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Abstract. The rapid adoption of the GNSS (Global Navigation Satellite System) technology in our
modern daily life brings the opportunity to investigate its applicability to areas beyond positioning,
navigation and timing, such as meteorology. Due to its high accuracy performance, GNSS (PPP) Precise
Point Positioning has become an attractive tool to retrieve the precipitable water vapor (PWV) from the
atmosphere. Apart of the GNSS observations, PPP PWV retrieval also requires surface pressure and
temperature measurements to calculate precisely the wet part of the tropospheric delay and convert it
to PWV. This research reports on the atmospheric water estimation using GNSS PPP method. GNSS
observations from CUSV IGS tracking station are combined with IGS precise data in order to obtain
the best PPP estimates. Forward and backward solutions are combined using a weighted normalized
approach. In addition, observation data from two meteorological stations is used in PWV estimation.
The numerical analysis covered the entire year of 2016. Our analyses show that PPP combined solutions
are in very good agreement with IGS official products in terms of coordinates and zenith tropospheric
delays. In addition, PPP PWV estimates display seasonal and temporal variation in the water content
of the atmosphere. The PWV values over 65 mm were found to be from May to November, whereas
they were on average 20% lower for the other months of the year. Furthermore, PWV estimates were
found to be correlated with local rainfall events recorded at the meteorological stations. Our research
concludes that GNSS data processing using PPP method provides high accuracy solution that may be
used for retrieving reliably information about the water content in the atmosphere.
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1. Introduction

The importance of meteorological analysis of the atmosphere has increased over the past years. A
detailed analysis of the humidity field is an important precondition for better monitoring of local and
regional extreme precipitation events for forecasts with improved spatial resolution.

Global Navigation Satellite System (GNSS) technology has become a key component of our modern
digital society. When GNSS satellite signals travel from space to earth, they are affected by various
error sources. Depending on the strategy to correct these errors, a GNSS receiver can provide location
information with an accuracy varying from couple of meters down to sub-centimeter level. Positioning,
navigation and timing are the main fields of GNSS applications. On the other hand, if we know very
accurately the position of the GNSS receiver and satellite transmitter sensors, then the GNSS signals
become a rich source of information for monitoring the actual source of the GNSS errors, such as
atmospheric errors.

Troposphere is the lower layer of the atmosphere that surrounds the Earth and mainly consists of
dry gases (e.g., nitrogen, oxygen, carbon dioxide) and a variable amount of water vapor. The effect
caused by the troposphere normally refers as tropospheric delay. The delay is usually mapped from the
line of sight to the zenith direction [1]. In GNSS positioning, the tropospheric delay is usually com-
puted by means of refractivity models using surface meteorological measurements (e.g., Saastamoinen,
Hopfield, MOPS). Some models explicitly depend on the surface meteorological data, while others are
dependent on location and day of year. However, for high accuracy applications, the tropospheric
delay is estimated along with other unknown parameters within the GNSS data processing software.
The estimation process has been done traditionally using software packages implementing differential
processing method [2, 3]. On the other hand, in recent years, an alternative way has emerged by using
the Precise Point Positioning (PPP) method [4, 5, 6].

The zenith tropospheric delay (ZTD) consists of the hydrostatic and wet components. The zenith
hydrostatic delay (ZHD) is about 90% of the total delay and varies with the local atmospheric pressure
[1]. Conversely, the zenith wet delay (ZWD) accounts for only 10% but less predictable due to the
variability of the water content even with surface measurements (i.e., local temperature and relative
humidity). Therefore, one can estimate the precipitable water vapor (PWV) in the atmosphere if ZWD
part is known. As a result, our study aims first to determine the best PPP ZTD values, then derived the
ZWD component and finally estimate PWV.

The rest of the paper is organized as follows. Section 2 explains the methodology used in our study
referring to the data preparation, processing and analysis. Section 3 presents and discusses the numerical
results of the experiment. Section 4 summarizes the main conclusions of our findings. In addition, an
acknowledgement section and a list of references are included.

2. Methodology

In this section, we explain briefly the reasons behind the study area (section 2.1), how the data were
prepared for our study (section 2.2), what hardware and software were used (section 2.3), and how we
carried out the data processing and analysis (section 2.2.4). The section ends with the work-flow diagram
depicting the main processes involved in our study.

2.1. Study Area

Our study was conducted at Chulalongkorn University, Bangkok area. Bangkok is located in low lati-
tude region; thus the area is experiencing high variation and large amount of water vapor. In addition,
the area is exposed to intense sunlight all year around, with mean annual temperature of 28°C. Fur-
thermore, the seasons are clearly defined as dry and rainy season. The dry season is seldom split in
two parts: cool season from November to February, and hot season from March to May. The rainy
season lasts between May and November. It is dominated by the southeast monsoon that brings heavy
storms. The driest weather occurs in January when an average of 9 mm of rainfall occurs. Conversely,
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Fig. 1. Location of GNSS and meteorological stations used in this research.

September is the wettest month with an average of 344 mm of rainfall'. Based on the above facts, we
decided to prepare all necessary data to cover one full year (i.e., 2016).

2.2. Data and Software

Three different type of data are required for our study: GNSS data, precise data, and meteorological
data. They are shortly explained below.

2.2.1. GNSS data

GNSS observation and navigation data files were logged at CUSV IGS tracking station (Fig. 1), located in
the campus area of Chulalongkorn University, central Bangkok. The files came in RINEX format at 30
sec epoch interval. Although GPS and GLONASS observations were available, only GPS observations
were processed. All together 364 daily files were available. There were no observations for DOY 25 and
351. This data is necessary to compute an approximate initial position at the respective site.

2.2.2. Precise data

Apart of GNSS data, PPP data processing method requires precise corrections to various errors sources
that affect the GNSS signals [7, 8, 9]. Since 1994, the International GNSS Service (IGS) has provided
the highest quality data and products as the standard for GNSS in support of Earth science research,
multidisciplinary applications, and education [10]. The products are accessible publicly from the IGS

archive?.

Our study required the following IGS precise products: precise satellite ephemeris, precise clocks,
earth rotation parameters, and antenna phase center offsets and variation. In addition, the ocean loading
web-service from Onsala Space Observatory® was used to generate the required ocean loading parame-
ters. All these data files are required by the PPP processing.

Furthermore, CUSV belongs to the IGS legacy network. Thus, precise coordinates and velocities
as well as zenith tropospheric path delay estimates are produced as byproducts of IGS analyses. We
downloaded and used these data files for validation purposes.

'https://www.tmd.go.th/en/
ftp://ftp.igs.org/
*http://holt.oso.chalmers.se/loading/
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2.2.3. Meteorological data

Meteorological data had to be obtained from a different location since CUSV is not equipped with
meteo sensors. Thus, two meteo stations were identified in the CUSV vicinity (Fig. 1). One station
belongs to Thai Meteorological Department (TMD) and is located about 3.3 km from the campus. The
other station belongs to Thai Red Cross (TRC) and is located about 1.7 km from the campus. The
TMD station provided meteo parameters (pressure, temperature, and rainfall) at three-hour temporal
resolution starting from 01:00AM. The TMD data was available for the entire year. We used these data
to compute PWV estimates. In addition, the TRC station provided same meteo parameters but at higher
resolution, i.e. 5-min intervals. Unfortunately, TRC data was available only between Jun-Nov 2016.
We used these data to study the correlation between the PWV estimates and actual rainfall logs.

2.2.4. Software tools

Apart of the hardware sensors, the activities involved in our study required also the use of various
software tools. They were all run on a Windows 10 notebook. Table 1 summarizes the software tools
used in this study.

Table 1. Software tools and their associated process activity.

Nr. | Name Process activity

1 Rtklib 2.4.3 | To download the observation, navigation and precise data
To process the data files

2 Matlab To compute PWV estimates
To conduct statistical analysis

3 Cygwin/Bash | To run the scripts and automatize the work-flow

4 Python To prepare the necessary routines for filtering and matching

5 Notepad++ | To visualize the file content

2.3. Data Processing and Analysis

The RINEX and precise data files were post-processed using the PPP processing algorithm [7, 8]. PPP
processes un-differenced code and carrier observations eliminating the need to collect simultaneously
observations from a base station. In addition, PPP also requires complex error modeling since it pro-
cesses data from a single receiver. Furthermore, PPP solutions are at decimeter or centimeter level only
after a convergence period from few minutes to more than two hours [1, 11, 12, 13]. Although still
challenging, recent studies have demonstrated the ambiguity resolution in PPP will shorten the con-
vergence times [13, 14, 15] or even reduce it to few seconds if accurate local ionosphere corrections are
used [13, 16]. Despite these undergoing challenges, PPP has become a standard for geospatial precise
positioning applications, especially those suitable for post-missing processing.

Our post-processing tool implements PPP algorithm using the Kalman filter strategy, suitable for
real-time applications [17], the processing results are inaccurate at the beginning of the observation ses-
sion. The general recommendation is to discard such time interval from the data analysis and statistics.
In order to overcome this aspect, we also process the data backward in time producing a backward so-
lution. The forward and backward solutions were then combined via a python script using a weighted
normalized approach. As a result, we had high confidence that we were able to produce the best daily
PPP solutions over the entire time interval.

A PPP solution includes two main categories of estimates: 3D coordinates and zenith troposphere
delays. The PPP-combined coordinates were compared to the IGS published values retrieved from the
SINEX files in order to assess the performance in the positioning domain. The PPP-combined ZPDs
were also compared to their corresponding IGS ZTD values. These comparative analyses gave us a
qualitative indicator of our PPP processing against the IGS products.
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Fig. 2. Main activities and data management work-flow diagram.

In the final step of our study, we estimated PWV using the PPP ZTD values and the meteo data
logged at the meteorological sensors (Fig. 1). Filtering and temporal matching was also need as the input
data came at different sampling rates. Finally, we compared and looked for correlations between PPP-
derived PWV estimates and actual recorded rainfall values. The entire work-flow of our data processing
and analysis is depicted in Fig. 2.

3. Results and Discussions

3.1. PPP Performance in the Positioning Domain

In this section, we compare the PPP-derived positioning results against the IGS SINEX published values
in order to assess the performance of the processing algorithm.

Figure 3 illustrates the accuracy of the daily PPP coordinates at CUSV in terms of East, North, and
Up offsets with respect to the IGS coordinates. The agreement is excellent; the average statistic shows
1, 2, and 10 mm biases along the East, North and Up directions, respectively. In addition, most of the
errors in the horizontal plane are within +10 mm, whereas in the vertical plane they are within +20
mm. However, two obvious outliers can be observed for the East component on DOY 314 (Nov 09)
and Up component on DOY 343 (Dec 8). Since the conventional statistics are sensible to the presence of
these outliers, we also report the robust statistical indicators, such as interquartile range IQR), median
(MED), and median absolute deviation (MAD). The robust statistical analysis confirms the above two
outliers. In addition, four other days (DOY 086, 172, 261, 273) exhibited errors larger than 20 mm in
the vertical direction. All together, the robust analysis identifies three outliers in the East, nine outliers
in the North, and 11 outliers in the Up direction, respectively.

Table 2 summarizes the classical and robust statistical indicators in terms of central tendency and
spread. They confirm that our processing results and PPP solutions are highly accurate with respect to
the IGS published coordinates.

3.2. Validation of the PPP ZTD Values

In this section, we validate our PPP ZTD values against the IGS ZTD official products.

Figure 4 illustrates the differences between the PPP ZTD combined estimates and IGS ZTD values.
The later are published at 5-min interval. The differences were obtained in three steps. First, PPP ZTD
combined solution was obtained using forward and backward values. Second, filtering and temporal
matching was carried out in order to find the common epochs. Third, the differences were computed
only for the common epochs. No ZTD differences could be computed until DOY 55 (Feb 24) due to the
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Fig. 3. Accuracy of the daily PPP solutions with respect to the IGS values for year 2016.

Table 2. Conventional and robust statistics to assess the PPP solution accuracy [unit: meter].

Conventional | East | North | Up | Robust | East | North | Up
statistic statistic
Count 364 364 364
MIN -0.015 | -0.012 | -0.011 | 25% -0.005 | -0.003 | 0.006
MAX 0.048 0.006 | 0.053 | 75% 0.002 | -0.001 | 0.013
Spread 0.064 0.017 | 0.064 | IQR 0.007 0.002 | 0.007
AVG -0.001 | -0.002 | 0.010 | MED -0.002 | -0.002 | 0.010
STD 0.006 0.002 | 0.006 | MAD 0.004 0.001 | 0.003
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Fig. 4. Accuracy of PPP ZTD combined estimates with respect to the IGS official product.

absence of the IGS values. IGS products were available for 310 days. Common epochs were available
for 82.22% (i.e., 88788 epochs) of the year 2016.

Generally, the ZTD differences display peak-to-peak variations in the range of 108 mm, with an
average bias of 2.4 mm and standard deviation of 5.5 mm. Robust statistical analysis revealed that most
of the differences fall within -15.2 mm and 10.5 mm. In addition, 2342 differences (or 2.64%) were
identified as outliers. Table 3 summarizes the statistical indicators for the ZPD differences.

3.3. Precipitable Water Vapor (PWV) Estimation

In this section, we estimate PWV using the validated PPP ZTD values and the recorded meteorological
parameters for the entire year of 2016.

Figure 5 depicts the PWV variation in 2016. One can notice that the PWV was low at the beginning
of January and increased steadily until late April due to the monsoon through the Bengal bay. From
May to September, Bangkok was under the influence of the southwest monsoon. As a result, PWV
values exhibited higher values during this time interval. Starting from November, PWV values decreased
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Table 3. Conventional and robust statistics to assess the agreement between PPP ZTD estimates and
IGS official product [unit: mm].

Conventional | dZTD | Robust | dZTD
statistic statistic

Count 88788

MIN -61.0 | 25% -5.6
MAX 46.9 | 75% 0.8
Spread 108.0 | IQR 6.4
AVG -2.4 | MED 2.4
STD 5.5 | MAD 3.2

Precipitiable Water Vapor in 2016

[ 1 Monsoon Influence

Epochs

0 500 . 1000 . 1500 2000 . 2500 E 3000 3500

Jan-Mar Apr-Jun Jul-Sep Oct-Dec

Fig. 5. Precipitable Water Vapor (PWV) derived from the PPP-based ZTD values and recorded meteo-
rological parameters.

despite several peaks associated most probably with local raining events.
Table 4 summarizes the monthly variation of PPP in 2016. The lowest PWV value was found in

February, whereas the highest value was found in August.

Table 4. PWV monthly variation in 2016 [unit: mm].

Month | MIN | MAX | Month | MIN | MAX | Month | MIN | MAX

Jan 15.464 | 57.785 | May 30.001 | 66.646 | Sep 46.962 | 66.723
Feb 3.873 | 44.273 | Jun 43.303 | 66.539 | Oct 46.533 | 64.401
Mar 10.139 | 54.752 | Jul 47.338 | 64.675 | Nov 22.773 | 65.477

Apr 13.211 | 57.516 | Aug 46.962 | 71.774 | Dec 19.050 | 54.450

In order to illustrate the relation between the PWV estimated values and the actual logged rainfall
parameter, we identify two separate days with significant raining events in 2016: Sep 25 and Oct 03.
Since 3h temporal resolution is insuflicient for such analysis, PWV values were estimated using TRC
5-min meteo parameters. Figure 6 illustrates the PWV variation during these two sample days. The red
vertical lines indicate the time interval of significant rainfall as logged by the meteorological sensor. In
both cases, we are able to observe a sharp increase in the PWV values during the rainfall event.
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Fig. 6. PWV variation during a rainy day (Sep 25 and Oct 03, 2016).

4. Conclusions

This study reports on the atmospheric water vapor estimation using GNSS (Global Navigation Satellite
System) observations and data from meteorological sensors. The GNSS data processing is conducted us-
ing the Precise Point Positioning method, as alternative to the traditional differential processing method.

Our PPP solutions showed very good agreement with IGS values both in terms of 3D coordinates
and zenith tropospheric delays (ZTDs). PPP-derived coordinates agreed at mm level in the horizontal
plane and around 20 mm in the vertical plane. In addition, PPP ZTD estimates showed 2.5 mm bias
when compared to the IGS ZTD values.

Combining PPP ZTDs with actual meteorological data allowed us to estimate the amount of the
precipitable water vapor (PWV) in the atmosphere. PWV estimates over the year 2016 showed the
seasonal and temporal variation in the water content. High PWV values were found to be from May to
November and associated with the rainy season. The estimates were over 65 mm for all months, with
the highest recorded in August. For the other months, PWV values were on average 20% lower. The
driest day was found to be in February, with only 3.9 mm water in the atmosphere. Furthermore, the
investigation of two actual rainfall recordings revealed a sharp increased in the PWV values during the
rainfall event. However, the correlation is not always evident as the meteorological parameter records
zero values if there is no rainfall. On the other hand, PPP-derived PWV are always above zero as there
is always water in the atmosphere.

These analyses and findings allow us to conclude that GNSS data processing using PPP method
provides high accuracy solutions that may be used for retrieving information about the water content
in the atmosphere. These findings create a solid foundation to extend the studies over a local / regional
GNSS network that will allow deriving a local tropospheric model or to investigate the usage of high-rate
GNSS as meteorological tool for water content estimation.
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