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ABSTRACT

In this study, we investigated the long-term spatial distribution of atmospheric
precipitable water vapor (PWV) in Thailand using a statistical model that relates the
satellite-derived brightness temperature to the PWYV. In the validation process, we
used an independent dataset obtained from PWV measurements at four stations,
for which the mean of the PWV is 4.42+1.06 cm and that of the model is 4.42+0.89
cm. This result indicates that the model performs well. After validation, the model
was used to calculate PWV based on satellite data for the whole country at a spatial
resolution of 4 km x 4 km and the results of which are presented as monthly and
yearly PWV maps. The monthly PWV maps reveal that the PWV values are
relatively high throughout the country during the wet season (May-October) and low
in the dry season (November-April). The yearly PWV map indicates that the PWV
varies with latitude, with low values in the north that gradually increase to high
values in the south.

Keywords: precipitable water; brightness temperature; weather satellite; spatial distribution;
seasonal distribution

can affect the circulation and stability of the atmosphere
(Kampfer, 2013). In summary, water vapor significantly

Water vapor is a meteorological parameter that has an
important role in atmospheric chemical and physical
processes. In the troposphere, water vapor influences the
optical properties of aerosols, which results in clouds and
rain (Kampfer, 2013). It also has an impact on visibility
(Igbal, 1983). Moreover, water vapor can absorb atmospheric
radiation and is one of the most active greenhouse gases.
Water vapor is reported to contribute more than 60% of
the natural greenhouse effect (Taylor, 2005). This is
because atmospheric water vapor allows most ultraviolet
and visible radiation to pass to the Earth's surface but
absorbs a large fraction of the infrared radiation emitted
by the Earth’s surface (Igbal, 1983; Nunez, 1993). Although
the upper atmosphere contains very little water vapor, it
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influences the surface and atmospheric energy balance
and detailed study of its behavior and distribution is
warranted.

In general, water vapor in the atmosphere depends on
a surface water source (Wang, 2013), which is influenced
by agricultural activities, forests, hydrology, and the
geographical landscape. For example, over a large-scale
desert, the concentration of water vapor is extremely low
(Basha, 2013) due to scarcity of surface water. Over seas
and oceans in the tropics, the concentration of water vapor
is generally high (Prabhakara etal,, 1982) due to the abundance
of the surface water. Water vapor also varies with the
season (Gurbuz and Jin, 2017), which means the atmospheric
water vapor changes with geographical regions and seasons.
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In general, water vapor is measured in terms of precipitable
water vapor (PWV) using ground-based instruments, e.g.,
the microwave radiometer, sunphotometer, and upper-air
radiosonde (Cuomo etal, 1997). However, these instruments
have limited general use due to their high cost. An alternative
and less costly solution is to use a classical modeling
approach (Reitan etal., 1960; Hay et al., 1971) to determine
atmospheric PWV based on temperature and relative
humidity data. The above studies depicted the amounts of
PWV in contour maps of the entire country. However, this
approach is complicated and requires certain input data that
may not be available. Another solution is to use data
retrieved from satellites to estimate the PWV at regional
and global scales (Takeuchi et al.,, 2010). Larsen and Stamnes
(2005) developed a technique for calculating the amount
of water vapor in atmospheric haze based on the radiation
reflected from the ground and retrieved by satellite
sensors. Lee and Park (2007) conducted a study and tested
a model for determining the amount of water vapor in the
East Asian area based on the brightness temperature at
wavelengths of 11 and 12 pm, as these wavelengths are
sensitive to water vapor. These data were obtained from
the GOES-9 and MTSAT-1R satellites. Using this technique,
the authors retrieved PWV measurements with a
satisfactory level of uncertainty and a root mean square
difference of about 0.58 cm. Similarly, Akatsuka et al.
(2010) used brightness temperature data from the MTSAT
satellite to calculate PWV in East and Southeast Asia and
the western Pacific. The model results and measured data
agreed to within a root mean square difference of 11.08%.
Gurbuz and Jin (2017) investigated the long-time variation
of PWV estimated from the Global Positioning System
(GPS), the moderate resolution imaging spectroradiometer
(MODIS) onboard polar-orbiting satellites, and radiosonde
observations, and found that the variations in the PWV
obtained using these three techniques were in agreement.
Liu et al. (2020) proposed a physics-based algorithm
for retrieving PWV using satellite passive microwave
observations and also obtained satisfactory results.

Thailand, located in the tropics, exhibits large seasonal
changes in PWV that warrant closer examination. In
addition, the investigation of PWV in Thailand has been
very limited (Exell, 1978; Phokate and Atyotha, 2018;
Charoenphon and Satirapod, 2020). To the best of our
knowledge, the long-term behavior of PWV over Thailand
has not been reported. In this study, we investigated the
long-term behavior of atmospheric PWV distributions
over Thailand. Although 12-hour and daily PWV maps are
available (http://wxmaps.org/fcst.php) for the entire
globe, which are produced by the Center for Ocean-Land-
Atmosphere Studies (COLA) of George Mason University,
these maps depict only the short-term behavior of PWV
and could not be used for this study.

To formulate an empirical model for this study, we used
satellite data in the water vapor channel that is sensitive
to atmospheric water. After validating this model against
an independent dataset, we used it to estimate PWV over
Thailand based on 9-year satellite data. The results are
represented as long-term PWV maps, on both monthly and
yearly bases.

2. MATERIALS AND METHODS

To estimate PWV from meteorological satellite data
obtained over Thailand, we used concurrent satellite
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brightness temperature data in the infrared wavelength
and ground-based measured PWV data.

2.1 Materials

The materials used in this research included satellite-
and ground-based data, the details of which are described
in the following.

2.1.1 Satellite data

We used data obtained by the Japanese geosynchronous
weather satellite MTSAT-1R, which covers East and
Southeast Asia and the western Pacific region. This satellite
captures hourly image data on five channels, including one
channel in the visible wavelength, two channels in the
thermal infrared wavelengths, one channel in the near-
infrared wavelength, and a water vapor channel (Takeuchi
et al, 2010). To examine PWV variability in the Thailand
region, we used nine years (2007-2015) of data from the
water vapor channel (6.2-7.3 um), which have a spatial
resolution of 4 km x 4 km.

Using a computer program written in Interactive Data
Language, the satellite data were sectorized for the entire
Thailand area (Figure 1A). The satellite map projection
data were then converted to cylindrical projection and the
images were navigated using several coastlines as references.
Each satellite image covers latitudes 4.9°N-20.8°N and
longitudes 96.0°E-106.0°E, and consists of 550 x 850 pixels
(Figure 1B). Each pixel contains a gray-level value as digital
10-bit data (0 to 1023) (Janjai et al,, 2011). The gray level
of each satellite pixel was converted to a relevant atmospheric
parameter, e.g., brightness temperature (Ts), using a conversion
table provided by the satellite agency (Figure 2) (https://www.
datajma.go.jp/mscweb/en/operation/mtlr_hrit.html).

These data were obtained on an hourly basis from
January 2007 to December 2015 and were then processed
to obtain a monthly average. The monthly brightness
temperature data were used for modeling and validation,
and for mapping the PWV.
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Figure 1. Satellite images in (A) satellite projection and (B)
cylindrical projection

2.1.2 Ground-based data

PWV values measured by sunphotometers (CE-318)
were used to create a model for calculating PWV and
testing the performance of the model. The sunphotometer
measures the surface direct spectral irradiance, and has
nine channels: 340, 380, 440, 500, 675, 870, 937, 1020,
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and 1640 nm. To determine amounts of water vapor, the
data obtained in the 937-nm wavelength are used
(Halthore et al., 1997). These instruments were installed
at the four main meteorological stations in Thailand, i.e.,
Chiang Mai (18.98°N, 98.98°E), Ubon Ratchathani (15.25°N,
104.87°E), Nakhon Pathom (13.82°N, 100.04°E) and
Songkhla (7.20°N, 100.60°E) (Figure 3). The sunphotometers,
which are owned by the Tropical Atmospheric Physics
Laboratory of Silpakorn University, are also part of the
Aerosol Robotic Network (AERONET) organized by NASA.
The AERONET processes raw data obtained by these
sunphotometers and makes these processed data freely
available on the Internet. For this study, we downloaded
the PWV data obtained by these instruments during the
2007-2015 period from the AERONET website at https://
aeronet.gsfc. nasa.gov, which we then processed into
monthly average PWV data.

Brightness temperature (K)

MTSAT-1R

0 100 200 300 400 500 600 TO0 300 900 1000

Gray level

Figure 2. Relationship between the gray level and the
brightness temperature from the water vapor channel of
the MTSAT-1R satellite (https://www.data.jma.go.jp/mscweb
/en/operation/mtlr_hrit.html)
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Figure 3. Locations of the four stations and photos of the
sunphotometer installed at each station
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2.2 Methods

The methods used in this study included modeling, model
validation, and mapping. For the modeling, we collected
the monthly brightness temperature data obtained by
the MTSAT-1R satellite at the four stations from January
2007 to December 2013, which were then normalized with
respect to the highest value (252.58 K) to obtain normalized
brightness temperatures (Ts'). Similarly, the PWV data
obtained from ground-based measurements were
normalized with the highest value (5.47 cm) to obtain the
normalized PWV (PWV’). Then, the relation between Tg’
and PWV’ was determined. Normalization was performed
to ensure that the two quantities had the same order of
magnitude (0-1), thus reducing the uncertainty of the
correlation. Next, the empirical model obtained from the
correlation was used to estimate the monthly PWV, which
was validated against the independent PWV data obtained
at the four stations during 2014-2015. As the brightness
temperature is in the form of a grid (4 km x 4 km) and the
PWYV is in point form, the correlation between the two
quantities can generate significant error in short-term
modeling. However, in this study, the two quantities were
long-term averages for which with the short-term noise
(random error) had been cancelled (Masiri et al., 2008;
Hakuba et al, 2013). Therefore, the model in this study
was expected to be sufficiently accurate for the purposes of
this study, and this expectation was confirmed by validation
of the model against the independent dataset.

Thailand is divided into four main geographic regions
(northern, northeastern, central, and southern regions),
but to avoid regional boundary problems in the application
of the model, an empirical model for each region was not
constructed. A model for each season was also not created
because doing so would require high and low values for
the input variable, which cannot be easily obtained for
each season. After validation, the empirical model
obtained from the correlation was used to estimate the
long-term PWV behavior based on the nine years (2007-
2015) of MTSAT-1R data over Thailand.

3. RESULTS AND DISCUSSION

Figure 4 shows the modeled relationship between the
normalized monthly PWV obtained by the sunphotometers
and the normalized monthly brightness temperature from
MTSAT-1R.

The scattering of data points in Figure 4 may be due to
a number of factors, such as the failure to consider other
independent variables in the model that influence PWV.
This issue must be investigated in future work.

The best fit obtained using the least-squares technique
(Wolberg, 2006) can be expressed as a quadratic equation:

PWV' = a; +a,Tg + a5 Tg, 6

where PWV’ is the normalized monthly PWV, Tg' is the
normalized monthly Ts, and a1, az, and a3 are regression
coefficients. Table 1 lists the coefficient and associated
statistical values.
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Figure 4. Relation between the normalized monthly
precipitable water vapor (PWV’) obtained from the
sunphotometers and the normalized monthly brightness
temperature (Tg") from the MTSAT-1R

Table 1. Coefficient values and related statistic values.

As shown in Table 1, the t-statistic values show that the
regression coefficients for all variables were significant at
the 95% confidence level. Therefore, the proposed model
was used to estimate the monthly PWV and the results
were compared with the independent PWV data measured
at the four stations. Figure 5 shows the validation results.

The difference between these datasets is presented in
terms of root mean square difference (RMSD) and mean
bias difference (MBD), which are expressed as follows:

N
2:1‘=1(PV‘Ni,mod_PVVVi,meas)z
N

RMSD (%) = J , (2)

N
Zi=1 PWVi,meas
N

Zy:ﬂpwvi,mod_])wvi,meas)

MBD (%) =
( 0) Zi'\lzlpwvi,meas

x 100, 3)

where PWVimod is the PWV from the empirical model,
PWVimeas is the PWV measured by the ground-based
sunphotometer, i is the order of the data (i=1, 2, ..., N),
and N is total number of the data.

Coefficient Value of coefficient t-statistic p-value R? N
ai -31.339 -4.8186 <0.05
a 73.960 5.3587 <0.05 0.83 232
as —42.328 —5.7822 <0.05

Note: R? is coefficient of determination and N is number of data
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Figure 5. Comparison of the monthly PWV values calculated
by the empirical model (PWVmodel) with those measured by
the ground-based sunphotometers (PWVmeas) at the four
stations in Thailand

The results in Figure 5 show that, when compared with
the ground-based measured data, this model determined
PWYV values with an RMSD of 12.2% and an MBD of 1.3%.
It could be seen that the data points in Figure 5 are more
scattered for the low values of PWV and less so for high
PWV values, which can be explained as follows. The scatter
points correspond with the dry season, during which the
predominant atmospheric condition is clear skies. In these
conditions, there is greater interference from the ground
to the satellite signal, which causes more errors in the
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satellite-derived brightness temperature. In contrast, for
high values of PWV, which usually occur in the wet season,
the skies are frequently covered by cloud, which cause less
interference from the ground to the satellite signal, which
results in fewer errors in the satellite-derived brightness
temperature than in the dry season. However, overall, this
result can be considered to be acceptable in this field
(Wong, 2015). Therefore, the model can be reliably used to
calculate water vapor over Thailand.

After validation, PWV values were calculated by the
empirical model for the nine-year period (2007-2015). The
results in terms of monthly and yearly PWV maps are
shown in Figures 6 and 7, respectively. Figure 6 shows the
distribution of monthly PWV over Thailand, in which we
can clearly see that the PWV in this region varies strongly
at temporal and spatial scales. These variations are due to
the influence of local monsoons. From November to February,
which is the period of northeast monsoon, there is less
water vapor in the atmosphere in the northern and central
parts of the country as dry air is transported from China. In
the southern part, there is more PWV because the monsoon
brings rain to this region. The March-April period is a calm
period with high ambient air temperatures that result in
increases in the PWV. For the period of May to October, the
country is influenced by the southwest monsoon, which
transports moist air from the Andaman Sea into Thailand
and results in a high PWV values. This result is consistent
with the distribution of rainfall in Thailand (Janjai et al,,
2015). In terms of geographical distribution (Figure 7),
PWV gradually increases from the north to the south of the
country, with the south having relatively high PWV values,
as compared with other parts of the country. This result
agrees with the study by Charoenphon and Satirapod
(2020), in which a GPS approach was used.
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Figure 6. Monthly average precipitable water over Thailand
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Figure 7. Yearly average precipitable water over Thailand
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4. CONCLUSION

In this study, the long-term spatial distribution of PWV over
Thailand was examined using a model relating satellite-
derived brightness temperature and ground-based
measurements of PWV, with the results displayed as monthly
and yearly PWV maps. PWV value was found to be relatively
high over the country in the wet season (May-October) and
low in the dry season (November-April). The yearly PWV map
shows that PWV varies with latitude, with low values in the
north and high values in the south of the country. In addition,
the variation in the yearly PWV from the north to the south
ranges from 4.15 to 5.07 cm. These results indicate that PWV
may significantly affect the weather and climate of different
parts of the country. As there might be other factors
influencing PWV, we recommend the investigation of these
factors in future work.
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