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Abstract 

Precipitable Water Vapour (PWV) represents the total amount of water vapour contained in a vertical column of the atmosphere that 

is available for precipitation. It is a key variable in meteorological studies, as well as in the monitoring of extreme weather events. This 

study proposes and evaluates a method for estimating PWV using Global Navigation Satellite System (GNSS) data (PWV-GNSS), 

obtained from the Zenith Total Delay (ZTD), which comprises the Zenith Hydrostatic Delay (ZHD) and the Zenith Wet Delay (ZWD). 

The approach combines data from GNSS stations with external meteorological sources to improve atmospheric monitoring systems. 

The evaluation was conducted in the region of Santa Maria, Brazil (RS), selected due to the proximity (~2km) between the radiosonde 

(SBSM), GNSS (SMAR), and meteorological (A803) stations and its variable climate, characterised by frequent precipitation events. 

As a case study, the month of September 2023 was analysed, during which accumulated rainfall exceeded 450 mm. Results indicated 

strong agreement between PWV estimates derived from GNSS (PWV-GNSS) and radiosonde observations (PWV-RDS) used as a 

reference, with a root mean square error (RMSE) of 2.37 mm, a bias of –1.90 mm, and a coefficient of determination (R²) of 0.97 

between PWV-RDS and PWV-GNSS. Furthermore, PWV-GNSS demonstrated a characteristic response to heavy rainfall events, with 

reductions of up to 40 mm following intense precipitation. 

1. Introduction

The neutrosphere is a layer of the atmosphere that extends from 

the Earth's surface to approximately 50 km in altitude, 

encompassing both the troposphere and stratosphere regions, 

which are studied in meteorology. Introduced by Chapman 

(1950), the term neutrosphere refers to the portion of the 

atmosphere not significantly affected by ionisation (Elgered and 

Wickert, 2017). The neutrosphere causes significant errors in 

GNSS (Global Navigation Satellite Systems) positioning, 

ranking second only to the ionosphere. The neutrospheric delay 

is caused by the atmospheric composition, which includes dry 

gases such as oxygen and hydrogen (hydrostatic component), as 

well as water vapour (non-hydrostatic component) 

(Saastamoinen, 1973; Davis et al., 1985; Vianello & Alves, 2000; 

Sapucci, 2001; Elgered & Wickert, 2017; Gouveia et al., 2020). 

Variations in the refractive index of neutrosphere constituents 

lead to the Zenith Total Delay (ZTD), affecting the propagation 

of electromagnetic waves in both direction and speed (Thayer, 

1974; Hofmann-Wellenhof et al., 2007). Under typical 

atmospheric conditions, the ZTD can exceed 2.3 metres for 

satellites near the zenith and may increase by an order of 

magnitude for those near the horizon (Seeber, 2003; Monico, 

2008; Teunissen and Montenbruck, 2017). The ZTD has two 

parts: the Zenith Hydrostatic Delay (ZHD), which accounts for 

about 90% of the total delay and mainly originates from dry 

atmospheric gases, and the Zenith Wet Delay (ZWD), which 

varies significantly depending on the amount of water vapour in 

the atmosphere (Bevis et al., 1992; Sapucci, 2001; Nievinski and 

Santos, 2010; Gouveia et al., 2020). 

Atmospheric water vapour, which is most concentrated within 

the first few kilometres above the Earth's surface and extends up 

to approximately 10 km in altitude, directly influences the Zenith 

Wet Delay (ZWD) (Bevis et al., 1992; Vianello and Alves, 2012; 

Elgered and Wickert, 2017; Gouveia et al., 2020). Its magnitude 

varies according to the climatic and geographical characteristics 

of each region (Sapucci, 2001; Wallace and Hobbs, 2006; 

Vianello and Alves, 2012). Humid environments, such as the 

Amazon rainforest, tropical biomes, and areas with frequent or 

intense rainfall, typically exhibit higher atmospheric moisture 

content (Vianello and Alves, 2012; Gouveia et al., 2020), which 

contributes to increased ZWD values. These variations, 

influenced by seasonal changes and extreme weather events, 

make the ZWD a particularly challenging parameter to model and 

predict accurately (Elgered and Wickert, 2017). 

One of the most accurate instruments for determining the ZWD 

is the radiosonde (RDS) (Sapucci, 2001; Gouveia et al., 2020), 

also known as Upper-Air Stations (UAS), which can collect 

meteorological parameters at various altitude levels 

(Albuquerque et al., 2024). In this context, meteorological 

parameters allow integrating the ZWD as a function of altitude 

(Sapucci, 2001; Gouveia et al., 2020). This methodology makes 

UAS a reference for ZWD estimation and validation analyses. 

While the neutrosphere introduces positioning errors in GNSS 

systems through ZTD, it serves as a valuable source of 

information, as in meteorology. ZWD can be converted into 

Integrated Water Vapour (IWV), a metric that quantifies the total 

amount of water vapour within a vertical atmospheric column 

(Sapucci, 2005). The IWV can then be transformed into 

Precipitable Water Vapour (PWV), which expresses the amount 

of water vapour that could potentially condense and precipitate, 

measured in millimetres (Sapucci, 2005; Gouveia et al., 2020). 

PWV is a key atmospheric variable for monitoring atmospheric 

humidity and has demonstrated significant potential in short-term 

rainfall prediction. Recent studies, such as Liu et al. (2022), 

indicate that integrating GNSS-derived PWV measurements with 

machine learning approaches can enhance both the accuracy and 

timeliness of weather forecasts, thereby enabling more reliable 

prediction of rainfall events (Sapucci, 2019; Liu et al., 2022; Xu 

et al., 2025). PWV is an important data source for operational 

meteorology, used in Numerical Weather Prediction (NWP) 

models (Rohm et al., 2014; Lu et al., 2017; Gong et al., 2023). It 

can also be assimilated into machine learning–based models, 
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which have demonstrated promising results in various 

meteorological applications (Li et al., 2024; Albuquerque et al., 

2024). 

 

Although UAS provides accurate measurements of PWV, their 

temporal resolution is limited by the frequency of meteorological 

balloon launches, which typically occur every 8 to 12 hours. 

Additionally, the cost per launch can exceed 200 USD and is 

subject to risks such as equipment loss (Valencia, 2019). 

 

Although high-precision GNSS equipment can be expensive, it 

enables the acquisition of continuous ZTD-GNSS data, from 

which PWV can be estimated 24 hours a day, with temporal 

resolutions ranging from 1–2 hours to even minutes. Simplified 

models calculate the ZHD, and subtracting it from the ZTD 

derives the ZWD. However, the most accurate approach involves 

using data from a meteorological station co-located with the 

GNSS receiver. In Brazil, there are currently around 147 

operational GNSS stations, but many do not actively provide 

meteorological data (RBMC, 2025). As an alternative, 

researchers can use external meteorological datasets, such as 

those provided by the National Institute of Meteorology 

(INMET). INMET operates over 500 automatic surface weather 

stations across Brazil with hourly data resolution (INMET, 

2025). 

 

In this context, GNSS can provide a higher temporal resolution 

in PWV estimation compared to UAS, along with significantly 

lower operational value. Through GNSS data processing, ZTD 

can be estimated, for example, on an hourly basis, as provided by 

the SIRGAS (Geocentric Reference System for South America) 

for stations throughout South America (SIRGAS, 2025). 

Moreover, while there are approximately 43 UAS across Brazil 

(UW, 2025), the number of GNSS stations is at least three times 

higher. When combined with nearby INMET weather stations, 

these GNSS stations represent a practical and cost-effective 

alternative for obtaining PWV-GNSS. 

 

This study uses ZTD-SIRGAS data to derive the ZWD by 

subtracting the ZHD, which is estimated from surface 

meteorological parameters obtained from automatic stations and 

applied to empirical models, such as those proposed by 

Saastamoinen (1972) and refined by Davis (1985). This approach 

enables the subsequent calculation of PWV. 

 

The current research aims to evaluate the accuracy and 

applicability of PWV-GNSS as a tool for atmospheric monitoring 

and precipitation analysis in Brazil. By comparing PWV-GNSS 

with PWV-RDS and focusing on periods of intense rainfall in 

Santa Maria (RS), the research demonstrates the potential of 

GNSS systems to enhance the continuous monitoring of 

atmospheric water vapour. The approach provides an efficient 

method for PWV estimation, contributing to meteorology and 

climatology, especially in countries with limited observational 

infrastructure. Ultimately, this work highlights the role of GNSS 

technology in improving the detection and understanding of 

extreme precipitation events through higher temporal resolution 

and broader spatial coverage. This study focuses on the practical 

evaluation of GNSS-derived PWV as a tool for atmospheric 

monitoring and rainfall analysis, addressing the needs of applied 

meteorology in Brazil. 

 

2. Data and methods 

2.1 Dataset 

The ZTD-GNSS is provided by the SIRGAS network (ZTD-

SIRGAS) as daily files with hourly sampling, available via FTP 

(File Transfer Protocol). The SIRGAS network delivers high-

precision ZTD estimates, with a mean Root Mean Square (RMS) 

error of approximately 7.5 mm and a mean bias of about -2 mm 

in relation to ZTD obtained from radiosonde observations 

(SIRGAS, 2025). 

 

The meteorological stations from INMET have sensors that 

measure atmospheric pressure, temperature, relative humidity, 

and accumulated precipitation (INMET, 2025). We combined the 

ZTD-SIRGAS data from the GNSS station (SMAR) with 

meteorological parameters collected hourly by the INMET 

automatic station (A803) to obtain hourly PWV-GNSS estimates. 

 

The Santa Maria (RS) region was selected for this study due to 

the presence of GNSS, INMET, and RDS stations within a 2 km 

radius, as well as its history of extreme precipitation events. 

Figure 1 presents the map of the stations in Santa Maria (RS). 

 

 
Figure. 1. Location map of stations in Santa Maria (RS), 

including Radiosonde (RDS), GNSS, and INMET 

meteorological stations. 

 

The distance between the stations is a crucial factor in the 

analysis of precipitation events using PWV, as it ensures that the 

measurements represent the same atmospheric conditions. 

Proximal stations allow for the assessment of PWV levels at the 

precise time of rainfall (Barry and Blanken, 2016). In this study, 

the selected RDS, GNSS, and INMET stations are located within 

1.6 km of each other. Table 1 lists the stations used, along with 

their geometric distances in kilometres relative to the GNSS 

station. 

 

Station 

Type 

Station  

ID 

Elevation  

(m) 

Distance 

from GNSS station (km) 

RDS SBSM 85.0 1.60 

GNSS SMAR 113.1  

INMET A803 103.1 0.78 

Table 1. Stations in Santa Maria (RS) and Distances from the 

GNSS Station to RDS and INMET Stations (in kilometres). 

 

The distance between RDS and GNSS stations is approximately 

1.6 km, while the GNSS station is located about 780 metres from 

the INMET station. Thus, precipitation events occur within the 
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effective range of all stations involved in this study, enabling a 

robust analysis. The UAS in the Santa Maria region (RS) 

collected data twice daily, at 00:00 and 12:00 UTC (Coordinated 

Universal Time), whereas the GNSS and INMET stations 

operated continuously, providing data with hourly sampling over 

a 24-hour period. 

 

2.2 Analysis of time series of extreme rainfall events 

To define the study period, an analysis was conducted to identify 

the months with the highest accumulated precipitation in the 

region of Santa Maria (RS), based on data from the INMET 

automatic weather station (A803). 

 

The precipitation events analysed for this region cover the period 

up to 2023, for which a complete dataset is available. Figure 2 

shows the accumulated precipitation from 2014 to 2023 in Santa 

Maria (RS). 

 

 
Figure 2. Time Series of Monthly Accumulated Precipitation 

from 2014 to 2023 at Station A803 in Santa Maria (RS). 

 

Over the time series, four months recorded accumulated 

precipitation exceeding 400 mm. The most recent, September 

2023, experienced 144 precipitation events and totalled 454 mm 

of rainfall. We selected September 2023 as the case study period 

because it is recent and has data available from all sources: 

GNSS, INMET, and RDS. 

 

2.3 PWV from Radiosonde 

The Neutrosphere Research Group at FCT-UNESP developed 

NEPTool (Neutrospheric Evaluation and Processing Tool) (Lima 

et al., 2022; Albuquerque et al., 2022; Albuquerque et al., 2024) 

to calculate zenith delay and PWV using data from RDS profiles. 

We used this software to generate PWV-RDS data for 2023 at the 

SBSM station. 

 

NEPTool, coded in MATLAB, reads atmospheric profiles and 

integrates meteorological parameters across altitude levels 

(Bevis et al., 1992; Sapucci, 2001; Gouveia et al., 2020). Thus, 

the Equation (1) expresses the ZWD as: 

 𝑍𝑊𝐷 =  10−6 ∫ (𝑘2
′

𝑒

𝑇
𝑍𝑤

−1 + 𝑘3

𝑒

𝑇2
𝑍𝑤

−1) 𝑑ℎ.
ℎ𝑡𝑜𝑝

ℎ𝑠

 (1) 

In this expression, temperature (𝑇) uses Kelvin, while the partial 

pressure of water vapour (𝑒) uses hPa. 𝑍𝑤
−1 denotes the inverse 

compressibility constant of non-hydrostatic gases. The 

atmospheric refractivity coefficients 𝑘2
′  and 𝑘3 used was 

determined by Rüeger (2002). 

 

Using the Mean Temperature (𝑇𝑚) and ZWD, it is possible to 

obtain IWV as follows in Equation (2) (Sapucci, 2001): 

 𝐼𝑊𝑉 = 𝑍𝑊𝐷 ∙
106

𝑅𝑤 [𝑘2
′ +

𝑘3

𝑇𝑚
]
. (2) 

In which, ZWD is multiplied by the specific constant for moist 

gases (𝑅𝑤) and the refractivity constants (𝑘2′ and 𝑘3), along with 

the mean temperature (𝑇𝑚), resulting in the IWV expressed in 

kg/m² (Sapucci, 2005). 

 

The 𝑇𝑚 can be accurately obtained from RDS data (Sapucci, 

2001; Gouveia et al., 2020), by integrating the water vapour 

pressure (𝑒, in hPa) and temperature (𝑇, in Kelvin) as a function 

of altitude, expressed in Equation (3): 

 𝑇𝑚 =
∫

𝑒
𝑇

𝑑ℎ

∫
𝑒

𝑇2 𝑑ℎ
. (3) 

The 𝑇𝑚 can also be estimated using simplified models based on 

surface parameters, as will be presented in Section 2.3 for the 

computation of PWV-GNSS. Finally, the transformation from 

IWV to PWV is performed by applying the conversion factor for 

the density of liquid water (𝜌𝑎), which is equivalent to 1 g/cm³ 

(Sapucci, 2001; Gouveia et al., 2020), as follow in Equation (4): 

 𝑃𝑊𝑉 =
𝐼𝑊𝑉

𝜌𝑎
. (4) 

Thus, by dividing the IWV by 𝜌𝑎, the PWV is obtained and 

expressed in millimetres. This value can be used for monitoring 

atmospheric water vapour. 

 

2.4 PWV-GNSS from ZTD-SIRGAS 

The PWV-GNSS can be obtained from the ZTD-SIRGAS by 

subtracting the ZHD from the ZTD, resulting in the ZWD. The 

ZHD is calculated using the Equation (5) proposed by 

Saastamoinen (1972), later refined by Davis et al. (1985): 

 𝑍𝐻𝐷 = 0,0022779
𝑃𝑠

(1 − 0,0026 cos 2 𝜑 − 0,00028ℎ)
. (5) 

In which, the surface pressure (𝑃𝑠) is expressed in hPa, while the 

latitude (𝜑) is given in radians and the station altitude (ℎ) in 

metres. The input values for 𝜑 and ℎ are obtained from the GNSS 

station (SMAR). Meanwhile, the surface atmospheric pressure 

used in the computation is measured at the INMET 

meteorological station (A803). 

 

Considering that atmospheric pressure is correlated with altitude, 

it is important to note, as shown in Table 1, that the INMET 

station (A803) is located approximately 10 metres below the 

GNSS station (SMAR). Therefore, to adjust the surface pressure 

𝑃𝑠 measured at A803 to the altitude of the SMAR station, the 

Equation (6) described by (Berg, 1948) was applied: 

 𝑃𝐺𝑁𝑆𝑆 =̃ 𝑃𝑀𝐸𝑇(1 − 0,0000226 (ℎ𝐺𝑁𝑆𝑆 − ℎ𝑀𝐸𝑇))5,225, (6) 

where 𝑃𝑀𝐸𝑇 represents the atmospheric pressure measured at the 

INMET station (A803), and ℎ𝐺𝑁𝑆𝑆 and ℎ𝑀𝐸𝑇 are the altitudes of 

the GNSS and INMET stations, respectively. This procedure 

allows for the approximation of the surface pressure 𝑃𝑠 measured 

at ℎ𝑀𝐸𝑇 to the GNSS station altitude ℎ𝐺𝑁𝑆𝑆. By computing the 

ZHD using Equation (5) and applying the pressure adjustment 

from Equation (6), the GNSS-derived 𝑍𝑊𝐷𝐺𝑁𝑆𝑆 can be obtained 

by a simple subtraction from the SIRGAS-derived 𝑍𝑇𝐷𝑆𝐼𝑅𝐺𝐴𝑆, as 

shown below in Equation (7): 

 𝑍𝑊𝐷𝐺𝑁𝑆𝑆 = 𝑍𝑇𝐷𝑆𝐼𝑅𝐺𝐴𝑆 − 𝑍𝐻𝐷. (7) 
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Following the procedure to compute the PWV using Equation (2) 

and (4), it is necessary to use Tm . However, in this case, vertical 

profiles of temperature and water vapour are not available, since 

INMET automatic weather stations only provide surface-level 

parameters. 

 

To address this limitation, an empirical model that estimates Tm 

based on surface temperature and pressure at the station altitude 

is applied. This approach, referred to as the "Brazilian model" is 

described by (Sapucci, 2005) as follows in Equation (8): 

 𝑇𝑚 = 0,558𝑇0 + 0,0105𝑃0 + 110,578, (8) 

where 𝑇0 (K) and 𝑃0 (hPa) represent the surface temperature and 

pressure, obtained from the INMET station A803. As previously 

performed for atmospheric pressure, a temperature adjustment 

procedure is applied to align the temperature value with the 

GNSS station elevation. 

 

In order to accomplish this, the atmospheric lapse rate Equation 

(9) presented by National Geophysical Data Center (1992) was 

used, where 𝑇𝑀𝐸𝑇 is the surface temperature measured by the 

A803 station (in Kelvin), and 𝑇𝐺𝑁𝑆𝑆 is the temperature adjusted 

to the elevation of the GNSS station (ℎ𝐺𝑁𝑆𝑆).  

 𝑇𝐺𝑁𝑆𝑆 =̃ 𝑇𝑀𝐸𝑇 − (ℎ𝐺𝑁𝑆𝑆 0,0065). (9) 

Based on the estimated 𝑍𝑊𝐷𝐺𝑁𝑆𝑆 and 𝑇𝑚 calculated using 

Equation (8), Equations (2) and (4) were applied to convert the 

ZWD into IWV. Subsequently, the IWV values were converted 

into PWV-GNSS with an hourly sampling interval. These PWV-

GNSS values were then used to analyse atmospheric water 

vapour variations during precipitation events. 

 

2.5 Statistical Evaluation of PWV-GNSS against PWV-RDS 

The validation of PWV-GNSS was carried out using data from 

the full year of 2023, with PWV-RDS serving as the reference. 

PWV-RDS measurements at 00 and 12 UTC were compared with 

corresponding PWV-GNSS values at the same times. To assess 

the quality of PWV-GNSS we calculated statistical metrics such 

as RMSE, bias, and R² using Equations (10), (11), and (12) from 

Willmott (1985). 

 𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑃𝑖 − 𝑂𝑖)2

𝑛

𝑖=1

, (10) 

 𝐵𝐼𝐴𝑆 =
1

𝑛
∑(𝑃𝑖 − 𝑂𝑖),

𝑛

𝑖=1

 (11) 

 𝑅2 = 1 −
∑ (𝑂𝑖 − 𝑃𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖 − 𝑂̅)2𝑛
𝑖=1

, (12) 

where each metric is calculated based on the differences between 

the reference values (𝑂𝑖) and the values to be evaluated, which 

are predicted or estimated (𝑃𝑖). 

 

3. Results 

3.1 Validation of PWV-GNSS using PWV-RDS 

The validation of PWV-GNSS was performed through a 

correlation analysis, as shown in Figure 3, which presents the 

scatter plot of PWV-GNSS versus PWV-RDS, along with the 

statistical metrics (RMSE, bias, and R²) computed from the 

dataset. The scatter plot shows that the maximum discrepancy, 

close to 7 mm, occurred for PWV values between 40 and 50 mm 

when comparing PWV-GNSS and PWV-RDS. The analysis of 

PWV-GNSS compared to PWV-RDS in the 2023 data shows a 

strong correlation (R = 0.97) between the two measurements. The 

PWV-GNSS estimates have an RMSE of 2.37 mm compared to 

PWV-RDS. 

 

 
Figure 3. Statistical analysis of PWV-GNSS and PWV-RDS 

data for 2023 at 00 and 12 UTC, shown as a scatter plot with 

absolute differences represented by a colour bar, including 

RMSE, bias, and R² metrics. 

 

The bias analysis shows that PWV-GNSS slightly underestimates 

PWV-RDS by 1.90 mm, accounting for about 80% of the RMSE. 

These results show that PWV-GNSS from ZTD-SIRGAS can 

reliably track atmospheric water vapour and help analyse rainfall 

events in the study area during September 2023. 

 

3.2 Application of PWV-GNSS during precipitation events 

Figure 4 presents the case study for September 2023 in Santa 

Maria (RS). The left axis shows the PWV values, with the black 

line representing PWV-GNSS and the red triangles showing 

PWV-RDS measurements. The blue lines depict hourly 

accumulated precipitation. 

 

 
Figure 4. Comparison of PWV-GNSS (SMAR + A803) and 

PWV-RDS (SBSM) with Hourly Accumulated Precipitation 

(A803) for September 2023 in Santa Maria, RS. 

 

Events A, B, C, and D illustrate jumps in PWV values preceding 

precipitation events (Sapucci, 2019), followed by further declines 

after rainfall. In event A, the PWV decreased by about 42 mm 

after accumulated precipitation totalling approximately 141 mm 

(from days 3 to 5). During event B (days 7 to 10), the PWV 

returned to around 50 mm but subsequently dropped to 18 mm 

following precipitation. During event B (days 7 to 10), the PWV 

returned to around 50 mm but subsequently dropped to 18 mm 
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following precipitation. This pattern was similarly observed in 

event C. Finally, event D recorded the highest hourly 

accumulated precipitation (23 mm), followed by the lowest PWV 

value observed (8 mm). However, the direct correlation between 

PWV and precipitation is not straightforward, since high PWV 

values do not always result in immediate rainfall. This is partly 

due to the low frequency of hourly precipitation events compared 

to the persistence of elevated atmospheric moisture levels, which 

statistically reduces the correlation between these variables. 

 

PWV exhibited jumps above 50 mm at various times and 

responded to rainfall occurrences with sharp declines, reaching 

as low as 8 mm after precipitation. This analysis demonstrates 

that the PWV-GNSS methodology correlates well with 

precipitation events, confirming its effectiveness for monitoring 

atmospheric water vapour. 

 

4. Conclusion 

This work presents an alternative method for estimating PWV-

GNSS by converting ZTD-SIRGAS data, first by removing the 

ZHD component and then computing PWV using the remaining 

ZWD and appropriate conversion factors. The methodology 

integrates a simplified and improved ZHD model, based on the 

approaches proposed by Saastamoinen (1972) and Davis et al. 

(1985), and employs techniques from Sapucci (2005) to estimate 

𝑇𝑚, combined with automatic meteorological data from INMET. 

The method was validated against PWV-RDS, demonstrating 

high accuracy, with an RMSE of 2.37 mm, a bias of -1.90 mm 

(indicating a slight underestimation relative to PWV-RDS), and 

an R² of 0.97. Subsequently, the approach was applied in a case 

study conducted in September 2023 in Santa Maria (RS), a month 

that recorded 454 mm of accumulated rainfall, approximately 

300 mm above the historical average, according to INMET. 

 

The analysis of PWV derived from GNSS and RDS alongside 

hourly precipitation data showed that PWV responds 

dynamically to rainfall events. PWV-GNSS detected significant 

drops in atmospheric water vapour, up to 40 mm, following 

precipitation in cases A through D (Figure 4). Subsequently, 

PWV increased again, often preceding new rainfall, as observed 

between days 17 and 21. 

 

Santa Maria (RS) is characterised by climatic instability and 

intense rainfall, highlighting the relevance of climatic studies and 

the integration of meteorological tools. PWV demonstrated the 

capability to capture abrupt atmospheric variations, with maxima 

reaching 50 mm and minima as low as 8 mm. 

 

This study demonstrates a robust methodology to obtain PWV-

GNSS based on GNSS and INMET meteorological stations, 

enabling precipitation event analysis and atmospheric water 

vapour monitoring via GNSS systems. The methodology offers a 

potential increase in temporal resolution compared to PWV-RDS 

by integrating both data sources. Based on these results, PWV-

GNSS can be applicable for atmospheric monitoring and can be 

implemented in the analysis of extreme precipitation events and 

highly variable scenarios. 

 

Future studies could explore the spatial coverage of the model 

and evaluate whether similar accuracy can be achieved using 

more distant meteorological stations. Although this study focuses 

on the applied evaluation of GNSS-derived PWV in Brazil, its 

results provide a solid basis for improving rainfall prediction 

models and developing new PWV estimation methods. 

Future research will also assess ZTD from real-time Precise Point 

Positioning (PPP) to derive near real-time PWV-GNSS, and 

investigate techniques to detect PWV jump events (Sapucci, 

2019) as indicators of imminent precipitation. Expanding 

analyses to other models, regions, and precipitation events will 

further strengthen the findings. 
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