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Abstract

This research shows a new threshold for identifying the onset of southwest monsoons using Precipitable
Water Vapor (PWV) obtained from GNSS Continuously Operating Reference Stations (CORS) in Thailand by
analyzing data from 2007 to 2016. It was found that PWV values for rainy days are higher than non-rainy
days. The average PWV for the years 2007-2016 of CHAN station in May was used to determine the new
threshold. This new threshold is met when the average value of PWV in May exceeds 58.50 mm for three
consecutive days. During the ten years of the study period, the onset date calculated from this method varies
by no more than 1-3 days from that calculated by the Thai Meteorological Department (TMD) method, except
for 2008 and 2010, when the variance is more than three days. As for other regions namely the central region,
the northeast region, and the northern region, it was found that the calculation of the onset of the monsoon

season typically varies by 3-5 days.

1. Introduction

Meteorology, which is the study of the atmosphere
of the earth by focusing on the weather forecast and
the process of the weather, is an important field of
science. Meteorological phenomena are observable
weather events. These events are caused by
fluctuations in factors present in the Earth's
atmosphere, such as temperature, air pressure,
steam, and other elements. Various weather changes
have been found to occur as a result of climate
change in the troposphere layer. Therefore, climate
tracking is very important because it allows for
assessment of climate change that may affect the
future. However, study of climate change requires
the use of data sets that result from long-term
observation that goes on for decades or longer
because climate change is a slow process. Even so,
current changes are occurring faster than before due
to the effects of global warming, which are
increasingly intense.

Thailand is located in the Asian monsoon region.
The seasonal sea breeze brings water vapor into the
continent. Examples of these sea breezes are the
monsoon winds in the south and southeast of Asia.
Southwest monsoon winds blow into Thailand in
May and October. However, the El Nifio and La
Nifia phenomena, including climate change, cause
changes in the timing of the seasons, which may be
irregularly shorter or longer than usual. This change
affects water management plans and agricultural

products, the main products of Thailand.
Determining the time of the onset of the monsoon is
important because it is crucial for agricultural
planning and water management. Farmers can use
this data to decide when to plant or harvest crops.
Since the start date and period of the monsoon
change each year, farmers and governments need
reliable methods for predicting these changes
annually. That responsible for water management
and cultivation tends to use the days and times of
the monsoon from previous years as a reference.
However, problems arise if the monsoon comes later
than usual as water deficits will occur. Also, if the
monsoon is longer than usual, there will be too
much water. In both cases, damage to crops is the
result. Therefore, being able to identify the timing of
the beginning of the monsoon is very helpful (Uang-
aree et al., 2015).

Precipitable water vapor (PWV) -- PWV is that
the quantity of total vertical steam expressed in
kilograms per square meter (kg/m?) or height
relative to water in millimetres (mm) -- is a very
important factor in atmospheric phenomena.
Understanding more about PWV allows us to
understand more about the climate of the planet. In
particular, the distribution of PWV is very important
in understanding geophysics. Therefore, PWV is
employed as a variable in climate studies at the
worldwide, regional and local levels. (Liang et al.,



2015). Additionally, PWV absorbs heat, causing the
temperature of the atmosphere to rise, which is an
important variable in tracking the effects on global
warming (Greenhouse Effect). In research work,
PWV data is used to study the occurrence of storms,
water change cycles, and is also used in the
Numerical Weather Prediction (NWP) model (Bevis
et al., 1992). The PWV derived from the ground-
based GPS systems began in 1992 (Bevis et al.,
1992) and has been continuously evaluated and
improved (Rocken et al., 1993, Bevis et al., 1994,
Rocken et al., 1995, Duan et al., 1996, and
Tregoning et al., 1998) owing to its importance in
the work of weather prediction, weather monitoring,
atmospheric  analysis, and numerous other
applications. The application of PWV values in
meteoric work (GPS-Meteorology) continues to be
an important item of attention and ongoing analysis.
However, using data from ground-based GPS
stations to determine the amount of water vapor in
the atmosphere in the form of precipitable water
vapor (PWV) (Bevis et al., 1994) is still an effective
method. Also, this provides an inexpensive
methodology that can be used to continuously
monitor weather conditions (Coster et al., 1996,
Jade and Vijayan, 2008 and Suparta and Iskandar,
2012).

In addition, the PWV derived from ground-based
GNSS stations (GPS-PWV) has an accuracy similar
to that of more expensive meteorological
instruments (Li et al., 2015) such as Radiosonde
(RS), Microwave Radiometer (MWR), and data
from meteorological satellites, etc. To prove the
initial assumptions for using GPS-PWV values for
meteorological applications in Thailand, this paper
begins by considering previous studies on possible
and easy ways to use PWV obtained from GPS. In
Thailand, it has been confirmed that PWV values
can be obtained correctly from GNSS observations
(Satirapod et al., 2010, Satirapod and Rizos, 2011,
Suwantong et al., 2017, Charoenphon and Satirapod,
2019 and Meunram and Satirapod, 2019). As for the
research related to the use of PWV to identify the
entry into the monsoon season in Thailand, there
have been trials on the possible methods of using
PWV obtained from GPS, such as using GPS-PWV
to predict Southwest monsoons during the rainy
season (Takiguchi et al., 2000) and experimenting
with GPS-PWV to study new methods for
identifying the onset and withdrawal of southwest
monsoon in Northeastern Thailand (Uang-aree et al.,
2015). These research studies, however, used PWV
data for a short period only, and were limited by the
fact that ground-based GNSS stations do not cover
all areas in Thailand. Therefore, in this research, the
11 widely-distributed CORS in Thailand that are

distributed throughout the country, and PWV data
gathered between 2007 and 2016, are used to
analyze the onset of the monsoon season in/
Thailand. The researcher has published a previous
article which relied on PWV time-series to find
Trend and Seasonal values in order to find the
relationship between PWV and Rainfall. It was
found that the rainy season (around the middle of
May to the end of October) shows the smallest
fluctuation of the PWV and the high average PWV,
which is consistent with the 24-hour cumulative
rainfall data (Trakolkul and Satirapod, 2019).

2. Methodology and Observation Model

2.1 Data

In this research, the PWV data obtained from the
GNSS CORS station in Thailand from the
Department of Public Works and Town & Country
Planning (DPT) were collected from 2007-2016 by
Precise Point Positioning (PPP) GNSS technique.
Rainfall data in this research was obtained from the
Thai Meteorological Department (TMD). The
relationship between the PWV data obtained from
the estimated GNSS data and the rainfall
information from the rainfall monitoring station near
the GNSS CORS station was then analyzed. (as
shown in Figure 1)
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Figure 1: Location of the meteorological stations
and GNSS CORS stations for this study
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2.2 Precise Point Positioning (PPP)

The PPP technique is a methodology of determining
positions that can provide accuracy to the
centimeter-level. The mathematical model of the
positioning algorithm is also determined using
ionosphere-free combination for the pseudorange
and carrier phase GNSS observations to eliminate
the first order of lonosphere effects. The simplified
observation equation for PPP techniques (Kouba
and Héroux, 2001) can be shown as follows:

Pis=p+c(dt—dT) + (MXZTD) + &
Equation 1

ds=p+c(dt—dT)+(MxZTD) + NA + &¢
Equation 2

According to Meunram and Satirapod, (2019)
“where Pz and ¢s are the ionosphere-free
combination of pseudorange and carrier phase
observations, p is the geometrical variation between
satellite and receiver coordinates, c is the vacuum
speed of light, dt and dT are a clock error of receiver
and satellite, respectively, M is mapping function,
which is a function of satellite elevation angle
(degrees), ZTD is tropospheric delay in zenith
direction, N is the ambiguity number of ionosphere-
free combination in carrier phase, A is wave length
of the carrier-phase ionosphere-free, and ¢p and &¢
are the multipath error and observation noise of
ionosphere-free combination observation”.

2.2 Tropospheric Delay

In the atmosphere, the troposphere is the lowest
layer, about 8 - 15 kilometres away from the Earth's
surface. It consists of both dry and wet elements.
About 90% of the tropospheric delay is caused by
the ultimate hydrostatic delay (ZHD). The amount
of wet delays (ZWD) accounts for the remaining
~10% (Davis et al., 1985). ZWD can be expressed
in the form of ZTD and ZHD as the equation below:

ZWD =ZTD - ZHD
Equation 3

As for ZHD, it will vary with temperature and air
pressure. For the discrepancy in this section, the
Saastamonien model (Saastamoinen, 1972) can be
used to write the following equations:

2.2768 x Ps
1-0.00266 cos(2¢#)-0.00000028H

ZHD =

Equation 4

where Ps is the surface air pressure (hPa), ¢ is the
latitude at the station (rad), and H is the height
above the mean sea level (m). PWV is the total
amount of vertical steam above the receiver, and can
be calculated from ZWD through the following
formula (Bevis et al., 1992):

PWV = IT*ZWD
Equation 5

In equation (5), IT is a function of weighted mean
temperature (Tm). The detailed equation for
calculating IT is shown as follows (Bevis et al.,
1992):
10°
N=——¢—
pwku(%wz)

Equation 6

where p s the density of liquid water (999.97
kg/m®), R, is is the specific gas constant of water
vapor (461.525 JK*kg?), k’2 is 22.1 K/hPa, k3 is
3,739 K?/hPa, T (°C) is the surface temperature and
Tm is the weighted mean temperature of the
atmosphere where T, = 113.2914 + 0.6066T,
(Suwantong et al., 2017). The GNSS PWV data
processing steps can be described in Figure 2.

Lr Start [

J

/[ Orbit and Clocks Correction |

o /| © C ¢ GNSS Data (RINEX format) |/
SN PR QKJ?\ (International from CORS (Continuously | /
o 4 SHISS Sscvice) Operating Reference Station) | /
o L R )
£ == —
2
= [ L
| PPP by PANDA Software
‘ ’ ZTD =ZWD + ZHD ‘
Surface Pressure
I)a}t@r .
= % Saastamonien Model
s i mcnmeizest ||
o : - ‘
|
E ZWD =ZTD -ZHD ~ /' ZHD
| Ppwv=rr'ZWD - /1

Figure 2: Data Processing from Tropospheric Delay
to PWV values

3. Processing and Analysis Step

3.1 PPP Processing

In this article, PWV data is processed using PPP
techniques by the PANDA (Positioning and
Navigation Analysts) software package developed at
Wuhan University (Li et al., 2015). This PPP
processing allows some settings to be included in
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precise solutions, such as satellite orbit errors and
offset satellite clocks from IGS (Kouba, 2015).
GNSS data of the Department of Public Works and
Town & Country Planning at 11 stations including
Chiang Mai (CHMA), Uttaradit (UTTD), Udon
Thani (UDON), Sisaket (SISK), Nakhon
Ratchasima (NKRM), Nakhon Sawan (NKSW),
Bangkok (DPT9), Chanthaburi (CHAN), Prachuap
Khiri Khan (PJRK), Surat Thani (SRTN) and
Songkhla (SOKA) are stored in RINEX format. The
data is them processed using PANDA and Global
Mapping functions (GMF) to find the Zenith Total
Delay (ZTD).

3.2 Conversion of ZTD to PWV

The ZTD derived from the PPP technique can be
represented in two components: ZHD and ZWD.
ZHD can provide better accuracy using data from
surface meteorological measurements. However,
ZWD has a high variance, often used as an
approximation parameter. To achieve higher
accuracy, it can be converted to PWV using the
mean temperature data (Tm). ZWD can be shown in
terms of ZTD and ZHD.

3.3 Analyzing the Correlation between PWV and
Rainfall

The relationship between PWV and rainfall has
been studied. It has been found that the average
PWV is higher for rainy days than non-rainy days
(Manandhar et al., 2016). In this research, the
relationship was determined by plotting the
relationship between the PWV and Rainfall of
CHAN station in 2011 and 2012, which were the
years without the El Nifio and La Nifia phenomena,
for preliminary consideration in determining the
onset of the southwest monsoon in Thailand.

4. Results and Discussions

4.1 PWV and Rainfall

For rainfall and PWV, rainfall data from the rainfall
monitoring stations near the GNSS CORS stations
were recorded by TMD in order to analyze the
correlation with PWV data obtained from the
estimated GNSS data results (show in Figure 1).

In this case, the data from the rainfall monitoring
station located nearest each of the GNSS CORS
stations was used. For analysis of the PWV derived
from GNSS and rainfall data, the CHAN station was
chosen for this analysis because the distance is only
1 km. The PWV and Rainfall data at CHAN station
between 2011 and 2012 was plotted to determine the
relationship as follows. When analyzing the amount
of PWV for rainy and non-rainy days, PWV shows
some changes, as shown in Figure 3. The average

4
PWYV per day per month of 2011 is shown for both //

rainy days (blue bars) and non-rainy days (orange
bars) and shows that the average PWV for rainy v
days is higher than non-rainy days. From this
analysis of 2011 and 2012, we can see the highest
differences in the PWV on rainy and non-rainy days
gets up to 33.48 mm in January and 36.4 mm in
December respectively. As for May, which is the
beginning of the southwest monsoon season, there is
a difference of PWV between the highs and lows of
rainy days and non-rainy days of only 2.51 mm and
2.09 mm respectively. Based on the monthly
average PWV distribution data for rainy and non-
rainy days, it was found that the distribution patterns
were consistent with the southwest monsoon.
Therefore it is possible to use PWV data to
determine the onset of the monsoon season.

4.2 Threshold PWV

Some relationships between PWV and rainfall have
already been identified in previous sections. An
increase in PWV means rain, but the PWV must
first be determined. The PWV of the criteria must be
set in such a way that, when the PWV in a certain
time exceeds the specified value, this criterion will
clearly identify that the rainy season is about to
begin. The month of May for the years 2007-2016
was chosen for testing. Table 1 shows the average
PWYV values in May for the ten-year period of 2007-
2016, which will be used as the baseline for
determining if the PWV value exceeds the
threshold. The threshold value of 58.50 mm was
chosen from the average PWYV values on rainy days
for May of the years 2007-2016. Figure 4 shows the
Cumulative Distribution Function (CDF) plot for
May 2007-2016. For non-rainy days, the PWV is
higher than the threshold 20% of the time, and for
the rainy day, the PWV is higher than the threshold
50% of the time. The results obtained from using
this threshold are discussed in the next session.

4.3 PWV and Rainfall with Threshold PWV

The threshold GPS-PWV was tested by checking
comparing it with the PWV Time-series of CHAN
station and found that the PWYV threshold is 58.50
mm or more for more than three consecutive days
can be used to identify the onset of the southwest
monsoon in Thailand. When comparing with data
from TMD (Thai Meteorological Department,
2018), the results are as in the Table 2 below. This
new threshold would have been effective in
determining the onset of the Southwest monsoon in
the period 2007-2016. When compared to the results
of the TMD method, the new threshold using GPS-
PWYV provides a good outcome.
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Figure 4: Average PWV per day per month for Rainy and Non-rainy days (2007-2016)

Table 1: Average PWV per month at CHAN station

Year Rainy Days Non-Rainy Days
May 2007 59.18 52.67
May 2008 56.73 53.00
May 2009 58.08 51.67
May 2010 59.81 56.57
May 2011 56.95 54.44
May 2012 58.42 56.33
May 2013 58.00 54.09
May 2014 57.71 55.00
May 2015 No Data No Data
May 2016 61.60 56.75
Average 58.50 54.50
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Table 2: Comparison New Threshold PWV of Southwest monsoon onset dates with TMD

Year TMD New Threshold
2007 5 May 3 May
2008 10 May 5 May
2009 9 May 13 May
2010 21 May 16 May
2011 6 May 9 May
2012 5 May 6 May
2013 18 May 19 May
2014 27 May 27 May
2015 22 May No Data
2016 18 May 16 May

The predicted onset of the monsoon season from
GPS-PWV methods is within 1-3 days of the TMD
method, except for 2008 and 2010, which were both
different by more than 3 days. The discrepancies in
2008 and 2010 occurred because those were years
that La Nifia was in a state that caused heavy rain
and a lot of water, which is in line with the results of
the new threshold that indicates that the season start
date will come earlier than usual more consistently
than does the TMD method, which may have errors
due to rain before the monsoon and short rain
disruption in Season. For this reason the calculated
starting and withdrawing dates of the monsoon
using the TMD method can be in error. Since the
TMD method would consider only the rainy day. If
it rains before the monsoon and the rain stops in the
season, the consideration of entering the monsoon
season will be inaccurate. The comparison of the
two methods proves that the GPS-PWV method is
more accurate and that it will set the date closer to
the observation than the TMD method, with very
few exceptions. This method is easy to use as it only
requires PWV and does not require information
about the amount of rain and wind direction. Using
this new threshold, it was found that, after the onset
of the monsoon, there will be continuous rainfall.
Knowing this information makes it simple to
forecast of the day of onset of the monsoon by
checking the amount of rain alone. In other words,
the PWV can be used to accurately identify the start
of monsoon season.

5. Conclusion

This study provides an overview of the use of PWV
derived from GNSS CORS stations in Thailand,
focusing on determining the onset of the southwest
monsoon in Thailand. In this paper, PWV obtained
from GNSS and meteorological data were studied to
assess the relationship used to determine the
threshold for identifying the onset of the monsoon

season. The new threshold for GPS-PWV has been
established based on the relationship between PWV
and Rainfall, including consideration of the average
PWV in May for the ten year period of 2007-2016.
The threshold for the onset is the day when the
average GPS-PWV has been above 58.50 mm for
three consecutive days. The threshold results were
compared to the TMD method. The comparison
shows that the two methods predict dates within 1-2
days of one another, except for the years 2008 and
2010, when predicted dates varied by more than
three days. As for other regions in the higher
latitudes, namely the central region, the northeast
region, and the northern region, when using these
new thresholds to determine the onset of the
monsoon season, it was found that the onset of the
monsoon season in this part will be slower, typically
within 3-5 days. The reason is that, in that area,
there is a lower average PWV in the CHAN station
used in the test, and the CHAN station is located in
the eastern part, near the sea and the coast, and is
influenced by the southwest monsoon before other
regions. This study will be useful in agricultural
planning and water management. Farmers can use
this information to decide when to plant or harvest
crops since they will know with greater accuracy the
beginning and the period of monsoon each year.

Acknowledgments

We acknowledge Faculty of Engineering,
Chulalongkorn University, the Department of Public
Works and Town & Country Planning (DPT), and
Thai Meteorological Department (TMD) for
providing the GNSS data and rainfall data. Also, we
would like to thank the GNSS Research Center,
Wuhan University of China for providing us the
PANDA Software for GNSS data processing. This
research is funded by the NRCT-NSFC
collaboration under the Climate Change & Climate
Variability Research in Monsoon Asia (CMONS3).



References

Bevis, M., Businger, S., Herring, T. A., Rocken, C.,
Anthes, R. A. and Ware, R. H., 1992, GPS
Meteorology: Remote Sensing of Atmospheric
Water Vapor Using the Global Positioning
System. Journal of Geophysical Research, Vol.
97(D14), 15787-15801.

Bevis, M., Businger, S., Chiswell, S., Herring, T.
A., Anthes, R. A., Rocken, C. and Ware, R. H,,
1994, GPS Meteorology: Mapping Zenith Wet
Delays onto Precipitable Water. Journal of
Applied Meteorology, Vol. 33(3), 379-386.

Charoenphon, C. and Satirapod, C., 2019,
Monitoring Precipitable Water Vapor in Real-
Time Using Kinematic GPS Precise Point
Positioning in Thailand. International Journal of
Geoinformatics, Vol. 15(1), 37-46.

Coster, A. J., Niell, A. E., Solheim, F. S., Mendes,
V. B, Toor, P. C., Buchmann, K. P. and Upham,
C. A, 1996, Measurements of Precipitable
Water Vapor by GPS, Radiosondes, and a
Microwave  Water  Vapor Radiometer.
Proceedings of the 9th International Technical
Meeting of the Satellite Division of the Institute
of Navigation (ION GPS 1996), Kansas City,
MO, 625-634.

Davis, J. L., Herring, T. A., Shapiro, I. I., Rogers, A.
E. and Elgered, G., 1985, Geodesy by Radio
Interferometry:  Effects of  Atmospheric
Modeling Errors on Estimates of Baseline
Length. Journal of Radio Science, Vol. 20,
1593-1607.

Duan, J., Bevis, M., Fang, P., Bock, Y., Chriswell,
S., Businger, S., Rocken, C., Solheim, F., Hove,
T. V., Ware, R., Mcclusky, S., Herring, T. A.
and King, R. W., 1996, GPS Meteorology:
Direct Estimation of the Absolute Value of
Precipitable ~ Water. Journal of Applied
Meteorology, Vol. 35, 830-838.

Jade, S. and Vijayan, M. S. M., 2008, GPS-Based
Atmospheric  Precipitable =~ Water  Vapor
Estimation Using Meteorological Parameters
Interpolated from NCEP Global Reanalysis
Data. Journal of Geophysical Research, Vol.

113(D3).
Kouba, J., 2015, A Guide to Using the IGS Products
[online]. Canada: IGS. Available from:

https://kb.igs.org/hc/en-us/articles/201271873-
A-Guide-to-Using-the-1IGS-Products [Accessed
15 May 2019]

Kouba, J. and Héroux, P., 2001, Precise Point
Positioning Using 1GS Orbit and Clock
Products. GPS Solutions, Vol. 5(2), 12-28.

77
Li, M., Li, W., Shi, C., Zhao, Q., Su, X., Qu, L. and //

Liu, Z., 2015, Assessment of Precipitable Water
Vapor Derived from Ground-Based BeiDou
Observations with Precise Point Positioning
approach. Advances in Space Research, Vol.
55(1), 150-162.

Liang, H., Cao, Y., Wan, X., Xu, Z., Wang, H. and
Hu, H., 2015, Meteorological Applications Of
Precipitable ~ Water Vapor  Measurements
Retrieved by the National GNSS Network of
China. Geodesy and Geodynamics, Vol. 6(2),
135-142.

Manandhar, S., Lee, Y. H. and Dev, S., 2016, GPS
Derived PWV for Rainfall Monitoring. 2016
IEEE International Geoscience and Remote
Sensing Symposium (IGARSS). 2170-2173.

Meunram, P. and Satirapod, C., 2019, Spatial
Variation of Precipitable Water Vapor Derived
from GNSS CORS in Thailand. Journal of
Geodesy and Geodynamics, Vol. 10(2), 140-145.

Rocken, C., Ware, R., Hove, T. V., Solheim, F.,
Alber, C. and Johnson, J., 1993, Sensing
Atmospheric Water Vapor with the Global
Positioning System. Geophysical Research
Letters, Vol. 20(23), 2631-2634.

Rocken, C., Hove, T. V., Johnson, J., Solheim, F.
and Ware, R., 1995, GPS/STORM-GPS Sensing
of Atmospheric Water Vapor for Meteorology.
Journal  of  Atmospheric and  Oceanic
Technology, Vol. 12, 468-478.

Saastamoinen, J., 1972, Contributions to the Theory
of Atmospheric Refraction. Bulletin Géodésique
(1946-1975), Vol. 105(1), 279-298.

Satirapod, C., Anonglekha, S., Choi, Y.-S. and Lee,
H.-K., 2010, Performance Assessment of GPS-
Sensed Precipitable Water Vapor in Thailand
Using IGS Ultra-rapid Orbits: A Preliminary
Study in Thailand. Engineering Journal, Vol.
15(1), 1-8.

Satirapod, C. and Rizos, C., 2011, Contribution of
GNSS CORS Infrastructure to the Mission of
Modern Geodesy and Status of GNSS CORS in
Thailand. Engineering Journal, Vol. 15(1), 25-
42,

Suparta, W. and Iskandar, A., 2012, Monitoring of
GPS Water Vapor Variability during ENSO
Events over the Borneo Region. Asian Journal
of Earth Sciences, Vol. 5, 88-95.

Suwantong, R., Srestasathiern, P., Satirapod, C.,
Chuang, S. and Kitpracha, C., 2017, Mean
Atmospheric Temperature Model Estimation for
GNSS Meteorology Using AIRS and AMSU
Data. Engineering and Applied Science
Research, Vol. 44(1), 46-52.



Takiguchi, H., Kato, T., Kobayashi, H. and
Nakaegawa, T., 2000, GPS Observations in
Thailand for Hydrological Applications. Earth,
Planets and Space, Vol. 52(11), 913-919.

Thai Meteorological Department, 2018,
Description of the TMD Method Used to
Determine the Onset of the Monsoon Season
[online]. Bangkok: TMD. Available from:
http://climate.tmd.go.th/content/article/411
[Accessed 25 April 2018]

78
Trakolkul, C. and Satirapod, C., 2019, Variations of /
Precipitable Water VVapor Using GNSS CORS in
Thailand. Survey Review, DOI:10.1080/0039-/
6265.2020.1713611.
Tregoning, P., Boers, R., O'brien, D. and Hendy,
M., 1998, Accuracy of Absolute Precipitable
Water Vapor Estimates from GPS Observations.
Journal of Geophysical Research Atmospheres,
Vol. 1032(D22), 28701-28710.
Uang-Aree, P., Kingpaiboon, S. and Khuanmar, K.,
2015, Determination of the Dates of the
Southwest Monsoon in Northeastern Thailand
from the Data on Precipitable Water Vapor
Obtained by GPS. Russian Meteorology and
Hydrology, Vol. 40(10), 647-657.



