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Abstract

ERAS reanalysis data and Global Navigation Satellite System
(GNSS) provide valuable atmospheric and hydrological data for
weather and climate analysis. Both ERA5 and GNSS-derived
precipitable water vapor (PWV), along with precipitation data,
have potential applications in predicting extreme weather
events. This study evaluates the accuracy of ERA5 precipitation
data by comparing it with ground-based observations and ERA5
PWV data by comparing it against GNSS PWV measurements at
six stations across different geographical regions in Thailand over
the period of 2019 to 2023. Each precipitation dataset is used to
compute the precipitation efficiency (PE), defined as the
percentage of total precipitable water vapor that falls as
measurable precipitation. The results indicate that ERA5
effectively captures seasonal precipitation and PWV patterns,
but it underestimates high-intensity rainfall, particularly in
coastal and complex terrains. In contrast, inland regions show
better alignment with ground-based data. For PWV, ERA5
generally underestimates values in mountainous and coastal
regions but performs better in flatter, more stable areas.
Consequently, PE values from ground-based data show strong
regional variation. These results make ERAS5 particularly useful
for climate monitoring and large-scale weather forecasting in
stable of Thailand. Its

spatiotemporal coverage, combined with PWV data, remains

low-lying or regions consistent
valuable for flood forecasting, especially in data-scarce areas for

enhanced early warning systems.

Keywords: ERA5, GNSS, PWV, PE, Extreme weather events
1. Introduction

Precipitable Water Vapor (PWV) represents total atmospheric
water vapor in a vertical column, reflecting its potential to
contribute to precipitation under suitable atmospheric
conditions. Processes such as precipitation, floods, and deep
moist convection are directly influenced by the amount of PWV,

which varies significantly across time and space [1]. Hence,

accurate measurement of precipitation and PWV is crucial for
studying weather patterns, predicting extreme events, and
managing water resources effectively. Typically, precipitation and
PWV  can

observations or indirectly through satellite, remote sensing, and

be measured directly through ground-based

reanalysis datasets, with each method presenting different
advantages and limitations [2, 3].

On the one hand, the most common and reliable way to
directly measure precipitation at point scale is ground-based rain
gauge stations [2, 4], but this approach is constrained by the
uneven distribution and sparse spatial coverage of the stations,
especially in developing countries [5]. Satellite remote sensing
and reanalysis datasets overcome the shortcomings of the sparse
distribution of ground-based sites, however, those methods
derive the data from indirect precipitation measurements and
simulations. Satellite-derived precipitation products are often
affected by errors and uncertainties. The physical constraints of
the sensor itself cause some errors and uncertainties in satellite
precipitation observations, which in turn affect resolution,
sampling, accuracy, precision, and noise [6].

On the other hand, for PWV measurement, radiosondes is the
primary ground-based measurement to detect PWV due to its
high accuracy; however, it is limited due to its high cost, low
spatiotemporal resolution, and ineffective sensor performance in
dry and cold conditions [7]. Currently, global navigation satellite
systems (GNSS) have proven to be an effective method for
determining PWV due to its low cost, resistance to all weather
conditions, long-term stability, high temporal resolution, and high
precision [8]. Although both radiosondes and GNSS can provide
sufficiently accurate estimates of PWV content, their ground-
based observations remain restricted to terrestrial regions with
limited spatial coverage [7]. In contrast, remote sensing satellites
provide wide-area PWV detection, but infrared remote sensing
cannot retrieve data in cloudy conditions [9]. While microwave
remote sensing can penetrate clouds, PWV retrieval remains
challenging due to the complexity of changing land surface
conditions [10].
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Furthermore, reanalysis product, such as ERA5 released by
the European Center for Medium-Range Weather Forecasts
(ECMWF) provides hourly estimates for a large number of
atmospheric datasets. ERA5 data provides comprehensive

atmospheric  information across multiple vertical levels,
integrating observations with advanced numerical weather
models, making it valuable for improving weather prediction
[11].

observations over multiple decades and serve as an alternative

accuracy ERA5 can provide continuous atmospheric
source of data for precipitation analysis and PWV retrievals.
ERA5’s global availability improves disaster preparedness by
improving the understanding of historical extreme events and
supporting the development of early warning systems. However,
the accuracy of the ERA5 dataset must be evaluated against
ground-based data to determine its reliability in extreme event
prediction.

Therefore, this study aims to evaluate the accuracy of ERA5
data in Thailand by pursuing the following objectives: (1) to
compare  ERA5-derived  precipitation  with
observations, (2) to compare ERA5-derived PWV with GNSS-

derived PWV from ground-based stations, and (3) to determine

ground-based

precipitation efficiency (PE) using both ERA5 and ground-based
observation datasets. Findings from this study can support
improved flood forecasting in Thailand because ERA5 provides
continuous, high-resolution atmospheric data, and ERA5-derived
PE can serve as an important indicator for evaluating rainfall

potential and flood risk at different locations in Thailand.

2. Data and methods

2.1 Study area

The Kingdom of Thailand is located between 5°37'N and
20°37'N latitude-wise and between 97°22'E and 105°37" E
longitudinally. There are 22 major river basins across the
country's total area of 514,050 km? [12]. This study focuses on
six geographical regions of Thailand, which were divided based
on their natural features, including landforms and drainage, as
well as human cultural patterns [13]. The regions are Northern,
Central, Western, Northeastern, Eastern, and Southern. As
displayed in Fig. 1, the topography of Thailand comprises the
highest mountain ranges in the North and West with central

plains generally flat and low-lying.
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Fig. 1 Study area

Generally, Thailand has three main seasons [14]. Rainy
Season [15] (May to October) is caused by the southwest
monsoon carrying moist air from the Indian Ocean, impacting
the West Coast first, then spreading to central and eastern
Thailand. Tropical cyclones bring additional rain from August to
October. Winter Season (mid-October to mid-February) is
influenced by the northeast monsoon, bringing cool and dry air
from the Siberian anticyclone over major parts of the country,
while humid eastern winds affect the East Coast of peninsular
Thailand. leading to more rain than the western side. December
is the driest month. Lastly, Summer Season (mid-February to
mid-May) is a transition period between monsoons, with April as
the hottest month.

In this study, one ERA5 precipitation and PWV dataset was
selected for each of six geographical regions. The closest TMD
and GNSS station was used as the primary reference to evaluate
the performance of ERAS precipitation and PWV, accordingly.

The selected referenced GNSS stations have been used in
previous GNSS studies in Thailand for various analyses [10, 16-
18]. Based on their geographical locations, CHMA represents the
northern region, NKSW represents the central region, SISK
represents the northeastern region, CHAN represents the eastern
region, PJRK represents the western region, and SOKA represents
the southern region. CHAN, SOKA, and PJRK stations showed the
strongest correlation in Zenith Tropospheric Delay (ZTD) values
between the modified BNC software, which was applied to
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compute GNSS observation data and evaluated its accuracy, and
CSRS-PPP as the referenced data [17]. Since PWV is derived from
ZTD, these stations were considered suitable for evaluating the
correlation between GNSS-based PWV and ERA5-based PWV in
this study. Additionally, CHMA, NKSW, and SISK were selected
because they exhibited a good correlation in ZTD values
between the BNC model and CSRS-PPP while also being
geographically representative of the region. Their PWV estimates
were also within the accuracy threshold (RMSE < 3 mm) for

weather nowcasting [19], making them relevant for this study.
2.2 Dataset

Table 1 provides an overview of all datasets utilized in this
study over the period of 2019-2023. Daily precipitation data from
six stations were obtained from Thai Meteorological Department
(TMD). PWV data were collected from six GNSS stations, with
measurements recorded at 5-minute intervals and later
converted into daily values for analysis. Additionally, ERA5
reanalysis data were used to obtain both precipitation and PWV
values from six grids (and extract as points at center of grids),
available at an hourly temporal resolution. Both precipitation
and PWV data from ERA5 were aggregated into daily values for
comparison. Each ERA5 data point represents the center of a
gridded dataset with a resolution of 25° x 25°, with the closest
grid point selected to match each GNSS station. Overall, the
precipitation dataset from TMD and the PWV dataset from GNSS,
serving as ground-based observations, were used as reference
data to evaluate the accuracy of ERA5 reanalysis products over
a five-year period (2019-2023) at a daily timescale. Furthermore,
Table 2 provides details of the GNSS stations used as reference
for PWV measurements, including station names, regions,

coordinates, altitude, and annual precipitation.

Table 1 Datasets used for evaluating the accuracy of ERA5 product

o Temporal Duration
Source Precipitation PWV )
Resolution
TMD 6 stations - daily 2019-2023
Every 5
GNSS 6 stations . 2019-2023
minutes
6 center of 6 center of
ERA5 o o hourly 2019-2023
grid points grid points
Table 2 Referenced GNSS station information and average
precipitation in 2019-2023
. . . Altitude Annual
GNSS station Latitude | Longitude o
(m) precipitation (mm)

CHMA 18.84 98.97 334.43 1049
NKSW 15.69 100.11 54.82 1293
SISK 15.12 104.29 127.98 1433
CHAN 12.61 102.1 31.18 2293
PJRK 11.81 99.8 16.68 1487
SOKA 7.21 100.6 34.45 2142

2.2.1Retrieval of PWV from Ground-based GNSS

The calculation of PWV in this study focuses specifically on
the tropospheric layer due to its significant impact on signal
propagation in the context of GNSS-based PWV estimation. The
troposphere contains the majority of the Earth's water vapor,
and its impact on signal delay is more directly related to the
variations in temperature, pressure, and humidity, which are key
factors in PWV estimation [20]. The troposphere introduces an
additional delay in GNSS signals as they travel from satellites to
ground-based receivers [21]. The GNSS receivers are called
Continuously Operating Reference Stations (CORS) (as shown in
Fig. 2), which were selected as the reference locations in this
study.

These delays are typically modeled along each satellite's line
of sight and then mapped to a single parameter, known as ZTD.
Firstly, to estimate ZTD, Precise Point Positioning (PPP) is applied
to raw GNSS data, using high-precision satellite orbit and clock
products to determine receiver coordinates and associated
atmospheric parameters. Finally, the calculation of PWV relies on
ZTD obtained from PPP  with

meteorological — parameters,

values other required

including  surface  pressure,

temperature, and humidity.

GNSS satellite 2
[— - —]

GNSS s?ie""e 1 GNSS satellite m

CORS n

Fig. 2 GNSS signal transmission and CORS station network [22]

ZTD consists of two primary components: the Zenith
Hydrostatic Delay (ZHD) and the Zenith Wet Delay (ZWD). Since
only ZWD corresponds to atmospheric moisture, it must be
separated from ZTD before converting to PWV. To obtain ZWD,
ZHD is subtracted from ZTD. This is expressed in Eq. (1).

ZWD = ZTD - ZHD "

The ZHD can be calculated in Eq. (2) as follows [23]:

WRE-06-3
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ZHD =0.0022768 x _P

flo.H) @

f (@, H) =1-0.00266 cos 2¢—0.00028H 3)

Qis
is the altitude of the

where P is the air pressure at the station in hPa,
the latitude of the station, and H

station in km.

It is necessary to multiply a dimensionless conversion factor
IT in order to convert ZWD to PWV
be found in Eq. (4).
10°
=
R, x(ky /T, +k,)

[24], which may

(@)

where R is the specific gas constant of water vapor
which equal to 461 J.kg™".K™.
refractive index constants, which K, =3.754x105 K*.hPa™

andk, =71.98 K.hPa™. T,

m

Ky, K are the atmospheric

is the weighted average

temperature of the atmosphere
After calculating IT and ZWD, PWV can be finally derived

by the following equation:

PWV ZHXZWD (5)

2.2.2 Retrieval of precipitation and PWV data from
ERA5

ERA5 is the fifth-generation reanalysis dataset produced by
the European Centre for Medium-Range Weather Forecasts
(ECMWF). ERA5 reanalysis data were used to obtain global
atmospheric variables with data available from 1940 to the
present. In this study, ERA5 precipitation and PWV datasets were
retrieved from the Copernicus Climate Change Service (C3S)
Climate Data Store via the Application Programming Interface
(API) (Climate Data Store).

The variable "total precipitation" (tp) was wused for
precipitation, and "total column water vapour" (tcwv) was used
for PWV. Both variables are provided at an hourly temporal
resolution and a spatial resolution of 0.25 degrees, with each grid
cell value representing the model output at a single level (over
the Earth's surface). Data spanning from January 2019 to
December 2023 were extracted and then aggregated from hourly
to daily values for analysis.

It is important to note that this study has not yet adjusted
the GNSS station-based PWV data to match the ERA5 grid point
height. The GNSS data, which is based on the altitude of the
station, has been compared directly with the ERA5 data, which is
referenced at the surface level. This may lead to discrepancies
due to the elevation differences between the GNSS station's

altitude and the surface-level reference of ERA5.

2.3 Statistical evaluation methods

This study estimates the spatial performance of ERA5
precipitation and PWV data using statistical indices of bias and
root-mean square error (RMSE). Bias represents the average
deviation between ERA5-derived values and ground-based
measurements, indicating whether ERA5 tends to overestimate
or underestimate the observed data. The Bias can be calculated
by Eq. (6).

n

. 1
Bias = _Z(XERASJ - Xground,i)
n (6)

where  Xgpys;is the daily ERA5-derived precipitation/PWV,
X

the number of samples The range of deviation is from —oo to +oo

is the daily ground-based precipitation/PWV,and N is

ground i

(the closer the deviation is to 0, the more accurate the data is).
A positive bias reflects overestimation, while a negative bias
indicates underestimation.

RMSE measures the overall magnitude of the error between
the datasets, providing an indication of how closely ERA5 data
matches the observed values by accounting for both variance
and mean error. These indices are used to assess the accuracy

and reliability of ERA5 data across different regions and stations.

1 n
RMSE = \/HZ(XERASJ - xground,i)z
= (7

where the range of RMSE is 0 to oo, the smaller the value the

smaller the overall deviation.
2.4 PE calculation

Precipitation efficiency (PE) is the percentage of total
atmospheric water vapor that falls as measurable precipitation
[25]. It is defined as the ratio of the mean daily precipitation to
the mean daily precipitable water vapor (PWV) in each year,

multiplied by 100 as expressed in Eq. (8).

Mean daily precipitation 5

PE (%) =
%) Mean daily PWV

100

(8)

PE is a key indicator in many weather and climate studies,
representing how effectively atmospheric water vapor is
converted into precipitation. It plays an important role in
convective system analysis and cumulus parameterization
schemes, and is essential in forecasting heavy rainfall and flash
[26]. Additionally, PE is

understanding cloud-climate feedback processes, and its

flood potential significant  in
variation with environmental conditions is an important aspect
of climate change research. Therefore, this study focuses on
determining precipitation efficiency based on ERA5 and ground-
data, the

understanding of precipitation characteristics in different regions.

based precipitation contributing  to broader

WRE-06-4
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3. Results and Discussion
3.1 Ground-based TMD observation vs ERA5 precipitation

Fig. 3 shows the time series comparison between ground-
based observed precipitation and ERA5 data across six
representative stations for the period of 2019-2023. Spatially,
precipitation of both datasets decreases from the eastern and
southern coastal regions to the northwestern inland (Table 2).
ERA5 has similar seasonal rainfall patterns at all stations but
tends to underestimate high-intensity rainfall peaks observed in
ground-based data. Notably, ERA5 data fails to capture daily
precipitation peaks exceeding 50 mm, which are frequently
recorded in the observed datasets during rainy season,
particularly in stations with high elevation and complex
topography (e.g. coastal region) such as CHMA (Northern region),
SISK (Northeast), and CHAN (Eastern coastal area). CHMA and
SISK (high-elevation), and CHAN (coastal) have frequent peaks in
observed precipitation but are only partially reflected in ERA5.
In contrast, stations situated in lower-elevation coast and
southern regions, such as SOKA and NKSW, show strong seasonal
peaks in observed rainfall that ERA5 captures with reduced
intensity. The discrepancies are particularly noticeable during
heavy rainfall periods.

The summary of the statistical evaluation of ERA5
precipitation data against ground-based observations in terms of
mean bias and root mean square error (RMSE) is illustrated in
Table 3. The results show that the performance of ERA5 is
variable with slight underestimation at CHMA, SISK, and CHAN

and overestimation for the rest of the stations. The large
discrepancy is observed at CHAN with a bias of -1.998 mm and
RMSE of 17.431 mm, followed by SOKA station with RMSE of
16.935 mm, though the bias is only 0.098, which is probably due
to the high intensity precipitation in those coastal regions [27].
However, PJRK, which is also located near the coast but has
lower annual rainfall compared to CHAN and SOKA, shows a
much lower RMSE of 8.879 mm. This can be attributed to the
lower rainfall intensity at PJRK, which leads to less variability in
the precipitation data and consequently a lower RMSE. On the
hand,
overestimation, while CHMA and SISK exhibit underestimation
with lower RMSE values below 10 mm. It means that ERA5

other inland stations such as NKSW show slight

struggles to accurately capture high-intensity rainfall events and
local precipitation variability in coastal regions and complex
geographic settings. These findings suggest that ERA5 performs
better in areas with lower rainfall intensity, such as PJRK and
inland stations, while coastal and mountainous regions with
strong convection or intense rainfall events pose more

challenges for the accuracy of ERA5 reanalysis data.

Table 3 Correlation coefficient between ground-based observation
and ERA5 precipitation

Station Bias (mm) RMSE (mm)
CHMA -0.548 8.966
NKSW 0.559 9.421
SISK -0.135 10.040
CHAN -1.998 17.431
PJRK 1.325 8.879
SOKA 0.098 16.935
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Fig. 3 Daily precipitation from ground-based TMD observation and ERA5 data (2019-2023)
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Fig. 4 Daily PWV from ground-based GNSS measurement and ERA5 data (2019-2023)

3.2 Ground-based GNSS measurement vs ERA5 PWV

Fig. 4 illustrates the time behavior (on daily basis from
January 2019 to December 2023) of ground-based GNSS PWV
and ERA5 PWV at six relevant stations. In general, PWV exhibits
distinct seasonal variation, with minima during the winter season
and maxima in the rainy season, consistently across all stations.

ERA5 PWV shows a similar seasonal pattern and temporal
with GNSS
measurements. However, the differences between the two

variation ~ when  compared ground-based

datasets become more pronounced during peak PWV periods,
where ERA5 tends to diverge from observed values. Interestingly,
unlike its performance in precipitation data, ERA5 PWV exhibits
region-specific biases. In particular, at stations characterized by
complex topography and coastal influences, such as CHMA,
PJRK, and SOKA, ERA5 tends to underestimate PWV values.
Conversely, in the central region (e.g, NKSW), ERAS5 slightly
overestimates PWV compared to GNSS observations.
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In this study, GNSS-derived PWV data, obtained from ground-
based Continuously Operating Reference Stations (CORS) (as
shown in Fig. 2), are considered ground-based observations for
comparison purposes.

Table 4 summarizes the statistical evaluation of ERA5 PWV
accuracy against ground-based GNSS observations using bias and
root mean square error (RMSE). Stations located in mountainous
regions, such as CHMA in the northern region and PJRK in the
western region, exhibit the largest negative biases of -3.398 mm
and -3.902 mm, respectively, along with relatively high RMSE
values of 4.109 mm and 4.405 mm. These results indicate that
ERA5 tends to underestimate PWV in areas characterized by
complex terrain and elevated atmospheric variability. In
contrast, the central station NKSW shows a positive bias of 1.733
mm and an RMSE of 3.106 mm, reflecting improved agreement
between ERA5 estimates and ground-based observations in
lower-elevation regions with more stable atmospheric
conditions.

Similarly, the northeastern station SISK records a small
negative bias of -1.123 mm and the lowest RMSE value of 2.252
mm, suggesting that ERA5 effectively represents moisture
distribution in regions with uniform topography. Coastal stations,
including CHAN in the east and SOKA in the south, present
moderate negative biases of -1.455 mm and -2.122 mm, with
corresponding RMSE values of 2590 mm and 3.185 mm,
indicating consistent but slightly underestimated PWV in coastal
areas influenced by maritime conditions.

The RMSE values for the PWV comparison presented in
Table 4 are generally low, ranging from 2.252 to 4.405 mm
indicating good agreement. This is consistent with the findings of
Charoenphon (2020) [17] in which the RMSE ranges from 2.1 to
3.6. The higher discrepancies observed in this study may be
attributed to differences in the study period, duration, and the
number of stations used. Notably, the stations with the highest
RMSE value in PJRK and CHMA stations are located in the lowest
(coastal) and highest elevations (mountain), respectively (Table
2). This suggests that ERA5 faces challenges in accurately
capturing precipitation patterns in regions with complex terrain
or localized weather phenomena or strong convection,

particularly in coastal and mountainous areas.
3.3 Ground-based and ERAS5 PE

Fig. 5 and Fig. 6 present the annual average daily PE derived
from ground-based and ERA5 datasets, respectively, for six
stations across Thailand from 2019 to 2023. Despite similar
levels of atmospheric PWV (as shown in Fig. 4), PE varies across
regions, reflecting differences in local atmospheric stability and
convective dynamics. The spatial and temporal patterns of PE
provide insight into the relative atmospheric stability and
moisture conversion dynamics in these regions. High PE values
observed at CHAN and SOKA, particularly in 2021 and 2022,

indicate atmospheric instability and active convective processes
that efficiently convert water vapor into precipitation. In
contrast, consistently low PE at CHMA and NKSW reflects stable
atmospheric conditions with limited convective activity and

lower rainfall efficiency.

Table 4 Correlation coefficient between ground-based observation
and ERA5 PWV

Station Bias (mm) RMSE (mm)
CHMA -3.398 4.109
NKSW 1.733 3.106

SISK -1.123 2.252
CHAN -1.455 2.590
PJRK -3.902 4.405
SOKA -2.122 3.185

Ground-based PE values demonstrate more pronounced
variability and higher peaks, particularly in coastal and southern
stations such as CHAN and SOKA. The ERA5-derived PE values,
while capturing overall spatial trends, are generally lower and
smoother results,

than ground-based reinforcing  ERA5’s

tendency to underrepresent local convective dynamics.
According to Tuller [26], high precipitation totals coupled with
hish PE, as seen in ground-based data for CHAN and SOKA,
indicate dynamic, unstable conditions where abundant water
vapor is effectively released. These coastal regions near the Gulf
of Thailand are influenced by maritime moisture inflow and
strong convection [28], resulting in high precipitation efficiency.
Meanwhile, regions with moderate precipitation totals but low
PE values, such as SISK and NKSW, reflect stable atmospheric
conditions where precipitation formation is less efficient despite

the presence of moisture.

Groun-based PE

25
20
= 15
=3
P
10
—
5 P':*‘i‘ ———
0
2019 2020 2021 2022 2023
—8— CHMA —#—NKSW SISK CHAN —8—PJRK —9—SOKA
Fig. 5 Annual average daily PE in for ground-based measurements
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Fig. 6 Annual average daily PE for ERA5 datasets

4. Conclusions

This study assessed ERA5 daily precipitation and PWV data
across different regions of Thailand from 2019 to 2023, using
ground-based measurements as a reference. The results show
that ERA5 effectively captures seasonal precipitation patterns but
underestimates high-intensity rainfall, particularly in coastal and
complex terrains like CHAN and SOKA. In contrast, inland regions
like  NKSW
observations.

Additionally, the evaluation of ERA5 PWV against ground-
based GNSS observations indicates that ERA5 also accurately

show better alignment with ground-based

captures the temporal patterns of PWV variation across different
regions of Thailand. In mountainous regions such as the north
(CHMA) and west (PJRK), ERA5 underestimates PWV, with larger
negative biases and higher RMSE values. In contrast, flat and
stable regions, such as the central (NKSW) and northeastern (SISK)
areas, show smaller biases and lower errors, reflecting better
agreement with ground-based data. Coastal regions (CHAN and
SOKA) exhibit moderate underestimation with consistent
seasonal patterns. However, the GNSS station-based PWV data
have not been adjusted to the ERA5 grid point height, which may
lead to discrepancies in this comparison. Future research should
address this adjustment for more accurate comparisons and
further improve flood risk assessments.

PE values from ground-based data show strong regional
variation, with higher PE in coastal areas like CHAN and SOKA due
to active convection, and lower PE in stable inland regions such
as CHMA and NKSW. ERA5 captures these spatial trends but
underestimates PE and smooths local variability.

With advancements in numerical weather models and data
assimilation techniques, ERA5 reanalysis datasets are valuable for
weather prediction and hydrological applications. ERA5 can fill
gaps in spatially and temporally sparse ground-based
measurements, making it reliable for climate monitoring and
large-scale weather forecasting in regions such as Thailand’s less
flood-prone northeastern areas. However, its performance is less
accurate in regions with complex topography and high rainfall

variability, such as coastal zones and mountainous regions.

Despite these limitations, ERA5’s broad spatiotemporal coverage
and PWV data remain valuable for flood forecasting, particularly
when combined with GNSS observations in data-scarce areas for
enhanced early warning systems.

It should be noted that reanalysis products, such as ERA5,
inherently contain uncertainties, primarily due to model and
observation errors in the data assimilation system [29]. These
uncertainties can lead to biased precipitation estimates for
different locations and events, particularly during extreme
weather conditions. Additionally, the height differences between
reanalysis grid points and observation stations are a primary
cause of discrepancies in precipitable water vapor (PWV)
comparisons [7]. Such differences can affect the accuracy of PWV
data, which is crucial for flood and drought prediction. To
minimize these errors, adjustments for height differences should
be considered in future studies. Furthermore, while ERA5 offers
valuable long-term data, its spatial resolution may not always
capture localized variations in precipitation and moisture, limiting

its application in highly detailed water resource management.
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