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In this study, we examined variations in predicted pre-
cipitable water produced from different Global Posi-
tioning System (GPS) zenith delay methods, and as-
sessed the corresponding difference in predicted rain-
fall after assimilating the obtained precipitable wa-
ter data. Precipitable water data estimated from the
GPS and three-dimensional horizontal wind velocity
field derived from the X-band dual polarimetric radar
were assimilated in CReSS and rainfall forecast exper-
iments were conducted for the heavy rainfall system
in Kani City, Gifu Prefecture on July 15, 2010. In the
GPS analysis, a method to simultaneously estimate co-
ordinates and zenith delay, i.e., the simultaneous es-
timation method, and a method to successively esti-
mate coordinates and zenith delay, i.e., the successive
estimation method, were used to estimate precipitable
water. The differences generated from using pre-
dicted orbit data provided in pseudo-real time from
the International GNSS (Global Navigation Satellite
System) Service for geodynamics (IGS) versus precise
orbit data released after a 10-day delay were exam-
ined. The change in precipitable water due to varying
the analysis methods was larger than that due to the
type of satellite orbit information. In the rainfall fore-
cast experiments, those using the successive estimation
method results had a better precision than those us-
ing the simultaneous estimation method results. Both
methods that included data assimilation had higher
rainfall forecast precisions than the forecast precision
without precipitable water assimilation. Water vapor
obtained from GPS analysis is accepted as important
in rainfall forecasting, but the present study showed
additional improvements can be attained from incor-
porating a zenith delay analysis method.

Keywords: GPS precipitable water, data assimilation,
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1. Introduction

Water vapor content is one of the most important vari-
ables in rainfall forecasting [1]. To improve rainfall fore-
casts, data assimilation methods using precipitable water
estimated from the delay in radio wave propagation from
Global Positioning Systems (GPS), termed GPS precip-
itable water, has been developed [1–6]. GPS observations
have a higher time-space resolution than sonde observa-
tions and can provide significant continuous water vapor
content measurements over a wide area. In Japan, the
GPS Earth Observation Network (GEONET) was devel-
oped by the Geospatial Information Authority of Japan to
provide the precipitable water distribution for ≥1200 lo-
cations throughout the country.

The precision of precipitable water observations using
GPS zenith delay have been compared with sonde ob-
servations. The reported root-mean-square error of the
precipitable water measured using GPS zenith delay was
3.37 mm or smaller in summer and 1.64 mm or smaller in
winter [5]. Better estimation precision is needed for sum-
mer because local severe rain or localized heavy rain is
both common and dangerous. Recently, new attempts on
multidirectional extraction of water vapor data from GPS
data have been made. For example, in addition to zenith
delay, the delay in slant path has been used to estimate
the horizontal distribution of water vapor [7–8] for data
assimilation [9]. The direct assimilation of delay in slant
path has two advantages. (1) Unlike zenith delay, which
is obtained as a mean delay of signals from multiple GPS
satellites directly above the GPS observation point, sig-
nals from individual GPS satellites can be directly used.
(2) The horizontal gradient of water vapor can be obtained
using satellites located at a low elevation angle. However,
the large computational cost due to calculating the prop-
agation path of each radio wave signal is a drawback. In
this study, we estimated water vapor using the zenith de-
lay because water vapor field at the mesoscale, i.e., sev-
eral hundred km, needs to be analyzed on the basis of GPS
network with several hundreds of observation points.

The primary objective of the present study was to im-
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prove the precision of zenith delay estimations and pro-
vide a corresponding better precision in precipitable wa-
ter estimates. Various causes for estimation errors in the
zenith delay were comprehensively studied in Ref. [10].
In this study, we focus on the uncertainty caused by
rounding the phase bias to integer values. The aim of
the GPS observation is to determine the position of a re-
ceiver based on the distance between the GPS satellite and
receiver. Here, we briefly discuss this issue for simplic-
ity, but equations and details can be found in Ref. [11].
The coordinates (X ,Y,Z) and time error of the receiver
are all unknown values. Therefore, distances to at least
four satellites are needed to mathematically determine
unknown values. If more than four satellites are avail-
able, unknown values are determined by the least squares
method, which also accounts for the measurement error.
The distance to a satellite is measured by counting the
wave number of the propagating wave. However, because
phase information is used in the actual measurement, un-
certainties in the integer multiples of the wave number
remain. The distance can be obtained if this integer can
be determined. The distance, i.e., the coordinates, can be
identified by appropriately determining the integer value
using the least squares method when there is a lack of er-
ror factors, such as atmospheric delay. However, because
the atmospheric delay is also an unknown value, the un-
known values of the delay and coordinates are all simulta-
neously determined in most cases. In this study, the simul-
taneous estimation of the delay and coordinates is called
simultaneous estimation method. In this method, there
is a trade-off between the estimation precision of the de-
lay and coordinates, and the estimation error of the delay
may contain the estimation error of the coordinates. This
problem can be addressed using the successive estimation
method [12]. The coordinates, with a more accurate es-
timation, are first fixed using the least squares method to
reduce the number of unknown values, and then the zenith
delay can be determined accurately. Using this method in
Ref. [12], the delay was estimated after the coordinates
were accurately determined from GPS information from
the prior 30 days. Although the 30-day data contain var-
ious error factors related to the air field, they were can-
celled out by taking an average. Because Ref. [10] re-
ported that the time variation scale of the delay is smaller
than that of the coordinates, we can expect the errors to
cancel each other in the averaging operation.

As stated above, the estimation of precipitable water
could change depending on the estimation method for
zenith delay. In this study, we compared the precipitable
water obtained from the successive estimation method
proposed in Ref. [12] and the conventional simultaneous
estimation method. We examined the resulting difference
in water vapor distribution and the influence on assimila-
tion experiments.

As a case study, we evaluated the heavy rainfall that
occurred in Kani City, Gifu Prefecture on July 15, 2010
(hereinafter referred to as Kani Heavy Rainfall). The
damage caused by the Kani Heavy Rainfall has been re-
ported in Refs. [13] and [14], and the meteorological

mechanism was clarified in Ref. [15]. Here, we summa-
rize these studies. After July 11, 2010, warm and wet air
moved into Gifu Prefecture and around toward a low pres-
sure area and front moving northeast over the Japan Sea.
The warm and wet air caused intermittent rainfall. In the
evening of July 15, the rainfall changed to heavy rain in
the Kani River valley. At Mitake observatory, one-hour
precipitation from 6 PM to 7 PM Japan Standard Time
(JST) reached 76 mm, the maximum in observation his-
tory at the site, and 3-h precipitation from 5 PM to 8 PM
reached 196 mm. The water level at the Tsuchida Water
Level Observatory suddenly increased 1 m in the period
from 7 PM to 8 PM, and reached a maximum level of
4.25 m at around 8:30 PM [13]. There were overtopping
flows in Dota District and Hiromi District in Kani City,
and a landslide in Nogami District in Yaotsu-cho resulted
in 6 dead or missing people. According to Ref. [15], an air
current of high equivalent potential temperature continu-
ously moved in from the southwest at an altitude lower
than 2 km in the time period between 6 PM and 8 PM,
which constantly formed an updraft without settling the
atmospheric instability. The echo top height of the cumu-
lonimbus was maintained at 15 km for an extended period
of time. When the cumulonimbus disappeared, a strong
downdraft formed and a cold outflow in the southwest
direction (northeast current) developed near the ground.
The northeast current from the cumulonimbus drew in a
warm and wet current from the southwest at almost the
same place, forming an updraft, which then formed a
new cumulonimbus continuously around Kani City. Ref-
erence [15] explained the development of heavy rainfall
based on the continuous formation of a strong updraft in
the same place.

In Section 2, we describe GPS data and radar data used
in the present study and provide an overview of the radar
analysis method, numerical model, and numerical exper-
iment. In Section 3, we show the difference in the pre-
cipitable water between types of GPS analyses. In addi-
tion, we show a time change in the wind velocity field in
the radar observations used in the data assimilation. We
also compare the observation result and the rainfall dis-
tribution obtained in the forecast experiments using data
assimilation. In Section 4, we summarize the study and
highlight future problems that should be addressed.

2. Data and Analysis Method

This study describes differences in the analysis meth-
ods for the zenith delay using GPS, and associated dif-
ferences in assimilation impacts on rainfall forecasts. In
this section, we show an overview of the GPS and radar
data used in the data assimilation and explain a numerical
model and results of a numerical experiment.

2.1. GPS Analysis
Figure 1 shows the GEONET observation points. We

chose ∼470 GPS observation sites in and around Chukyo
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Fig. 1. GPS observation points and radar observation ar-
eas (gray circles) from the Ministry of Land, Infrastructure
and Transport for Anjo City (ANJ), Bisai City (BSI), and
Suzuka City (SZK) in the GEONET observation network.
The calculation area for the numerical experiment, CReSS-
1km, is also shown. Sonde observations were collected at
Shionomisaki and Wajima (gray square). The precipitable
water average over the GPS observation points indicated
with gray circles was compared with observation data from
the sonde. The location of Kani City, where heavy rainfall
was observed, is indicated with a gray triangle.

District, where the Kani Heavy Rainfall occurred, to study
differences in precipitable water. In addition, the obtained
precipitable water data were used for data assimilation.
The computational area of the numerical simulation with
data assimilation is shown in Fig. 1. The locations of
Shionomisaki and Wajima, where sonde observations are
currently collected by the Japan Meteorological Agency
(JMA), are presented in Fig. 1.

The GPS analysis software programs GAMIT and
GLOBK [16–17], hereinafter referred to as GAMIT soft-
ware, were used. We omit explanation of the simultane-
ous estimation method, as it is thoroughly explained in
Refs. [17–18]. In the simultaneous estimation, we used
the predicted orbit data, transmitted in pseudo-real time,
as satellite orbit information. In contrast, we used the
precise orbit data in the successive estimation and per-
formed the analyses according to the method described
in Ref. [12]. We summarize the method in the following
three steps.

(1) The GAMIT program estimates the coordinates ev-
ery day over 30 days using the strong constraint of
the IGS coordinate reference point.

(2) The GLOBK program determines a single set of
highly accurate coordinates based on error informa-
tion and the coordinates estimated every day using a
Kalman filter.

(3) The obtained highly accurate coordinates are used to
obtain the zenith delay. The time resolution of the
zenith delay was set to 1 h.

Table 1. Difference in GPS data used in this study.

Data name GPS1 GPS2 GSI
Method Successive

estimation
method

Simultaneous
estimation
method

Simultaneous
estimation
method

Satellite or-
bit informa-
tion

Precise or-
bit

Predicted
orbit

Precise or-
bit

Time reso-
lution

1 hour 1 hour 3 hours

The conversion from the zenith delay to precipitable
water was made according to the methods provided in
Ref. [19]. Ground air pressure and temperature at GPS
observation points used in the estimation of zenith hy-
drostatic delay were obtained from the numerical results
of the meteorological model CReSS, described in Section
2.3, without data assimilation. Only the GPS observation
points within 500 m of the elevation used in the numerical
experiment were used for analysis and data assimilation.

In this study, we conducted analysis based on GAMIT
software and also used, as reference data, the F3 solu-
tion [20] product provided by the Geospatial Information
Authority of Japan. The F3 solution from the Geospa-
tial Information Authority of Japan, hereinafter referred
to as GSI product (“GSI” is old acronym of Geospatial
Information Authority of Japan), has a time resolution of
3 h. GSI conducts analysis using Bernese software and
employs the simultaneous estimation method with precise
orbit data. Table 1 summarizes the difference in these
three GPS data sources.

2.2. Observation Data and Radar Analysis
Figure 1 shows the observation area for the X-band

radar operated by the Ministry of Land, Infrastructure
and Transport (MLIT). Reflectivity and radial velocity ob-
tained from the MLIT X-band radars, termed XRAIN, lo-
cated in Anjo City, Bisai City, and Suzuka City were used
to conduct a three-dimensional variational analysis [21]
of wind, and horizontal wind components in the rainfall
system were used for data assimilation. The radar data
specifications are provided in Table 1 in Ref. [15]. Details
of the analysis method are identical to those in Ref. [15].
The mesh resolution was 1 km in the horizontal direction
and 250 m in the vertical direction. The analysis volume
was 480 × 480 km wide and 12 km high. In the three-
dimensional radar analysis, the estimation precision for
the horizontal wind velocity is usually higher than that
for the vertical wind velocity [22], hence only horizon-
tal wind was used in the data assimilation in the present
study.

Rainfall data from radar-AMeDAS precipitation analy-
sis from JMA were used. Every 30 min, radar-AMeDAS
provides accumulated rainfall for the prior hour. There-
for we used 1-h accumulated rainfall from the radar-
AMeDAS precipitation analysis and 6-h accumulated
rainfall for the period from 06:00 to 12:00 UTC (Coordi-
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nated Universal Time; Japan Standard Time is +9 h from
UTC) on July 15, 2010. The radar-AMeDAS precipita-
tion analysis provides precipitation data covering the en-
tire country with a mesh resolution of 1 km.

To analyze the meteorological fields, water vapor mix-
ing ratios obtained every 10 min from operational ground
observations and air temperature measured every 10 min
by AMeDAS were used. Only data from observation sites
at elevations of ≤150 m were used to analyze the horizon-
tal distribution of the obtained data. Assuming a typical
temperature lapse rate, i.e., 6◦C per 1000 m, the temper-
ature difference due to the elevation differences could be
suppressed to ≤1◦C. Therefore, the estimation error for
water vapor due to elevation differences also expected to
be small.

2.3. Overview of Numerical Model and Nnumerical
Experiment

We used a cloud resolving numerical model
CReSS [23] for rainfall forecasting. An overview
of the numerical model is provided in Table 1 of
Ref. [24], and we performed the experiment using the
same scheme. The mesh resolution is 1 km in the hori-
zontal direction and variable in the vertical direction. The
vertical mesh resolution is 100 m in the lower layer and
becomes coarser with elevation for an average vertical
resolution set to 300 m. At the top of the model calcula-
tion volume, the elevation and pressure are set to 20.8 km
and 54 hPa, respectively. The calculation volume shown
in Fig. 1 contains 300 points × 320 points × 70 layers.
The forecast calculation was performed from 06:00 to
12:00 UTC on July 15, 2010. Output from the Mesoscale
Model (MSM) [25–27] of the JMA was used for initial
values and boundary values. For the lateral boundary
condition, predicted values every 3 h from the MSM were
used. Elevation data were based on the global digital
elevation model GTOPO30, provided by the United
States Geological Survey (USGS). Land use data were
generated from the Global Land Cover Characterization
(GLCC) provided by the USGS. Sea surface temperature
data were generated from merged satellite and in situ
data global daily sea surface temperature (MGDSST)
provided by the JMA [27–28].

We conducted a control experiment without data assim-
ilation, hereinafter referred to as the CNTL experiment,
and output calculation results every 5 min. Using the
ground atmospheric temperature and pressure from the
CNTL experiment, we converted the zenith delay data to
precipitable water data for all GPS products.

The following four different experiments with data as-
similation were conducted.

(1) Assimilation and forecast experiments for precip-
itable water obtained from the successive estimation
method, referred to as the GPS1 experiments.

(2) Assimilation and forecast experiments for precip-
itable water obtained from the simultaneous estima-
tion method, referred to as the GPS2 experiments.

(3) Experiments incorporating the nudging assimilation
of radar horizontal wind data with GPS1, referred to
as the GPS1+UV experiments.

(4) Experiments incorporating the nudging assimilation
of radar horizontal wind data with GPS2, referred to
as the GPS2+UV experiment.

The assimilation time was set to 3 h, from 06:00 to
09:00 UTC, and the precision of the rainfall forecast for
the 6 h from 06:00 to 12:00 UTC was assessed. The
GPS data were assimilated every 1 h and the radar data
were assimilated every 5 min. The assimilation win-
dows for the GPS and radar data were set to 30 min
and 2.5 min before and after the observation time, re-
spectively. For the data assimilation of precipitable wa-
ter, a method that combines three-dimensional variational
method (3DVAR; [29]) and incremental analysis update
filter (IAU; [30]) was employed (3DVAR+IAU; [31]). A
simple nudging method [32] was employed for radar data
assimilation.

3. Results

In this section, we show variations in the precipitable
water due to differences in the GPS analyses, and the cor-
responding variations in forecast results with the assimi-
lated precipitable water data.

3.1. Comparison of GPS Analyses
Figure 2 shows the precipitable water distributions ev-

ery 3 h obtained using the different GPS analyses. There
is no significant difference in the distributions between
GPS2 and GSI. In contrast, the area north of 35◦N at
03:00 UTC before the rainfall is drier in GPS1 than in
GPS2. The dry air in the northern area remains at 09:00
UTC when the rainfall begins. In the GPS2 panel, the
north-south gradient gradually decreases as time passes
from 03:00 to 09:00 UTC. Both sets of GPS data indicate
the presence of wet air in the Mie, Nara, and Wakayama
Prefectures on the windward side of Kani City, Gifu Pre-
fecture, where the heavy rainfall occurred. Only the GPS1
data indicated the presence of a large north-south gradient
in water vapor around 35◦N.

This north-south gradient in precipitable water around
35◦N is also shown in the water vapor observation data
from the ground (left in Fig. 3). At 03:00 UTC, the dif-
ference in the ground water vapor mixing ratio is about
3-5 g/kg, and the north-south gradient in the ground wa-
ter vapor mixing ratio around 35◦N decreased between
06:00 and 09:00 UTC. In the GPS1 panel in Fig. 2, the
variations in the north-south gradient of the precipitable
water around 35◦N with time is in good agreement with
the ground water vapor mixing ratio, although the com-
parison between ground vapor and vertically integrated
vapor is rather indirect. In contrast, the north-south gradi-
ent in temperature around 35◦N (right in Fig. 3) was not
significant at 03:00 or 06:00 UTC. The temperature was
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Fig. 2. Temporal evolution of GPS precipitable water dis-
tribution on July 5, 2010. Data from the upper, middle, and
lower row panels show the data at 03:00, 06:00, and 09:00
UTC, respectively. The left, middle, and right column panels
show the data obtained from GPS1, GPS2, and GSI, respec-
tively. The squares indicate the numerical calculation areas.

uniform around 35◦N at 09:00 UTC. The north-south gra-
dient in the water vapor mixing ratio around 35◦N may
correspond to a shear line in the wind vector between the
southwest and south wind in the 950 hPa analysis data
shown in Fig. 21a of Ref. [15].

To quantitatively examine the difference in the dis-
cussed water vapor distributions, the average and standard
deviations were calculated at the GPS observation points
in the numerical calculation area, and are shown in Fig. 4
as a box plot. The average for GPS1 is smaller than those
for GPS2 or GSI at any time in the entire calculation area,
although the standard deviation for GPS1 is larger. For
calculations limited to the south side of 35◦N, the aver-
age for GPS1 is larger than those for GPS2 or GSI at any
time. Therefore, the results in Figs. 2 and 4 indicate that,
compared to GPS2 or GSI, GPS1 tends to show drier air
on the north side of 35◦N and wetter air on the south side.
Fig. 5 shows a scatter diagram of precipitable water at the
observation points. The horizontal and vertical axes show
different data types to evaluate the similarity in the data.
The GSI and GPS2 data have an extremely high correla-
tion and small bias, while the GPS1 and GPS2 data have a
relatively high correlation but the GPS1 data have a nega-
tive bias, ∼4.7 mm.

The GPS observation results are compared with data
obtained from the sonde measurements, which are inde-
pendent of GPS observations. The sonde data from Sh-
ionomisaki, Wakayama Prefecture and Wajima, Ishikawa
Prefecture (Fig. 2) at 12:00 UTC were used. Measure-
ments from Shionomisaki indicates precipitable water of

 

Fig. 3. Temporal evolution of Ground observation data from
the Japan Meteorological Agency on July 5, 2010. Left pan-
els are ground water vapor mixing ratios and right panels
are AMeDAS atmospheric temperatures. As in Fig. 2, the
squares indicate the numerical calculation areas. Only the
data at the observation sites with elevations of <150 m are
shown.

55.21 mm, while those from Wajima indicates precip-
itable water of 51.30 mm. The spatial density of the
sonde data is much smaller than that of the GPS ob-
servations; nonetheless, a comparison of sonde data be-
tween Shionomisaki and Wajima indicates that the pre-
cipitable water at Shionomisaki, located south of Wajima,
is ∼4 mm higher. The sonde data also indicate that the
maximum wind velocity at an elevation of ≤ 10 km was
15 m/s, and from the southwest (figure omitted). Assum-
ing that the upward speed of sonde has a typical speed
of 5 m/s, it would reach an elevation of 10 km in 2000
seconds. This suggests that the sonde observed an area
about 30 km away in the northeast direction from the
point the sonde was released. Therefore, we calculated
average GPS precipitable water over a 30 km square ly-
ing on the northeast side of Shionomisaki or Wajima, with
the southwest corner of the square fixed on Shionomisaki
or Wajima, and compared it with the precipitable water
obtained from sonde observations. In the average cal-
culation, data from the observation points indicated with
gray circles in Fig. 1 were used. The precipitable water
near Shionomisaki at 12:00 UTC was 55.59, 54.64, and
54.74 mm, respectively for GPS1, GPS2, and GSI. The
differences from the observation data were +0.38 mm,
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(a) ALL CReSS DOMAIN (b) SOUTH of CReSS DOMAIN

Fig. 4. Average and standard deviation of GPS precipitable water for each time. The left shows the data for the entire numerical
calculation area in Fig. 2. The right shows data for an area south of 35◦ N in the numerical calculation area.

 
Fig. 5. Scatter diagram of precipitable water from the three GPS systems. The x-axis for the left panel is data from GPS1 and the
y-axis is data from GPS2. The x-axis for the right panel is data from GPS2 and the y-axis is data from GSI.

−0.57 mm, and −0.47 mm, respectively, indicating sim-
ilarity in the three estimation methods. The data from
GPS1 provided the closest result to the observation re-
sult. In contrast, the precipitable water near Wajima was
45.61, 52.7, and 52.88 mm, respectively for GPS1, GPS2,
and GSI. The differences from the observation data were -
5.61 mm, +0.95 mm, and +1.59 mm, respectively, which
indicates an extremely large negative bias in the data for
GPS1 and positive bias for GPS2 and GSI. Assuming that
the precipitable water data from the sondes at Wajima and
Shionomisaki are accurate, the GPS1 data has a larger
north-south gradient in the water vapor mixing ratio and
GPS2 and GSI data have a smaller north-south gradient.

Based on the data and discussion, there was no sig-
nificant difference in the precipitable water data between
GPS2 and GSI. GPS2 and GSI use the same simultane-

ous estimation method, but they use different satellite or-
bit information, orbit precision, and predicted orbit. The
present study shows that the difference in the analysis
method has a larger influence on the estimation of precip-
itable water than differences in satellite orbit information.
Based on these result, we hypothesize that the precision
of the precipitable water estimation using a precise orbit
is almost identical to that using a predicted orbit. There-
fore, we focus on the difference in the estimation methods
in the following discussion. The validity of this assump-
tion will be discussed elsewhere. Now we compare the
forecast experiments using GPS2 and GPS1, which have
high time resolutions.

3.2. Results of Radar Analysis
Figure 6 shows a distribution of radar-AMeDAS anal-
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Fig. 6. Distribution of 1-h accumulated rainfall from radar-AMeDAS analysis. The time range used for the calculation of accumu-
lated rainfall is shown in the upper left corner of each panel.

ysis rainfall. In Kani City, located at the border between
Aichi and Gifu Prefectures, heavy rainfall continued af-
ter 06:00 UTC on July 5, 2010. The radar-AMeDAS
analysis showed that accumulated rainfall in the hour be-
tween 09:00 and 10:00 UTC reached 95 mm. This con-
tinued heavy rainfall in a relatively small area could have
caused the significant damage [13]. The formation mech-
anism for the heavy rainfall has been studied in detail in
Ref. [15]. Reference [15] concluded that the wind con-
vergence around an elevation of 1.5 km continued from
07:00 to 09:00 UTC, which resulted in heavy, station-
ary, and continuous rainfall for an extended period of time
(Fig. 9 of Ref. [15]). In the present study, the wind veloc-
ity field (Fig. 7) from 06:00 UTC, when the rainfall began,
to 09:00 UTC was used to assimilate the convergence of
the lower wind. Reference [15] provides a wind velocity
field averaged over 3 h. In Fig. 7, we show the wind veloc-
ity field for every hour at an elevation of 1.0 km. Overall
wind in the velocity field is southwest, but convergence
of a south wind on the south side of the rainfall area and
a southwest wind on the west side was observed in the
heavy rainfall area at 07:00 and 08:00 UTC. Because the
convergence occurred locally, the wind data assimilation
should contribute to the reproduction of locally occurring
rainfall.

3.3. Assimilation Experiment Results
We compared the distribution of the 6-h accumulated

rainfall with the observation results and examined the ex-
periment performances in quantitatively reproducing the
observed rainfall distribution. We also evaluated the accu-
racy of the numerical experiments in reproducing the ob-

served maximum rainfall; the reproducibility of the con-
tinued heavy rainfall was verified by examining the varia-
tion in the maximum 1-h accumulated rainfall over time.
The present study investigated the influence of data as-
similation in different GPS methods, and the grid-to-grid
evaluation of precision is left for future work.

Figure 8 shows the observed and experimentally pre-
dicted 6-h accumulated rainfall. In the observation, rain-
fall higher >100 mm was recorded in a narrow area, 60 ×
50 km. The maximum rainfall was 275 mm. The 6-h ac-
cumulated rainfall was relatively low, ≤40 mm, in many
other places.

In the CNTL experiment with no data assimilation,
heavy rainfall exceeding 100 mm was not reproduced, and
the maximum rainfall occurred in northern Gifu Prefec-
ture. The rainfall in southern Gifu was not reproduced at
all. The result could not be improved even using initial
values obtained from the Japan Meteorological Agency
Mesoscale Analysis (JMA-MA) instead of the MSM (fig-
ure omitted). JMA-MA is the analysis to produce initial
condition of JMA-MSM. The GPS precipitable water is
also assimilated in the JMA-MA. However, their mesh
resolution is set to 15 km to lower the computational cost,
and GPS observation data were discarded every 30 km in
data assimilation procedure [33]. Therefore, the gradient
in the water vapor mixing ratio around 35◦N might not
have been sufficiently taken into account. The rainfall at
35.7◦N and 137.7◦E degrees simulated in every forecast
experiment was due to a spurious updraft near the lateral
boundary of the numerical calculation volume. This spu-
rious updraft was on the lee side of southern Gifu, our
study target, and should not have affected the calculation
results.
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Fig. 7. Reflectivity intensity at an elevation of 1.0 km and distribution of hori-
zontal wind obtained from three-dimensional wind velocity analysis.

 
Fig. 8. Distribution of 6-h accumulated rainfall. The upper left panel is radar-AMeDAS analysis rainfall data from 06: 00 to
12:00 UTC. The lower left panel presents the results from the CNTL experiment. The middle column shows results from the GPS1
(top) and GPS2 (bottom) experiments. The right column shows the results from the GPS1+UV (top) and GPS2+UV (bottom)
experiments, wherein both precipitable water and radar wind were assimilated. The maximum rainfall is indicated in the lower right
corner of each figure.
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Fig. 9. Variation in the maximum 1-h accumulated rain-
fall in and around Kani City measured over a 5 h period.
The horizontal axis shows the end of accumulation time,
e.g., the bars at 07:00 UTC show the 1-h accumulated rain-
fall measured from 06:00 to 07:00 UTC in the 60 × 50 km
area in and around Kani City. OBS indicates the rain-
fall obtained from the radar-AMeDAS analysis rainfall data.
CNTL, GPS1, GPS2, GPS1+UV, and GPS2+UV indicate
the rainfall obtained from the experiments described in the
text.

Unlike CNTL experiment, the GPS1 and GPS2 exper-
iments successfully reproduced the rainfall in southern
Gifu Prefecture. The GPS1 experiment had weaker rain-
fall in northern Gifu and stronger rainfall in southern Gifu
than in the CNTL experiment. The GPS1 experiment re-
produced the heavy rainfall, >100 mm, in the area about
40 km east of Kani City. It also reproduced the heavy rain-
fall in Ise Bay. The observed rainband extending from the
southwest to northeast was reproduced in the GPS1 ex-
periment, but was located about 30 km south of the ob-
served location. The GPS2 experiment showed an inter-
mediate result between the CNTL experiment and GPS1
experiment. It incorrectly reproduced the heavy rainfall
in northern Gifu, and the rainfall was higher than in the
CNTL experiment. The heavy rainfall >100 mm was in-
correctly reproduced in Fukui Prefecture.

Finally, we examined GPS1+UV and GPS2+UV ex-
periments where the radar wind was assimilated. Com-
pared to the GPS1 experiment, the GPS1+UV experiment
resulted in a lower rainfall in Ise Bay and a higher rainfall
on the border between Aichi and Gifu Prefectures. The
rainfall on the border between Aichi and Gifu Prefectures
forecasted in the GPS1+UV experiment was most sim-
ilar to observed rainfall. The maximum rainfall in the
GPS1+UV experiment was 174 mm. This is not as high
as the observed maximum rainfall of 275 mm, but higher
than the maximum rainfall in all other experiments. The
GPS2+UV experiment produced a lower rainfall in Ise
Bay, higher rainfall on the border between Aichi and Gifu
Prefectures, and maximum rainfall in Fukui Prefecture.

Around the border between Aichi and Gifu Prefectures,
a 60 × 50 km area, corresponding to the area where ob-

served 6-h accumulated rainfall reached ≥ 100 mm and
centered on the site where a maximum rainfall of 275 mm
was observed, was chosen and the temporal variation in
maximum 1-h accumulated rainfall is shown in Fig. 9.
The observed maximum 1-h accumulated rainfall data in-
dicate that the heavy rainfall, >60 mm, continued any-
where in and around Kani City throughout the time period
from 07:00 to 12:00 UTC. The CNTL experiment failed
to reproduce rainfall of >20 mm at any time. All other
experiments, GPS1, GPS2, GPS1+UV, and GPS2+UV,
with assimilated GPS precipitable water data, produced
higher 1-h accumulated rainfall than the CNTL experi-
ment in all hours except 12:00 UTC. The experiments
with assimilated GPS precipitable water and radar wind,
GPS1+UV and GPS2+UV, produced higher rainfall than
the CNTL experiment for all hours. This suggests that the
GPS data assimilation experiments can improve rainfall
forecasting, in agreement with previous studies.

Comparing the GPS1 and GPS2 experiments, the
GPS1 experiment forecasted a higher rainfall from 07:00
through 09:00 UTC, when data assimilation was per-
formed. At 10:00 UTC, after 1 h from the end of assimi-
lation window (06:00-09:00 UTC), the GPS1 experiment
still forecasted a higher rainfall than the GPS2 experi-
ment. However, at 11:00 and 12:00 UTC, the superiority
of the GPS1 experiment over the GPS2 experiment dis-
appeared. Therefore, the superiority of the GPS1 experi-
ment continued for about an hour after data assimilation
ended.

Comparing the GPS1 and GPS1+UV experiments, no
significant difference was observed in the period from
07:00 to 08:00 UTC, during data assimilation, but the
advantage of the GPS1+UV experiment was confirmed
in the period from 09:00 to 12:00 UTC; the GPS2 and
GPS2+UV experiments behaved similarly. This observa-
tion suggests that the wind velocity field was important
for reproducing the continued local heavy rainfall.

4. Discussions and Conclusions

In this study, we examined the variations in predicted
precipitable water due to differences in GPS zenith delay
analysis methods. We then evaluated the corresponding
differences in predicted rainfall after assimilating the pre-
cipitable water data. For the heavy rainfall system in Kani
City, Gifu Prefecture on July 15, 2010, the precipitable
water estimated from GPS data and three-dimensional
horizontal wind fields obtained from the X-band dual po-
larimetric radar were assimilated in CReSS, and rainfall
forecasting experiments were conducted. In the GPS anal-
yses, a method to simultaneously estimate coordinates
and zenith delay, i.e. the simultaneous estimation method,
and a method to successively estimate coordinates and
zenith delay, i.e., the successive estimation method, were
used to estimate precipitable water. To determine the con-
tribution from the GPS satellite orbit information used in
the zenith delay calculations, differences between results
from the predicted orbit provided in pseudo-real time and
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precise orbit released 10 days later were evaluated. We
found that the difference in analysis method was more im-
portant than satellite orbit information in predicting pre-
cipitable water. The successive estimation method pro-
duced a large difference in water vapor between south-
ern Gifu, where the heavy rainfall was observed, and the
northern Gifu. In comparison, the simultaneous estima-
tion method did not show a water vapor gradient between
the northern and southern areas.

In the rainfall forecast experiments, the successive esti-
mation method produced better result in the 6-h accumu-
lated rainfall distribution than the simultaneous estimation
method. The experiment with assimilated precipitable
water data from the successive estimation reproduced the
rainband in southern Gifu and the rainfall area in north-
ern Gifu that were forecast in the control experiment (no
data assimilation experiment). Compared with the control
experiment, the experiments with data assimilation more
precisely forecasted rainfall up to 5 hours after initial time
of numerical simulation (including 3 hours of assimilation
window period).

Assimilation of both GPS water vapor information and
radar wind data significantly contributed to reproducing
the observed continued heavy rainfall. Without radar
wind data assimilation, the forecast precision was signifi-
cantly worse about an hour after data assimilation ceased.
In contrast, with radar wind data assimilation, heavy rain-
fall could be reproduced even 2 h after data assimilation
ceased. Three hours after data assimilation ceased, all
experiments produced similar results, regardless of radar
wind assimilation.

The amount of water vapor from GPS analyses have
been accepted as important for rainfall forecasting, but
the present study showed that the zenith delay analysis
method can significantly improve forecasting. The im-
provement in precipitable water and rainfall forecasting
due to choosing an appropriate GPS analysis method in-
dicates can also contribute to forecasting rainfall several
hours in advance. However, to show the generality of
these results, the following two issues need to be statis-
tically investigated. First, superiority of the successive
estimation shown in this study needs to be evaluated for
both locally severe rain or other extreme weather events
and also for times with little or no precipitation. Second,
the possibility that the appropriate choice of the magni-
tude in GPS position variation error in the simultaneous
estimation method could improve the precipitable water
estimation needs to be verified for large water vapor fluc-
tuations during extreme weather events. In the present
study, we examined forecast results with a focus on the
reproducibility of maximum rainfall; examining forecasts
of other weather factors remains a future problem. In ad-
dition, relatively simple data assimilation methods, such
as 3DVAR and nudging, were employed in this study
and more advanced data assimilation methods, such as
4DVAR or ensemble Kalman filter, could be used. The
potential improvements from applying these methods re-
mains to be investigated. Furthermore, while radar wind
and retrieved precipitable water were incorporated in the

prediction methods in this study, the influence of incorpo-
rating other observation data on the model results should
also be examined.

In the future, water vapor analysis methods can be
made more universal by applying them to additional case
study examples and evaluating statistically-significant im-
provements in the rainfall forecasts. Errors in forecasts
using data assimilation can be evaluated by performing
statistical analyses on forecast experiments with the GPS
analysis method proposed in the present study. In addi-
tion, by investigating the precision of estimations using
the predicted orbit and successive estimation method, the
influence of precipitable water data assimilation can be
evaluated in real time to examine the usability for weather
forecasting.
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