neglected, since the scale of network was
small.

The WVR measures microwave radiation emitted
from the atmosphere and obtains a brightness tem-
perature. The emission from raindrops also con-
tributes to the brightness temperature, which cre-
ates noise in the water vapor measurement. When
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O : GPS receiver
A : GPS + WVR + Sonde+Meter. observation

Fig. 1. Location of the GPS and WVR sites.
The elevation is indicated by the degree
of shading. The counter interval is 500 m.

Table 1. Properties of the GPS analysis.

Software Bernese version 4.0
Sampling rate 30 seconds
Cutoff angle 15 degrees

Remote GPS sites Shanghai, Fairbanks,
Guam, Irkutsk

Time resolution of TZD 30 minutes

Mapping function 1/cos (zenith angle)

Tm Tm=70.2+40.72*Tsfc

the liquid-water content derived from the WVR
measurements exceeded 0.10 mm, the data were
eliminated to avoid any contamination by the rain-
drops. Further, the WVR PW was calibrated using
the precipitable water derived from 25 radiosondes
observation in order to remove a large bias in WVR
data. The correlation coeflicient and rms error be-
tween the calibrated-WVR PW and sonde PW were
0.923 and 1.65 mm, respectively. The calibrated-
WVR PW was then averaged every 30 minutes in or-
der to adjust to the time resolution of the GPS PW.

2.3 Difference between GPS PW and WVR PW
Figure 2a schematically illustrates the beamwidth
of the WVR and GPS receiver. The WVR observes
water vapor only near the zenith point, due to the
narrow beamwidth of about 5 degrees. On the other
hand, since the cutoff angle of the GPS receivers is
15 degrees, the GPS observes water vapor within a
volume of an upended right circular cone, having a
vertex angle of 150 degrees (see Fig. 2a). Assuming
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the scale height of water vapor as 3.5 km, the GPS
PW represents the averaged precipitable water over
a radius of about 13 km.

Figure 2b schematically illustrates the gradient of
precipitable water over a GPS receiver. The orbit
inclination of GPS satellites is 60 degrees, so that
many satellites concentrate on the southern sky as
illustrated in Fig. 2b. Therefore, water vapor in the
southern atmosphere may be emphasized than that
in the northern atmosphere. Further, the mapping
function in the Bernese software version 4.0 is based
on the assumptions that the atmosphere above GPS
sites is azimuthally isotropic and stationary. There-
fore, the precipitable water derived from GPS data
will be affected by the horizontal moisture gradient
and its variations, which differs from the WVR de-
rived PW.

Besides the moisture gradient, since Bernese GPS
software version 4.0 does not include ocean loading
effect, the vertical displacement of GPS sites due to
ocean loading also influence the accuracy of the GPS
PW. Shoji et al. (1999) indicated that the ocean
loading effects on the local GPS site and remote
GPS sites cause the estimation error of 4 mm at
most. Since the vertical displacement is 2 cm even
in the coastal region, the ocean loading effect does
not influence the WVR-PW estimation. However,
the main estimation errors due to the ocean loading
have periods of about 24 and 12 hours, so that these
errors can be regarded as random noise with respect
to variation of the moisture gradient associated with
synoptic disturbances.

3. Definition of the water-vapor gradient and
estimation errors

The water-vapor gradient was calculated from the
GPS PW at KIZA, NUMA, and KURA (see Fig. 1).
The water-vapor gradient, however, cannot be ex-
actly determined, due to differences in the eleva-
tion among the three GPS sites being as much as
400 m. Therefore, firstly, GPS-PW anomaly (PW’)
were determined for three GPS sites. Secondly,

the east-west component (alézv’) and north-south

component (61;;”’) of the gradient of the GPS-
PW anomaly were determined for the triangular
GPS network. For simplicity, these components are
termed the E-W and N-S components of the GPS-
PW gradient.

As was mentioned in the previous section, com-
parisons of GPS PW are made with WVR as an ac-
curate independent measurement. Any estimation
errors in the WVR measurements will be neglected
in order to simplify the problem. In this paper, the
difference between the GPS PW and the calibrated-
WVR PW (GPS PW minus WVR PW) is defined
as the estimation error resulting from the moisture
gradient.
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Fig. 2. Schematic illustration of the
beamwidth of the GPS and WVR (a) and
the gradient of precipitable water over a
GPS receiver (b). The thin line arrows
indicate electric wave signals from GPS
satellites. The shading indicates a moist
layer in the lower atmosphere.

4. Results

4.1 Comparison of GPS PW and the calibrated-
WVR PW

Figure 3 displays a scatter diagram between the
GPS PW and the calibrated-WVR PW results ob-
served at GUNU. The correlation coefficient and rms
error are 0.991 and 1.93 mm, respectively. The
GPS PW exhibits good agreement with the the
calibrated-WVR PW, as was reported in the pre-
vious studies (e.g., Duan et al. 1996; Ohtani et al.
1997; Shoji et al. 1999; Ohtani 1999). In spite of
the high correlation, however, there are a number of
considerable estimation errors. In the next section,
these errors will be classified according to the time
scale of the variations.

4.2 Two components of estimation errors

Figure 4 shows the time sequence of the
calibrated-WVR PW at Gunma University (a), and
the gradient of the GPS-PW anomaly derived from
the GPS triangular network (b and ¢). The E-W
and N-S gradients of the GPS-PW varied within
0.3 mm/km, and histograms for both components
exhibit almost normal distributions (Fig. 5). The
E-W and N-S gradient tend to change with the
same phase from 31 July to 15 August, but it is
difficult to recognize any clear correlation between

10 20 30 40 50 60 70
WVR-Precipitable water (mm)

Fig. 3. Scatter diagram of the cali-
brated-WVR PW versus the GPS PW
observed at GUNU.

them prior to 29 July and after 16 August. These
phase relationships would be caused by anisotoropic
variability of the horizontal moisture pattern asso-
ciated with synoptic disturbances.

Figure 4d shows the time sequence of the estima-
tion error, which varied from —7 mm to +6 mm.
Since the variation of estimation error is enough
larger than the rms error between the calibrated-
WVR PW and sonde PW of 1.65 mm, any estima-
tion errors of WVR and sonde were not a major
source of the estimation error in the GPS PW.

The variation of the error seems to have two com-
ponents with a different time scale, one is several
days and another is several hours. These errors have
several features, as described in the following.

4.2.1 Estimation error varying with several days

The estimation error of the GPS PW varied over
several days, with an amplitude of about 2.5 mm.
It is noted that the time series of the N-S gradient
of the GPS-PW is negatively correlated with the es-
timation error throughout the observational period.
Although the E-W component also exhibits on the
negative correlation with the estimation error, the
correlation coefficient of —0.224 was less than that
of the N-S component (R = —0.346, see Fig. 6). In
addition, the E-W component was not correlated
with the estimation error prior to 29 July and after
16 August. Therefore, attention will be focused on
the relationship between the N-S component of the
GPS-PW gradient and the estimation error varying
over several days.

Figure 6a and 6b show scatter diagrams of the es-
timation error and the components of the GPS-PW
gradient. The estimation error is roughly correlated
with the N-S component of the GPS-PW gradient.
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Fig. 4. Time sequence of (a) the calibrated-WVR PW at GUNU, (b) the E-W and (c) the N-S com-
ponents of the GPS-PW gradient, and (d) the estimation errors of the GPS PW. No data of the
calibrated-WVR PW was due to rain contamination. Positive values of the E-W component and
N-5 component indicate that the GPS PW anomaly increases eastward and northward, respectively.

Positive values of the estimation error indicate

that the GPS PW was overestimated. Periods labeled

A to D indicate rapid changes in the estimation errors.

The correlation coeflicient is —0.346, and the regres-
sion equation is obtained as in Eq. (1) as

PWgps —PWwygr =0.727—~8.56*N-S component
(1

In spite of the low correlation coefficient, the hy-
potheses of no correlation is rejected at 0.1 % sig-
nificance level. Further, this negative correlation is
clearer (r = —0.489) after 3 August, when the varia-

tion of the GPS-PW gradient was large (Fig. 6c). It
should be noted that the GPS PW had a tendency
to be overestimated when water vapor has a south-
ward gradient, which are well recognized under the
low precipitable water as less as 40 mm in Fig. 3.

4.2.2 Estimation error varying over several hours
Another type of estimation error can be clearly
seen at period A to D in Fig. 4d. The estimation
error changes rapidly over a period of several hours,
with the range of the error values reaching 10 mm.
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Fig. 5. Histogram of the E-W component
(upper) and N-S component of (lower)
the GPS-PW gradient.

This estimation error has a different feature from
the error varying over several days.

Figure 7 displays the scatter diagram of the esti-
mation error versus the N—-S component for periods

A to D. Although estimation errors for period B -6 : : : hd . : he
were well correlated with the N-S component of the R . )

GPS-PW gradient (R = —0.731), other periods A, 0.3-0.2-0.1 0 0.1020.3
C, and D fluctuate independently of the GPS-PW N-S component (mm/km)

gradient. Most of the estimation errors are corre-
lated with rapid changes in the GPS-PW gradient,
rather than with the GPS-PW gradient itself.

5. Discussion

5.1 Interpretation of estimation errors varying over
several days

Although the estimation of TZD is based on the
assumptions that the atmosphere above GPS sites
is azimuthally isotropic and in a steady state, the
moisture gradient in the actual atmosphere over
GPS sites varies (Figs. 4a to 4c). Discussion will
now be focused on the relationship between the es-
timation error and the GPS-PW gradient.

[ [ ]
The WVR observes at near the zenith point due to -6 T T T T T
the narrow beamwidth of 5 degrees, so that the in- -0.3-0.2-0.1 0 0.1 0.2 0.3
fluence of the moisture gradient will be small enough N-S
-S component
to neglect. On the contrary, the beamwidth of the P (mm/km)
GPS receiver can be regarded as 150 degrees, as il- Fig. 6. Scatter diagram of estimation error
lustrated in Fig. 2a. Further, many satellites con- of the GPS PW versus (a) the E-W com-
centrate on the southern sky, since the orbit inclina- ponent, (b) the N-S component of the
tion of GPS satellites is 60 degrees (Fig 2b). Unlike GPS-PW gradient, and (c) the N-S com-
the WVR, it is considered that the hydrostatic de- ponent after 3 August.
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Fig. 7. Scatter diagram of the estimation er-
ror versus the N-S component for periods
of A to D.

lay in the southern atmosphere is emphasized more
so than the northern atmosphere. Therefore, GPS
PW will be overestimated under conditions in which
the water vapor increases southward. This interpre-
tation is consistent with the relationship between
the estimation error and the N-S component of the
GPS-PW gradient (Fig. 6b and 6c¢).

The N-S component of the GPS-PW gradient
varying over several days depends on synoptic sit-
uation. When a stationary front and/or a depres-
sion located to the north of the Kanto district, the
estimation error was relatively small (Fig. 8a). On
the other hand, when a high located in the north of
the Kanto district, the GPS PW was overestimated
(Fig. 8b). The time scale of change in two synoptic
patterns accorded with that of the N-S component
of GPS PW. Moisture gradient over the triangular
GPS network must have varied as synoptic scale pat-
tern changed, as a result, the estimation error in the
GPS PW was varying over the several days.

5.2 Interpretation of estimation errors varying over
several hours

A different interpretation for the estimation er-
ror varying over several hours must be obtained,
since this error varied independently of the GPS-
PW gradient derived from the triangular GPS net-
work (Fig. 7). Estimation errors varying over sev-
eral hours often occurred during the periods of rapid
change in the GPS-PW gradient, which is contrary
to the assumption used to calculate TZD with the
Bernese GPS software Version 4.0, namely that the
atmosphere is isotropic and in a steady state. The
rapid change in the moisture gradient might cause
estimation errors varying over several hours.

Figure 9 shows the location of surface front
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Fig. 8. Surface weather charts at 00 Z 3

and 12 Z 10 August, 1998. (a) Typi-
cal synoptic situation when the estima-
tion error varying over the several days
was small. (b) Typical synoptic situ-
ation when the GPS PW was overesti-
mated. Closed circle indicates the loca-
tion of GUNU. These weather charts were
copied from JMA Weather charts pro-

vided by Japan Meteorological Agency
(JMA).

around Period A. No data of WVR PW prior to
the Period A in Fig. 4a was due to rain associated
with the front. After the passage of the front over
the GPS site, rapid changes in the GPS-PW gradi-
ent occurred at 00 Z on 7 August. This argument
applies very well to the rapid changes in the GPS-
PW gradient of B to D in Fig. 4. Therefore, the
passage of mesoscale moisture pattern on the rear
site of the fronts must have caused the estimation
error varying over several hours.

5.8 Correction of the estimation error varying over
several days using the GPS-PW gradient

Since the estimation error varying over several
days can be correlated with the large scale moisture
gradient, as shown in Fig. 6, the GPS PW at GUNU
can be corrected using GPS-PW gradient over the
triangular GPS network and the regression equation,
Eq. (1).

Table 2 lists the results of the correction. When
compared to the results prior to the correction, the
corrected regression line approaches the Y = X rela-
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osz 7 Aug.

OOZ 7 Aug.

30
150 E

Fig. 9. Location of surface fronts from 18 Z
6 August to 06 Z 7 August, 1998. Closed
circle indicates the location of GUNU.
The location of fronts were determined
using JMA Weather charts.

Table 2. List of regression characteristics
without and with the correction using

Eq. (1).
Slope Interception R rms
Without correction 0.890 6.11 mm 0.991 1.93 mm
With correction 0.906 4.56 mm 0.991 1.65 mm

tionship, and the rms error is reduced from 1.93 mm
to 1.65 mm. It is reasonable to conclude that this
correction improves the accuracy of the GPS-PW at
GUNU. The estimation error that varies over several
hours, however, still remains. Care must be used
when interpreting the GPS-PW variation when the
moisture gradient rapidly changes around the GPS
site.

6. Summary

Several characteristics of the errors in estimating
GPS-precipitable water (GPS-PW) studied in com-
parison with water vapor radiometer (WVR) mea-
surements, with respect to the horizontal moisture
gradient. The following results were obtained:

1. The GPS PW exhibited good agreement with
the precipitable water (PW) derived from
WVR measurements. The correlation coeffi-
cient and rms error were determined as 0.991
and 1.93 mm, respectively.

2. The errors in estimating GPS PW were divided
into two components, with respect to the time
scale of the variation.

3. The low frequency component of the error, with
the time scale of several days and the amplitude
of 2.5 mm, is negatively correlated with the
north-south component of the GPS-PW gradi-
ent. GPS PW is overestimated under the con-
dition in which the water vapor increases south-
ward.

Vol. 78, No. 3

4. The second component of the error has the time
scale of several hours with the amplitude of
5 mm at most. The errors were related to the
passage of the synoptic scale fronts, and seems
to depend on rapid change in the GPS-PW gra-
dient.
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