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ABSTRACT

The water vapor plays an important role for the
weather prediction. It is helpful to evaluate the change of
weather system via observing the distribution of water
vapor. It will be of great assistance to understand the
special weather phenomenon by the calculation of the
Precipitable Water Vapor (PWV) from the Global
Positioning System (GPS) signals. Around 100 ground
GPS continuously operating reference station cooperating
with about 500 ground weather stations were adopted in
this study. The hourly Zenithal Wet Delay (ZWD) during
the duration of observation were estimated. The variation
of the PWV converted from ZWD is compared with
rainfall observation. The information in accordance with
the rainfall, no rain (0 mm/hr), small rain (0.1-10 mm/hr),
moderate rain (10-20 mm/hr) and heavy rain (more than
20 mm/hr) category. These average rainfall in the
corresponding PWV take years to explore Taiwan's
northern, western, eastern, southern and mountain areas,
PWYV different rainfall occurs corresponding to the
intensity. The results showed significantly lower PWV in
mountain area, so we need to calculate the PWV of the
district station operator to the mean sea level, the district
information in order to explore PWV threshold of rainfall
oceurs on a consistent baseline. Therefore, the use of four
different rainfall intensities corresponding to the station
elevation of PWV and do a linear regression analysis to
calculate different rainfall, the elevation rises 100 m, the
PWYV values were reduced by 0.80 mm, 0.92 mm, 1.06
mm and 1.13 mm. All the inversion of GPS stations PWV
corrected to mean sea level, and to explore the occurrence
of the corresponding different rainfall intensity PWV. We
found that the average no rain, small rain, moderate rain
and heavy rain threshold of PWV were 41.8 mm, 52.9
mm, 62.5 mm and 64.4 mm over Taiwan.

40

INTRODUCTION

It is recognized that the ground-based GPS
measurements can be used to estimate the PWV with an
accuracy of 1-3 mm (Bevis ef al., 1992; Tregoning et al,
1998). Compared with the direct PWV measurements
twice per day (every 12 hour) from the radiosonde, the
GPS-derived PWV generally can reach the half-hourly
sampling rate; thus an improved temporal resolution in
the PWYV record. While the wind velocity is 10 m/s (Le.,
the typical value at the bottom of the atmosphere), twice
daily data can only have a spatial resolution of 400-500
km. The GPS network composed by a number of
permanent GPS stations has been regarded as the essential
national  infrastructure. For example, there are
approximately 100 GPS continuous stations in Taiwan
(the average station spacing is below 30 km). They are
often used for positioning applications and observing the
crustal motion, but also monitoring the PWV variation
now. Through the GPS network, it is possible to depict
the PWV variation using higher temporal and spatial
resolution. In addition, the near-real time orbit and clock
corrections from the International GNSS Service (IGS)
reduce a latency of 3-9 hour for the PWV estimation by
GPS. This improved the GPS-derived PWV estimates on
the real-time weather forecasting applications. Below we
will only use the ‘PWV” instead of the GPS-derived PWV.

Most studies have been conducted to prove the
consistency between the PWV data and ground rainfall
record. Therefore, the data are largely used for monitoring
weather events such as typhoons, convectional rainfall
and monsoonal moisture surge, and improving their
forecast (Jin et al., 2008; Yeh et al, 2014). However, the
potential of the PWV for hydrological applications have
been discussed such as the imbalance of
evapotranspiration and precipitation, the change rate of
the terrestrial water storage at basin level (ie., from
hundreds to thousands squared kilometers) and the
precipitation efficiency at different areas. Long-term
PWV data records from a dense GPS network are
essential for these studies that aimed to monitor
hydrological cycle and meteorological dry/wet shifts.

As shown in Figure 1, the Taiwan Island involves a
total area of 36,188 square kilometers, where the average
annual rainfall is 2,500 mm. The rainfall can up to 5,000
mm for hills at the north of Taiwan. In geography, the
Taiwan Island has an elongated shape across the Tropic of
Cancer from 22° to 26° N at approximately 121° E. It



leads that the weather types are subtropical and tropical
monsoon climates to the northern and southern of Taiwan,
respectively. From October to April next year the weather
is influenced by the northeast monsoon. It results in cold
and wet air, and continuously small rain at the northem
Taiwan but dry status at the southern Taiwan. From June
to September it is dominated by the southwest monsoon;
the warm air and the convectional rainfall. In addition,
there are average 3-4 typhoons (the Pacific tropical
cyclone) impinging this area from July to September; thus
providing plenty of rainfall. The Taiwan’s topography is
also quite complicated. The main compositions include
basins and hills, alluvial plain, high mountains and rift
valley for the northwest, southwest, central and east of
Taiwan, respectively. In some mountains the rainfall
patterns are the orographic and frontal rainfall. In
summary, the GPS network in Taiwan can be used to
observe the PWYV variations at different areas. This will
be helpful to study the weather mean conditions and the
precipitation efficiency at different areas.

26.0

Latitude

120.0

120.5 121.0

o5
Longitude
Figure 1. Distribution of the 94 GPS stations and the
five regions.

1215 122.0 1225

DATA AND METHODS

We used the GPS measurements from the 94 GPS
stations that are provided by the Central Weather Bureau
and National Land Surveying and Mapping Center,
Ministry of the Interior to estimate the PWV values. The
Bernese 5.0 software developed by the University of Bern
is used to process the GPS measurements (Dach et al
2007). Specifically, the PWV is computed from the GPS
zenith wet delay by
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PWV =ZWDxI1 (1
and the scale factor T can be expressed by

I'(,)=10"[p,R /T, +k)] @
where p_is the density of liquid water, R, = 461.524 JK-

Kg? is the specific gas constant of water vapor,
k, =3.766 X 10° K*hPa and k) =16.52 K/hPa are the

constants of the atmospheric refractivity, 7, is the

weighted mean temperature of the atmosphere computed
from the vapor pressure and temperature profiles along
the zenith direction over the GPS station. The values of
the constants p and R are well determined; that the

error in Eq. (2) derive from the other constants.

Finally, the PWV data used in this study are given on
a time interval of 1 hour from January 2006 to December
2012 (i.e., the data record is 7 years in length). The PWV
data are classified according to the rainfall strength that is
obtained from the nearest weather station. The four
rainfall strengths have the categories of no (0 mm/hr),
small (0.1-10 mm/hr), medium (10-20 mm/hr) and heavy
(> 20 mm/hr), which can be found in the manual of the
World Meteorological Organization. Second, the 94 GPS
stations are divided into the five sub-areas based on the
geographic locations and topographic features. Therefore,
there are the north, west, central, east and south sub-
regions (Figure 1). The central sub-region is mainly
composed by high mountains and the other sub-regions
are relatively flat topography. In this study. the statistics
of the PWV data are counted by the above two principles.

CLIMATE MEAN CONDITIONS
The yearly mean PWYV values from the five sub-

regions at the four rainfall strengths for 2006-2012 are

depicted in Figure 2 and the statistics are given in Table 1.

The PWV values at the central sub-region is clearly lower

than those at the other sub-regions. Because of less ZWD

in the GPS signal propagation path, the GPS station at a

higher altitude has the lower PWV estimated. Table 1

shows the average PWV at no rain is about 41 mm at flat

region (i.e., the average value derived from the northern,
western, eastern and southern sub-regions) and 32 mm at
the central sub-region. At heavy rain the average PWV are

63 and 51 mm at the flat and mountainous regions,

respectively. Therefore, the PWV increases about 20-25

mm from no rain to heavy rain. Below is a summary of

the PWV changes at the four rainfall strengths shown in

Figure 2 and their potential causes:

1. From no to small rainfalls, the PWYV increases about
7-8 mm at the north and east sub-regions, 10 mm at
the central sub-region, and 13-16 mm at the west and
south sub-regions. It properly illustrate the different
rainfall features between these regions. The
convective rainfall is the main rainfall mechanism at
the southwest Taiwan because of the wide plain
terrain. Thereby, it need the more humid air to reach
the precipitable condition. The northeast Taiwan is
easier to start rainfall due to the orographic lift. The
topography and geographic locations also effect the
precipitation efficiency between the two regions



(northeast vs southwest of Taiwan). The precipitation
efficiency will be further discussed in the section
below.

2. From small to medium rainfalls, the PWV changes
range from 5 to 10 mm. The minimum difference of
5.4 mm occurred at the southern sub-regions. Once
the air is moist enough, it is easier to directly start a
medium rainfall at the southern Taiwan. The PWV
time series at the northern, eastern and western sub-
regions also show the more moisture air is needed to
rise up the rainfall strength from small to medium in
recent years.

3. From medium to heavy rainfalls, the PWV
differences at the five sub-regions are almost less
than 5 mm. Therefore, the key factors of forming a
heavy rain are not only the high PWV value (i.e., the
air is high humidity) and also the replenishment rate
of the water vapor.

4. Relatively large undulations can be found in the
PWYV time series of the western sub-region. This is
because the northeast Taiwan is influenced by the
northeast monsoon in winter, but the southwest
monsoon at the southwest Taiwan in summer. The
western Taiwan is located in the junction of the two
monsoon. In addition, the total annual rainfall at the
western Taiwan largely depends on the typhoon-
induced rainfall in summer. Therefore, the western
sub-region has large undulations in the weather than
other sub-regions.
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Figure 2. Yearly mean PWYV values at the four
rainfall strengths from the five sub-regions for 2006-2012.

As we know that the PWV is positive correlation to
the rainfall strength; thus the larger PWYV value indicate
the more heavy rainfall. In the no rain panel, it should be
noticed that the increasing trends in the PWV time series.
It elaborate the fact that the getting difficult to start
rainfall. For example, the PWV value of 45 mm
corresponds to the small rain at 2006, but no rain at 2012.
This had been connected to the enhanced
evapotranspiration that is caused by the global climate
change (Yeh et al. 2016). The PWV time series also
appeared the years with plenty of rain and lack of rain. In
the heavy rain panel, the relatively high PWV value at
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2009 is caused by the typhoon-induced extremely heavy
rainfall that continue for a while at the western Taiwan. In
the no rain panel, the relatively low PWV value at 2011 is
due to the drought that occurred at the western Taiwan.
These events correspond to the 2009 El Nifio and 2011 La
Nifia. It is confirmed that the continuous PWV
observations can be used to improve the rainfall forecast
and also for assisting observation of climate change.

Table 1. Statistics of the PWV values for the five
sub-regions at the four rainfall strengths.

No Light Middle  Heavy
Rain Rain Rain Rain
North 39.8 46.1 57.8 60.8
West 393 52.4 622 64.0
South 42.6 58.7 64.1 64.8
East 42.0 50.6 61.1 62.9
Mountain ~ 31.9 41.4 49.5 50.7

HEIGHT EFFECTS IN THE PWV ESTIMATION

While the accuracy of the tropospheric humidity
estimated by GPS radio occultations decreases in the
troposphere lower than 5,000 m, the PWV observation is
still wanted by the numerical weather model to fill in the
gap (from 0 to 5,000 m). In this study the altitude of the
95 GPS stations distributed from 0 to 3,900 m (the highest
station of YUSN is at an altitude of 3,877 m, see Figure 1).
The altitude here is the GPS-derived ellipsoidal height.
The linear regressions of the PWV data from these GPS
stations are conducted to investigate the PWV changes
with the altitude (i.e., the vertical gradient of the PWV).
In Figure 3 the PWV values at the four rainfall strengths
are shown by different symbols and their linear regression
results are given in Table 2. The PWV decreasing rate per
meter height is faster as the increase in the rainfall
strength (i.e., the slope is becoming steep at heavy rain
condition). It will be very useful for the numerical
weather prediction models to improve the heavy rainfall
forecast because of the PWV vertical gradient changes
before the events.

* No Rain + Middle Rain

= Light Rain

Heavy Rain

0 500 1000 1500 2000 2500 3000 3500 4000
Height(m)

Figure 3. PWYV values at the four rainfall strengths as
functions of the altitude.



Table 2. Linear regression results of the PWV data at
the four rainfall strengths.

PWV(mm)/height(m)
No Rain —0.0080
Light Rain -0.0092
Middle Rain -0.0106
Heavy Rain -0.0113

The results showed significantly lower PWV in
mountain area, so we need to calculate the PWV of the
district station operator to the mean sea level, the district
information in order to explore PWV threshold of rainfall
occurs on a consistent baseline. Therefore, the use of four
different rainfall intensities corresponding to the station
elevation of PWV and do a linear regression analysis to
calculate different rainfall, the elevation rises 100 m, the
PWYV values were reduced by 0.80 mm, 0.92 mm, 1.06
mm and 1.13 mm. Table 3 shows the PWV values for the
five sub-regions at the four rainfall strengths after vertical
gradient correction. All the inversion of GPS stations
PWV corrected to mean sea level, and to explore the
occurrence of the corresponding different rainfall
intensity PWV. We found that the average no rain, small
rain, moderate rain and heavy rain threshold of PWV
were 41.8 mm, 52.9 mm, 62.5 mm and 64.4 mm over
Taiwan.

Table 3. Statistics of the PWV values for the five
sub-regions at the four rainfall strengths after vertical
gradient correction.

No Light Middle  Heavy
Rain Rain Rain Rain
North 412 47.7 59.6 62.7
West 40.8 541 642 66.1
South 433 59.5 65.1 65.8
East 429 51.7 62.3 64.2
Mountain ~ 40.7 515 61.1 63.1
Average 41.8 529 62.5 64.4
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ql Phenomenon of GPS signal delay

= GPS signals pass the atmosphere

= The speed of the GPS signal in atmosphere is slower
than that in space

= The path of the GPS signal in atmosphere is a curve
= Tropospheric delay
= Including the troposphere and the bottom layer of the
stratosphere
= Jonospheric delay

= Including the mesosphere, thermosphere and the upper
layer of the stratosphere

!l The reason — Snell’s Law

The path of the
0, zenithal signal
will goes straight

!| How to overcome this problem?

= Saastamoinen’s zenithal function
= Marini’s mapping function
= Gardner’s azimuth asymmetric model

R i

\\ N\ .\;—\

Ap, - f(2)
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How to overcome this problem?

§ enie) BR o e [ -~ z
Dy =10 {g"‘\ldf’:ﬂ: ky A'E ;*’\;F =Dyoppr + Dirspe

= Dry delay (D%, 4
the ground
= Using atmospheric model to correct the error
= Wet delay (D7 ., ): Need to know the
temperature and the partial water vapor pressure
of the atmosphere

= Using zenithal path delay parameters to absorb the
residual (treat as the unknown value)

): Need to know the pressure of

How to obtain ZWD and PWV?

= Double-difference is adopted
= Relative to TSKB station in Japan

= Using long baseline (~2000 km) to calculate the
absolute Zenithal Wet Delay (ZWD)

= Using below formula to transfer the ZWD to
Precepitable Water Vapor (PWV)

10*
pR.[f—wk{]

m

PWV =TIx ZWD 1=

Verification on calculated PWV

= Comparison on the PWV measured by Water
Vapor Radiometer (WVR) and that obtained by
GPS

= To prove and enhance the accuracy of GPS-PWV

7 years data
2006-2012

108 GPS

stations

2 WVR
stations

490 rainfall
stations



Comparison on GPS and WVR
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Harmonic analysis of rainfall in

!l the Northern region
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= Amplitude

= 43.14mm
= Phase

= 265.58°
= Slope

= -0.2968

17

Amplitudes, phases and growth

!l rates for the rainfall

Amplitude| Phase Peak Growth
(mm) (degree) (day) (mm/yr)
North 43.14 265.58 9/26 -3.55
West 139.72 193.09 713 -16.15
South 287.77 206.41 7127 =727
East 157.21 253.44 9/13 7.95
Mountain | 229.27 207.13 728 -17.44

Difference between the rainfall
and harmonic analysis value
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Yearly mean PWV values at the

four rainfall strengths
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PWYV values at the four rainfall

!l strengths

North
West

South
East

Mountain

No Light  Middle
Rain Rain Rain
398 46.1 57.8
393 524 62.2
42.6 587 64.1
420 50.6 61.1
31.9 41.4 49.5

Heavy
Rain

60.8
64.0
64.8
62.9
50.7

PWYV at the four rainfall strengths

ql as functions of the altitude

#NoRain =Light Rain + Middle Rain Heavy Rain
0
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%m Vo E T
w0 \:\ “-"{
10 \
[
0 S0 1000 100 2000 2500 3000 30 4000
Height(m)
2

Linear regression results of PWV

!I at the four rainfall strengths

PWV(mm)/height(m)
No Rain —0.0080
Light Rain -0.0092
Middle Rain -0.0106
Heavy Rain -0.0113
3
PWYV values after vertical
gradient correction
No Light  Middle Heavy
Rain Rain Rain Rain
North 41.2 477 59.6 62.7
‘West 40.8 54.1 64.2 66.1
South 433 595 65.1 65.8
East 42.9 SHT 62.3 64.2
Mountain  40.7 51.5 61.1 63.1
Average 41.8 529 62.5 64.4



!| Conclusions

= The results indicate that the values of the PWV
amplitude are between 10.98 and 13.10 mm and
always occurred at the end of July

= The presented time of rainfall for the peak agree with
the time of PWV in the Western, Southern, Central
Mountain area

= For the Eastern and Northern area, the happened time
were delayed by two months
= The magnitudes of the annual growth rate for
PWYV are between 0.68~0.83 mm/yr

!| Conclusions

= Information in accordance with the rainfall, no
rain (0 mm/hr), small rain (0.1-10 mm/hr),
moderate rain (10-20 mm/hr) and heavy rain
(more than 20 mm/hr) category
= The elevation rises 100 m, the PWV values were
reduced by 0.80 mm, 0.92 mm, 1.06 mm and 1.13 mm
= Taiwan found that the average no rain, small rain,
moderate rain and heavy rain threshold of PWV
were 41.8 mm, 52.9 mm, 62.5 mm and 64.4 mm
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