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Abstract

Global Navigation Satellite Systems (GNSS) have emerged as a reliable and cost-effective
tool for estimating atmospheric precipitable water vapor (PWV), particularly in regions
with limited meteorological instrumentation. In this study, the performance of three tropo-
spheric mapping functions—the Global Mapping Function (GMF), Niell Mapping Function
(NMF), and Vienna Mapping Function 1 (VMF1)—was evaluated for PWV estimation
using GPS observations collected during the 2009-2011 period in southwestern Mexico,
a region characterized by high atmospheric variability and frequent extreme weather
events. GPS data from three stations (TECO, COL2, and PENA) were processed using the
GAMIT/GLOBK 10.71 software, and the resulting PWV estimates were validated against in-
dependent radiosonde observations and the European Centre for Medium-Range Weather
Forecasts (ECMWF) Fifth-Generation Reanalysis (ERA5) data. The results show that GPS-
derived PWYV successfully captures the seasonal variability of atmospheric water vapor,
with maximum values during the summer rainy season. High correlations were obtained
with both radiosonde and ERA5 data, particularly at the TECO station (R = 0.95-0.99),
where RMSE values ranged from 3.27 to 5.46 mm and BIAS values from —2.73 to —1.47 mm.
In contrast, larger discrepancies were observed at COL2 and PENA, mainly due to hori-
zontal separation and altitude differences relative to the radiosonde site, highlighting the
importance of spatial representativeness during validation. Among the evaluated mapping
functions, no single model consistently outperformed the others across all stations, years,
and reference datasets. Nevertheless, GMF and NMF generally exhibited more stable and
consistent performance, whereas VMF1 showed greater variability under the adopted
processing strategy. Additionally, a clear relationship was identified between PWV and
precipitation records, indicating that increases in PWV coincided with periods of intense
rainfall and suggesting its potential as an indicator of atmospheric conditions favorable for
precipitation events. Overall, this study shows that GPS-derived PWV can reproduce the
seasonal variability of atmospheric water vapor under the adopted processing strategy and
demonstrates the importance of mapping function selection and spatial representativeness
for accurate PWV estimation.

Keywords: GPS; precipitable water vapor (PWV); mapping functions; ERA5; radiosonde;
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1. Introduction

Global Navigation Satellite Systems (GNSS) have undergone significant development
beyond their traditional applications in positioning and navigation, particularly in meteo-
rological applications for estimating precipitable water vapor (PWV). This development
is supported by the studies of [1-3], who established the physical relationship between
the zenith tropospheric delay (ZTD) and atmospheric water vapor content. These studies
demonstrated that the ZTD can be decomposed into a hydrostatic component (ZHD) and
a wet component (ZWD), with the latter being proportional to atmospheric water vapor.
Subsequently, Rocken et al. [4] validated PWV estimates derived from GPS observations
using radiometers, confirming their reliability for meteorological applications.

The retrieval of PWV from GPS observations (GPS-derived PWV) represents an im-
portant advancement in atmospheric sciences, as it enables the acquisition of continuous
observations even in remote regions such as mountainous or polar areas [5]. GPS-derived
PWYV has been widely applied to atmospheric monitoring, weather forecasting, and the
analysis of extreme meteorological events, including hurricanes, tropical storms, droughts,
and severe convective systems [6-9].

In recent years, GPS has emerged as a continuous, reliable, and cost-effective tool
for estimating PWV [8] and supporting atmospheric forecasting applications [3]. Recent
studies have demonstrated that incorporating GPS-derived PWV into numerical weather
prediction models improves precipitation forecasting accuracy [9]. Its implementation
represents an important contribution to existing atmospheric monitoring techniques and
has considerable potential for supporting early warning systems and the mitigation of
extreme meteorological events.

Permanent GPS networks also provide a cost-effective alternative to conventional
atmospheric monitoring systems, regardless of prevailing weather conditions [10,11]. This
advantage is particularly relevant for developing countries, where atmospheric monitor-
ing infrastructure is often limited, as is the case in many regions of Latin America [12].
The application of GPS-derived PWYV is especially valuable in tropical regions character-
ized by frequent extreme meteorological events, where the availability of radiosonde and
meteorological stations is often insufficient for continuous atmospheric monitoring. Nu-
merous studies have demonstrated the applicability of GPS-derived PWV under different
atmospheric and climatic conditions [10,11].

Tropospheric mapping functions play a fundamental role in GNSS-derived PWV
retrieval because they relate the slant tropospheric delay observed along the satellite-
receiver path to the corresponding zenith delay. Empirical mapping functions, such as
the Niell Mapping Function (NMF) and the Global Mapping Function (GMF), provide
global applicability without requiring numerical weather model data, whereas discrete
mapping functions, such as the Vienna Mapping Function 1 (VMF1), exploit numerical
weather model information to improve the representation of atmospheric delays. More
recently, Landskron and Bohm [13] introduced the VMF3 and GPT3 models, demonstrating
refinements in both discrete and empirical mapping functions. Furthermore, recent inves-
tigations have shown that tropospheric delay modeling remains an active research topic,
particularly regarding the representation of atmospheric anisotropy and the limitations
of conventional mapping functions under complex atmospheric conditions [14]. These
studies highlight the importance of evaluating mapping functions under different climatic
and topographic environments.

Although GPS-derived PWYV has been extensively investigated in Asia, Europe, and
North America, relatively few studies have been conducted in Mexico. Early investigations
performed during the North American Monsoon Experiment (NAME) demonstrated that
GPS-derived PWV successfully characterized the temporal evolution of atmospheric mois-

https://doi.org/10.3390/ geomatics6040084


https://doi.org/10.3390/geomatics6040084

Geomatics 2026, 6, 84

30f23

ture over northwestern Mexico and documented rapid increases in atmospheric water vapor
preceding convective precipitation events [15]. Subsequently, the North American Monsoon
GPS Transect Experiment expanded the regional GNSS meteorological network, provid-
ing a more comprehensive characterization of atmospheric moisture variability across
northwestern Mexico and supporting long-term hydrometeorological observations [16,17].
More recently, GNSS-derived PWV observations from this regional network have been
assimilated into high-resolution Weather Research and Forecasting (WRF) simulations,
demonstrating improvements in short-term precipitation forecasts through a better rep-
resentation of atmospheric moisture fields [18]. Despite these important contributions,
published studies comparing different tropospheric mapping functions (GMF, NMEF, and
VMF1) using independent radiosonde observations and ERA5 reanalysis remain very lim-
ited in Mexico, particularly under tropical atmospheric conditions. Southwestern Mexico
provides a unique environment for such analyses because of its strong influence from
Pacific moisture transport, frequent tropical cyclone activity, and pronounced topographic
variability. Consequently, evaluating GPS-derived PWV products in this region contributes
to reducing an important geographical gap in the current literature.

The study period (2009-2011) was selected because continuous observations from the
three selected GPS stations (TECO, COL2, and PENA), radiosonde measurements from
Manzanillo, precipitation records from nearby meteorological stations, and ERA5 reanalysis
data were simultaneously available with sufficient temporal continuity to ensure a consis-
tent multi-dataset comparison. The selected three-year period also encompasses complete
dry and rainy seasons, including periods influenced by Pacific tropical cyclone activity,
thereby providing representative atmospheric conditions for evaluating the performance
of the investigated tropospheric mapping functions. The objective was not to investigate a
climatologically exceptional period but rather to evaluate the relative performance of the
mapping functions under representative tropical atmospheric conditions.

This study has four main objectives: (i) to evaluate and compare the performance of
the Global Mapping Function (GMF), Niell Mapping Function (NMF), and Vienna Map-
ping Function 1 (VMF1) for estimating GPS-derived PWYV in southwestern Mexico; (ii) to
validate the resulting PWV estimates using independent radiosonde observations and the
European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation atmo-
spheric reanalysis (ERA5), assessing the influence of spatial representativeness and altitude
differences on PWYV accuracy; (iii) to evaluate the performance of the mapping functions
under atmospheric conditions associated with extreme meteorological events; and (iv) to
investigate the relationship between GPS-derived PWV and precipitation records in order
to assess the potential of PWV as an indicator of atmospheric conditions favorable for
precipitation. This study contributes to understanding how spatial representativeness,
altitude differences, and the selected tropospheric mapping function influence GPS-derived
PWYV retrieval in tropical regions characterized by complex topography and strong atmo-
spheric variability.

The remainder of this paper is organized as follows. Section 2 describes the study area,
GPS observations, processing strategy, and reference datasets used for validation. Section 3
presents the results of the comparison among the evaluated tropospheric mapping functions
and their validation against radiosonde observations and ERA5 data. Section 4 discusses
the implications of the findings and the influence of spatial representativeness, altitude
differences, and processing strategy on PWV estimation. Finally, Section 5 summarizes the
main conclusions and recommendations for future work.
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2. Materials and Methods
2.1. Study Area

Mexico exhibits high climatic variability due to its complex topography and geograph-
ical location, which favors the occurrence of diverse temperature and humidity regimes
throughout the country. In particular, the southwestern region is characterized by a warm
subhumid climate, strongly influenced by its proximity to the Pacific Ocean and the dynam-
ics of regional atmospheric circulation. The study area (Figure 1) is located in southwestern
Mexico and exhibits marked precipitation seasonality, with substantial increases in tempera-
ture and atmospheric moisture during the rainy season. This variability is closely associated
with tropical cyclone activity over the eastern Pacific Ocean, particularly between May and
October, when the Mexican Pacific hurricane season contributes to a considerable increase
in atmospheric PWV [19].
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Figure 1. Location of the study area in the state of Colima, Mexico.

The interaction between moisture transport from the Pacific Ocean and the regional
orography promotes the advection of large amounts of atmospheric water vapor toward the
continent [20], increasing the frequency and intensity of precipitation events in southwest-
ern Mexico. Both urban and rural areas in the states of Colima and Jalisco are particularly
vulnerable to these meteorological conditions.

These characteristics make southwestern Mexico an ideal natural laboratory for in-
vestigating atmospheric water vapor dynamics and their relationship with precipitation,
particularly under conditions of high climatic variability and frequent extreme meteorolog-
ical events.

2.2. GPS Observations

Data from three continuously operating GPS stations (TECO, PENA, and COL2) were
used for the 20092011 period, as shown in Table 1. This period was intentionally selected
because continuous GPS observations from the three stations, radiosonde measurements
from Manzanillo, precipitation records from nearby meteorological stations, and ERA5
reanalysis data were simultaneously available with sufficient temporal continuity to ensure
a consistent multi-dataset comparison. Rather than investigating recent atmospheric con-
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ditions or long-term climatic trends, the objective of this study is to evaluate the relative
performance of different tropospheric mapping functions under a common observational
framework. The selected three-year period encompasses complete dry and rainy seasons,
thereby providing representative atmospheric conditions over a wide range of moisture
regimes for evaluating the investigated tropospheric mapping functions. Because the
evaluated mapping functions are based on physical and empirical formulations that are
not specific to a particular epoch, their relative performance can be reliably assessed using
historical datasets, provided that all observations are complete, consistent, and processed
using the same methodology.

The selected stations belong to geodetic networks managed by CORS (Continuous
Operating Reference System; https://geodesy.noaa.gov/CORS/ accessed on 20 Juanuary
2025) and EarthScope (https://www.earthscope.org/ accessed on 20 Juanuary 2025), and
are located in a region characterized by high atmospheric variability and frequent extreme
meteorological events. All datasets were homogenized to a daily temporal resolution over
the 2009-2011 period to ensure consistency throughout the comparative analysis.

Table 1. Continuously operating GPS stations used in the experiment. The reported number of
observation days corresponds to the available GPS data included in the analysis. Differences among
stations and years are due to the availability of valid RINEX files and the quality-control procedure
applied prior to processing.

Station Days Used per Year Total Coordinates
2009 2010 2011 Days Latlsude Longltude Height
©) ©) (m)
TECO 364 365 326 1055 18.985 —103.861  211.600
PENA 364 365 327 1056 19.391 —104.102  1490.982
COL2 318 365 325 1008 19.244 —103.702  528.784

As summarized in Tables 1 and 2, the number of available observation days varies
among stations and years because only valid RINEX files that passed the quality-control
procedure were included in the processing.

Table 2. GNSS receiver and antenna installed at each GPS station during the study period (2009-2011).

Station Receiver and Antenna Used During the Study Period

TECO  Trimble NETRS/TRM41249.00 UNKN
PENA  Trimble NETRS/TRM41249.00 UNKN
COL2 Trimble 5700/ TRM41249.00 NONE

Due to the limited availability of radiosonde stations in southwestern Mexico, the Man-
zanillo radiosonde station (76654) was selected as the independent atmospheric reference
for GPS-derived PWYV validation. The three GPS stations (TECO, COL2, and PENA) were
selected because of their relative proximity to the radiosonde station while representing
different topographic settings within the study area, thereby enabling an independent
assessment of GPS-derived PWV estimates. Furthermore, the study area is strongly in-
fluenced by Pacific moisture transport and seasonal atmospheric variability, making it
particularly suitable for investigating atmospheric water vapor variability and evaluating
the performance of different tropospheric mapping functions under highly dynamic tropi-
cal conditions. Although the spatial separation between the radiosonde and GPS stations
may introduce discrepancies in the comparison, this configuration represents the best
available framework for independent PWV validation within the study region. Therefore,
the results obtained in this study should be considered representative of the analyzed
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stations and of regions with similar climatic and topographic characteristics, rather than
universally applicable to the entirety of southwestern Mexico.

The GPS stations operate with sampling intervals of either 15 s or 30 s. To ensure con-
sistency during processing, all observations were homogenized to a 30 s sampling interval
using the RINGO software version 0.9.6 [21]. A preliminary quality-control procedure was
then applied to all RINEX files to verify the correct identification of antenna and receiver
types, as well as the consistency of the associated metadata, before GPS processing.

2.3. GPS Processing and Precipitable Water Vapor Estimation (GPS-Derived PWV)

GPS observations were processed using the GAMIT/GLOBK 10.71 software package
through the GAMIT module [22]. The objective of this study was to evaluate the influence of
different tropospheric mapping functions on GPS-derived precipitable water vapor (PWV).
Therefore, all analyses were performed consistently using GPS observations throughout
the study, thereby allowing a direct comparison of the evaluated mapping functions under
a common processing strategy. The processing parameters adopted in this study are
summarized in Table 3.

Table 3. GPS processing parameters used in this study.

Parameter Description

Software GAMIT/GLOBK

Processing method Static relative baseline processing
Orbit and Earth orientation parameters Final IGS products

Total Electron Content products IGS IONEX products

Elevation mask 15°

ZTD estimation interval 2h

Tropospheric model Saastamoinen

Meteorological model Global Pressure and Temperature (GPT) model
Tropospheric mapping functions VMF1, GMF, NMF

Ocean tide loading model FES2004

Receiver type Dual-frequency (L; and L)

A static relative baseline processing strategy was adopted using the final orbit products
and Earth orientation parameters provided by the International GNSS Service (IGS) [23].
The first-order ionospheric delay was eliminated through the ionosphere-free linear com-
bination of the dual-frequency (L;/L;) GPS observations. In addition, global ionospheric
maps (IONEX) were incorporated to account for higher-order ionospheric effects within
the adopted processing strategy.

An elevation mask of 15° was adopted as a compromise between reducing multipath
effects associated with low-elevation observations and maintaining sufficient satellite
geometry for robust parameter estimation [24]. Tropospheric delays were modeled using
the Saastamoinen model [25], with meteorological parameters derived from the empirical
Global Pressure and Temperature (GPT) model [26]. In the absence of in situ meteorological
observations, the GAMIT/GLOBK metutil utility was used to generate the required
meteorological parameters. A default relative humidity of 50%, implemented within the
GAMIT/GLOBK processing framework, was adopted for the computation of the ZHD.
The same meteorological model was consistently applied to all processing solutions to
ensure that differences in the resulting PWV estimates were attributable solely to the
evaluated tropospheric mapping functions. The resulting GPS-derived PWV estimates
were independently validated using radiosonde observations and ERA5 reanalysis data.
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The ZTD was estimated every 2 h as a time-dependent parameter, while GPS ob-
servations were processed using a 30 s sampling interval. This configuration captures
tropospheric variability while avoiding excessive noise in the parameter estimation.

The GPS-derived PWYV estimates obtained from the 2 h ZTD solutions were subse-
quently averaged to daily values prior to the validation analysis. Similarly, ERA5 hourly
data were averaged to daily values, and the available radiosonde observations were repre-
sented at the same temporal resolution. This temporal homogenization ensured a consistent
comparison among the three independent datasets and allowed the analysis to focus on
seasonal and interannual PWV variability rather than on sub-daily atmospheric fluctuations.

To model geophysical effects, the FES2004 ocean tide loading model [27] was applied
to correct the vertical and horizontal displacements induced by ocean tides [28]. In addition,
IGS reference stations (DUBO, GLPS, GODE, GOLD, JPLM, SCUB, VNDP, WDC5, MANA,
MDO01, NLIB, PIE1, and QUIN) were incorporated to constrain the solutions to the ITRF08
reference frame. The ITRF08 realization was adopted to maintain consistency with the
processing strategy and the IGS products corresponding to the 2009-2011 observation
period. These stations were selected through the AUSPOS service [29] following standard
high-precision GNSS processing practices. Several of the selected IGS stations are located
more than 500 km from the study area, providing sufficient network extent to strengthen the
network geometry and reduce correlations between station coordinates and tropospheric
parameters. Consequently, the ZTD was estimated within a regional-to-global network
framework rather than from an isolated local network, thereby improving the robustness
of the GPS-derived PWV retrieval.

The baseline lengths between the analyzed GPS stations range from approximately 33
to 52 km (Table 4). Although the local network geometry is relatively compact, the GPS
processing was not performed as an isolated local network. Instead, the selected stations
were integrated into a broader regional-to-global network through the incorporation of IGS
reference stations. This strategy improves the network geometry and reduces correlations
between coordinate and tropospheric parameters during parameter estimation.

Table 4. Baseline lengths between the GPS stations used in this study.

Baseline Length (km)
TECO-COL2 33.39
TECO-PENA 51.72
COL2-PENA 44.96

The tropospheric mapping functions evaluated in this study were VMF1, GMEF,
and NMEF, which were implemented within the GAMIT/GLOBK (version 10.7) pro-
cessing framework to analyze their influence on ZTD estimation and, consequently,
on GPS-derived PWYV retrieval. For the VMF1 solution, the standard annual gridded
VMF1 products (vmf1grd.2009, vmfigrd.2010, and vmfigrd.2011) distributed through
the GAMIT/GLOBK GRIDS repository were employed. These products provide the hydro-
static and wet mapping function coefficients that are applied internally by GAMIT/GLOBK
during tropospheric delay modeling. All mapping functions were evaluated using iden-
tical processing parameters and estimation settings, ensuring that the selected mapping
function was the only variable modified among the different processing solutions. PWV
was estimated from the ZTD obtained during GPS processing. First, the zenith hydrostatic
delay (ZHD) was calculated using the Saastamoinen model, as expressed in Equation (1).

B 0.00227 x P,
~ 1-0.00266 x cos(2¢) — 0.00028 x H

ZHD 1)
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where P is the surface pressure (hPa), ¢ is the geodetic latitude (rad), and H is the geodetic
height (km). An error of 1 hPa in surface pressure introduces an uncertainty of approxi-
mately 2.3 mm in the ZHD and 0.37 mm in the corresponding PWV estimate [30].

The zenith wet delay (ZWD) was then obtained as the difference between the zenith
tropospheric delay and the zenith hydrostatic delay, as expressed in Equation (2).

ZWD = ZTD — ZHD )

The PWV was then calculated from the ZWD using Equation (3).

6
PWV =TI x ZWD = 10 x ZWD (3)

Pw X Ry X (k2+%)

where p, is the density of liquid water, Ry is the specific gas constant for water vapor

(461.51 kg ' K™1), and k; and k3 are atmospheric refractivity constants. The parame-
ter T, represents the weighted mean atmospheric temperature and is calculated using

Equation (4).
h
I i ah
Ty = T (4)
f T(h)? dh

where e(h) is the partial pressure of water vapor and T (h) is the atmospheric tempera-
ture. Equation (4) represents the theoretical definition of the weighted mean atmospheric
temperature. In this study, however, T, was obtained from the empirical GPT model
through the GAMIT/GLOBK metutil utility rather than being computed directly from
atmospheric profiles. The resulting T;, values were subsequently used in the conversion of
ZWD to PWV.

2.4. Tropospheric Mapping Functions

Tropospheric mapping functions are mathematical functions that project the zenith
tropospheric delay (ZTD) into the slant direction of the GNSS signal as a function of satellite
elevation angle. Because the estimated ZTD directly affects PWYV retrieval, the choice of
mapping function may influence the resulting GPS-derived PWYV estimates, particularly
under highly variable atmospheric conditions.

In this study, three tropospheric mapping functions implemented within GAMIT/GLOBK
were evaluated: GMF [31], VMF1 [32], and NMF [33]. GMF is an empirical model derived
from long-term atmospheric information obtained from numerical weather models. VMF1
is based on atmospheric fields generated by ECMWF products and incorporates site-specific
atmospheric information through ray-tracing techniques. In contrast, NMF is an empirical
mapping function derived from global radiosonde observations and depends primarily on
latitude, station height, and day of year.

These three mapping functions were selected because they are among the most widely
used models in GPS meteorology and are implemented within the GAMIT/GLOBK process-
ing framework. Their performance was evaluated by comparing the resulting GPS-derived
PWYV estimates with independent radiosonde observations and ERA5 reanalysis data.

2.5. Radiosonde Data

Radiosonde observations from the University of Wyoming Atmospheric Soundings
archive (https://weather.uwyo.edu/upperair/sounding_legacy.html accessed on 7 Septem-
ber 2025), corresponding to station 76654 located in Manzanillo, Colima, were used for
the 2009-2011 period. The radiosonde observations provide vertical atmospheric pro-
files, including temperature, pressure, and relative humidity at different altitude levels.
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Due to the limited availability of radiosonde stations in southwestern Mexico, the nearest
available station was selected as the independent atmospheric reference for validating GPS-
derived PWV. The comparison was performed using daily PWV averages in order to reduce
discrepancies associated with short-term temporal differences between the two datasets.

The radiosonde station is located at an altitude of 3.0 m above sea level, whereas
the GPS stations TECO, COL2, and PENA are located at altitudes of 211.6 m, 528.8 m,
and 1491.0 m above sea level, respectively. These altitude differences, particularly for
PENA, may introduce discrepancies associated with the vertical variability of atmospheric
water vapor. Nevertheless, the radiosonde observations represent the closest available
independent atmospheric reference within the study area.

The radiosonde-derived PWV values were obtained directly from the University of
Wyoming Atmospheric Soundings database using the parameter “Precipitable Water [mm]
for entire sounding”. This variable represents the total atmospheric water vapor integrated
throughout the atmospheric column sampled by the radiosonde and was used as the
reference dataset in this study. Similar radiosonde-derived PWV products have previously
been used to validate GPS-derived PWYV estimates [34]. The main characteristics of the
radiosonde station are summarized in Table 5.

Table 5. Characteristics of the radiosonde station used in this study.

Station Days Used per Year Total Coordinates

Latitude  Longitude Height
©) ©) (m)

76654 245 336 294 969 19.044 —104.319 3.0

2009 2010 2011 Days

2.6. Precipitation Data

Precipitation data were obtained from the climatological information portal of the
National Meteorological Service (SMN), operated by the National Water Commission
(CONAGUA) (https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/
informacion-estadistica-climatologica accessed on 19 September 2025). Meteorological
stations located near the GPS sites were selected to investigate the relationship between
GPS-derived PWYV variations and precipitation events within the study area.

Daily rainfall records from the Venustiano Carranza (6048), Pefia Colorada (6030), and
Trapiche (6073) meteorological stations were analyzed for the rainy seasons (July-October)
of 2009, 2010, and 2011. Their geographical characteristics are summarized in Table 6.
These stations were selected because of their proximity to the GPS sites, ensuring that the
precipitation records were representative of the local meteorological conditions.

Table 6. Meteorological stations used in this study.

Station Code Latitude (°)  Longitude (°)  Height (m)
Venustiano Carranza 6048 18.936 —103.874 45
Pefia Colorada 6030 19.360 —104.093 720
Trapiche 6073 19.279 —103.662 663

The precipitation data correspond to daily accumulated rainfall (mm day ') and were
analyzed primarily during the rainy season (July-October), when tropical cyclone activity
is most frequent in the region. These data were compared with the GPS-derived PWV
time series to investigate the relationship between atmospheric water vapor content and
precipitation occurrence. This analysis also explores the potential of GPS-derived PWV
as an indicator of atmospheric conditions favorable for precipitation, particularly during
extreme meteorological events [35].

https://doi.org/10.3390/ geomatics6040084


https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://doi.org/10.3390/geomatics6040084

Geomatics 2026, 6, 84

10 of 23

2.7. ERAb5 Data

ERADS is the fifth-generation atmospheric reanalysis produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF) [36]. It combines observations from
meteorological stations, radiosondes, and satellite sensors through data assimilation within
numerical weather prediction models, providing a continuous and physically consistent
representation of the atmospheric state.

In this study, Total Column Water Vapour (TCWYV) data from ERA5 were used as
an independent reference for validating GPS-derived PWV during the 20092011 period.
This variable represents the vertically integrated atmospheric water vapor content and is
directly comparable to PWV expressed in millimeters.

ERAS data were obtained at an hourly temporal resolution and a spatial resolution
of approximately 0.25° x 0.25°. For each GPS station, the nearest ERA5 grid cell was
selected according to its geographical coordinates. This approach was consistently applied
to all stations throughout the entire study period to ensure a homogeneous comparison
among the evaluated mapping functions. Although bilinear interpolation using the four
surrounding ERAS5 grid cells could potentially provide a more representative estimate
at the station location, the nearest-grid-cell approach was considered appropriate for the
objectives of this study, which focus on comparing the relative performance of the evaluated
mapping functions rather than on optimizing the ERA5 extraction procedure. The hourly
values were subsequently averaged to daily values to ensure temporal consistency with the
GPS-derived PWV and radiosonde PWV time series.

ERAD5 provides a temporally continuous and spatially consistent reference dataset
for evaluating the temporal evolution of atmospheric water vapor and complements the
validation performed with radiosonde observations.

2.8. Statistical Comparison and Validation

The performance of the evaluated tropospheric mapping functions was assessed
by comparing the GPS-derived PWYV estimates with the independent reference datasets
(radiosonde and ERAS5). The Pearson correlation coefficient [37] was used to quantify the
degree of linear association between the datasets, as expressed in Equation (5).

_ EX-X)(Y-Y)
VEX = X)? (Y - Y)?
where X represents the GPS-derived PWV values and Y corresponds to the reference PWV

(5)

values obtained from radiosonde observations or ERA5. X and Y denote the mean values of
each dataset, respectively. Correlation coefficients approaching 1 indicate a strong positive
linear relationship between the compared datasets.

Model performance was further evaluated using the bias (BIAS), expressed in
Equation (6), and the root mean square error (RMSE), calculated using Equation (7):

1
BIAS = - Y (X-Y) (6)

RMSE = 4/ % Y (X—Y)? 7)

where 7 is the total number of observations, X represents the GPS-derived PWYV estimate,
and Y corresponds to the reference value.

To quantify the uncertainty associated with the performance metrics, 95% confidence
intervals were estimated for RMSE and BIAS using moving-block bootstrap resampling
with a block length of seven days and 5000 bootstrap replicates. The moving-block approach

https://doi.org/10.3390/ geomatics6040084


https://doi.org/10.3390/geomatics6040084

Geomatics 2026, 6, 84

11 of 23

Precipitable Water Vapor (mm)

(A) 2009
80

70 1+
60 +
50 1
40 +
30 KA

20

10 f------m-mt— oo

80
70
60
50

40+

30
20
10

80
70
60
50

40 1

was adopted to partially preserve the temporal dependence of the daily PWYV series during
the resampling procedure.

In addition, pairwise comparisons among the evaluated mapping functions were
performed using the Wilcoxon signed-rank test applied to the paired daily absolute PWV
errors. The comparisons included GMF-NMF, GMF-VMF1, and NMF-VMF]1 for each
station, year, and reference dataset. To account for multiple pairwise comparisons, the
Holm correction was applied, and statistical significance was evaluated at the 0.05 level.

The ERA5 PWYV values were extracted from the nearest ERA5 grid cells to each GPS
station. The coordinates of the selected ERA5 grid cells are presented in Table 7.

Table 7. ERAS grid cells used for PWV extraction.

Station Latitude (°) Longitude (°)
COL2_ERA5 19.24 —103.72
TECO_ERAS5 18.85 —103.87
PENA_ERA5 19.28 —104.02

3. Results

The annual GPS-derived PWYV time series obtained using the GMF, VMF1, and NMF
mapping functions were compared with radiosonde observations to evaluate their seasonal
behavior and temporal variability.

For station COL2 (Figure 2), the GPS-derived PWYV time series exhibited a well-defined
seasonal cycle throughout the 2009-2011 period, with lower values during winter and
higher values during the summer rainy season. All three mapping functions reproduced
the temporal evolution observed in the radiosonde data; however, noticeable differences
were observed in both PWV magnitude and the agreement with the reference observations.

Methods
— Radiosonde
— NMF
— VMF
— GMF

Seasons W CTai oo BEE oMo 0T D Bl D Sh ) PR SR SIS S _ o i S = Correlation
3 Winter NMF : r = 0.962
VMF : r = 0.962

3 spring
[ Ssummer

GMF: r=0.923

Correlation
NMF : r=0.972
VMF : r = 0.970
GMF : r = 0.966

30 1 /in

20
10 1

Correlation
NMF : r=0.963
VMF : r=0.972
GMF : r = 0.964

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months of the year

Figure 2. Comparison of GPS-derived PWYV time series obtained using GMF, NMF, and VMF1 against
radiosonde observations at station COL2.

Among the evaluated mapping functions, GMF and NMF generally showed the
highest agreement with the radiosonde observations. During 2009, both mapping functions
achieved correlation coefficients ranging from approximately 0.92 to 0.97, whereas VMF1
exhibited lower correlations during 2010 and 2011, with values below 0.79. These results
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indicate that, under the adopted processing strategy, GMF and NMF generally provided
more consistent agreement with the reference observations than VMF1 at station COL2.

The GPS-derived PWYV time series for station PENA (Figure 3) exhibited a seasonal
pattern similar to that observed at COL2, with all three mapping functions reproducing the
temporal evolution of the radiosonde observations. However, larger differences among the
mapping functions were evident, particularly in the estimated PWV magnitude and the
agreement with the reference dataset.
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Figure 3. GPS-derived PWV time series obtained using GMF, NMF, and VMF1 compared with
radiosonde observations at station PENA.

The correlation coefficients between GPS-derived PWV and radiosonde observations
ranged from 0.91 to 0.96 for GMF and NMEF. During 2009, all three mapping functions
achieved high correlations (0.93-0.96), whereas in 2010 and 2011, GMF and NMF main-
tained values above 0.91 while VMF1 decreased to values below 0.82. Although high
correlations were obtained, the RMSE and BIAS values remained larger than those ob-
served at COL2, indicating greater differences between the GPS-derived PWV and the
radiosonde observations. Overall, GMF and NMF generally provided lower RMSE and
BIAS values than VMF1 at station PENA.

Station TECO (Figure 4) exhibited a seasonal pattern similar to those observed at COL2
and PENA. All three mapping functions successfully reproduced the temporal evolution
of the radiosonde observations, with smaller differences among the estimated PWV time
series than those observed at the other two stations.

The GPS-derived PWV estimates at TECO consistently exhibited the strongest agree-
ment with the radiosonde observations throughout the study period. Correlation coef-
ficients reached values close to 0.97 in 2009, ranged between 0.97 and 0.98 in 2010, and
between 0.95 and 0.98 in 2011. Furthermore, RMSE values remained between approxi-
mately 3.2 and 5.5 mm, whereas BIAS values ranged from —1.4 to —2.7 mm. Overall, the
three mapping functions produced very similar results at TECO, with only small differences
in RMSE and BIAS among the evaluated solutions.

Table 8 summarizes the RMSE and BIAS values obtained for the three mapping
functions at stations TECO, PENA, and COL2 during the 2009-2011 period. Overall, TECO
exhibited the lowest RMSE and BIAS values, indicating the closest agreement with the
radiosonde observations, whereas PENA showed the largest errors and COL2 presented
intermediate performance. Across the three stations, the relative performance of the
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evaluated mapping functions varied according to the station, study year, and reference
dataset. Although GMF and NMF frequently yielded lower RMSE and BIAS values under
the adopted processing strategy, the lowest errors were not consistently associated with a

single mapping function across all analyzed conditions.

Methods
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Figure 4. GPS-derived PWV time series obtained using GMF, NMF, and VMF1 compared with

radiosonde observations at station TECO.

The comparison between GPS-derived PWV and ERAS5 values for station COL2 is
presented in Figure 5 for the years 2009, 2010, and 2011. Similar to the comparison with
radiosonde observations, the GPS-derived PWYV time series reproduced the seasonal vari-
ability represented by the ERA5 product, with lower values during winter and higher
values during the summer rainy season. Differences among the evaluated mapping func-
tions were also evident in the estimated PWV magnitude and their agreement with the

ERADS reanalysis.

T|— wmr
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Figure 5. GPS-derived PWV time series obtained using GMF, NMFE, and VMF1 compared with ERA5

reanalysis data at station COL2.
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The comparison between GPS-derived PWV and ERAS for station COL2 (Figure 5)
shows good agreement throughout the 20092011 period. Both datasets reproduced the
expected seasonal variability, characterized by higher PWV values during the summer rainy
season and lower values during winter. All three mapping functions captured the temporal
evolution represented by the ERA5 reanalysis, although differences were observed in the
estimated PWV magnitude and the agreement with the reference dataset.

Table 8. RMSE and BIAS values of GPS-derived PWV obtained using GMF, NMF, and VMF1
compared with radiosonde observations and ERA5 at stations TECO, PENA, and COL2 during the
2009-2011 period.

TECO
Year Model Used Data Radiosonde ERA5 Missing Observations
RMSE BIAS RMSE BIAS Radiosonde ERA5
GMF 3.709 —1.664 2.269 0.228 48
2009 NMEF 316 4.237 —2.683 2.346 —0.780
VMF1 4.219 —2.670 2.346 —0.760
GMF 3.393 —1.512 2.278 -0.117 8
2010 NMEF 357 3.272 —1.470 2.355 —0.079
VMF1 3.541 —1.483 2.436 —0.146
GMF 4.330 —2.595 2.797 —0.725 68
2011 NMEF 296 4.166 —2.725 2.298 —0.852
VMF1 5.464 —2.721 4.363 —0.852
PENA
Year Model Used Data Radiosonde ERAS5 Missing Observations
RMSE BIAS RMSE BIAS Radiosonde ERA5
GMF 18.239 —17.228 9.192 —8.669 48
2009 NMF 316 17.158 -16.136 8.099 —7.551
VMF1 7.100 —5.943 3.863 2.957
GMF 16.304 —15.161 7.021 —6.393 9
2010 NMF 356 19.096 —18.126 9.788 —9.346
VMF1 18.131 —17.119 8.834 —8.339
GMF 13.131 —11.242 4.987 —2.033 70
2011 NMEF 294 17.862 —16.623 7.580 —7.050
VMF1 18.987 —17.665 8.578 —8.039
COL2
Year Model Used Data Radiosonde ERA5 Missing Observations
RMSE BIAS RMSE BIAS Radiosonde ERA5
GMF 7.269 —5.128 4.206 1.656 47
2009 NMF 317 7.084 —5.919 2.601 0.924
VMF1 7.072 —5.910 2.616 0.938
GMF 6.786 —5.343 3.144 1.034 9
2010 NMF 356 6.346 —4.975 2.950 1.376
VMF1 6.408 —5.001 2.976 1.389
GMF 7.010 —5.290 3.423 2.028 70
2011 NMF 294 17.882 —16.668 9.723 —-9.217
VMF1 7.068 —5.560 3.184 1.824

Correlation coefficients remained high throughout the study period, particularly for
GMF and NMF, with values ranging from approximately 0.94 to 0.98. In contrast, VMF1
exhibited lower correlations, especially during 2010 and 2011.
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Figure 6 presents the comparison between GPS-derived PWV and ERAS for station
PENA during the 20092011 period. Similar to COL2, the GPS-derived PWYV time series
reproduced the seasonal variability represented by the ERAS reanalysis. However, larger
differences among the mapping functions were observed, particularly in the estimated
PWYV magnitude and their agreement with the reference dataset.
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Figure 6. Comparison of GPS-derived PWYV time series obtained using GMF, NMF, and VMF1 against
ERADS data for station PENA.

For station PENA, the comparison with ERA5 showed better agreement than that
obtained with the radiosonde observations. Correlation coefficients remained above 0.778
throughout the study period, with NMF consistently achieving the highest correlations,
exceeding 0.97. GMF also exhibited stable performance, whereas VMF1 showed greater
variability, particularly during 2010, when the correlation decreased below 0.78 before
partially recovering in 2011.

Figure 7 presents the comparison between GPS-derived PWV and ERA5 data for
station TECO during the 2009-2011 period.
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Figure 7. Comparison of GPS-derived PWYV time series obtained using GMF, NMF, and VMF1 against
ERADS data for station TECO.
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Among the three analyzed stations, TECO exhibited the highest agreement with
the ERAS reanalysis. Correlation coefficients remained close to 0.99 for GMF and NMF
throughout the study period, whereas VMF1 showed a similar temporal behavior with
only a slight reduction in correlation during 2011. Overall, the three mapping functions
reproduced the temporal evolution represented by the ERA5 reanalysis, with GMF and
NMEF exhibiting the highest correlations.

The relationship between GPS-derived PWYV and precipitation records for stations
PENA, TECO, and COL2, using NMF, is presented in Figure 8. All three stations exhibited
a well-defined seasonal cycle, with relatively low PWYV values during January—April
followed by a progressive increase beginning in spring and reaching maximum values
during summer and early autumn (June-October).

2009 2010 2011

GNSS-derived PWV (mm)

GNSS-derived PWV (mm)

Jul

Aug

GNSS-derived PWV (mm)

Sep Oct Jul Aug Sep Oct Jul Aug Sep Oct
Months Months Months

W Precipitation —— PENA =— TECO — COL2

Figure 8. Relationship between GPS-derived PWV obtained using NMF and precipitation records
from the TECO, COL2, and PENA meteorological stations during the 2009-2011 period.

The increase in PWV coincides with the period of greatest precipitation frequency and
intensity, indicating a close relationship between atmospheric water vapor availability and
rainfall occurrence. In most cases, increases in PWV precede or accompany precipitation
events, supporting the use of GPS-derived PWV as an indicator of atmospheric conditions
favorable for precipitation development.

Some intense precipitation events, however, occur when PWYV values are already
decreasing. This behavior reflects the fact that PWV represents the total atmospheric water
vapor content, whereas precipitation develops after part of this vapor has condensed into
cloud water and rainfall. Consequently, maximum precipitation does not necessarily coin-
cide with maximum PWYV, particularly in tropical regions dominated by convective processes.

This seasonal behavior is consistently observed at the three analyzed stations, demon-
strating the capability of GPS-derived PWYV to characterize the regional hydrological cycle
and highlighting its potential for atmospheric monitoring in regions frequently affected by
extreme meteorological events.

Table 8 summarizes the RMSE and BIAS values obtained from the comparisons with
both radiosonde observations and ERA5 for the three evaluated mapping functions. TECO
consistently exhibited the lowest errors and the strongest agreement with the reference
datasets, whereas COL2 and particularly PENA showed larger discrepancies, especially in
the comparison with the radiosonde observations. These differences are consistent with the
influence of spatial representativeness discussed throughout the manuscript.
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Table 9 further summarizes the mapping function yielding the lowest RMSE for each
station—year combination and reference dataset. Overall, the best-performing mapping
function varied according to the validation dataset, station, and year. For the radiosonde
comparison, GMF produced the lowest RMSE in four of the nine station-year combinations,
followed by NMF in three cases and VMF1 in two cases. An identical distribution was
obtained for the ERA5 comparison, with GMF, NMF, and VMF1 providing the lowest RMSE
in four, three, and two cases, respectively. These results confirm that no single mapping
function consistently outperformed the others across all analyzed conditions.

Overall, the results demonstrate that GPS-derived PWV successfully reproduced the
temporal evolution of atmospheric water vapor in southwestern Mexico. Comparisons
with both radiosonde observations and ERAS revealed good agreement in seasonal and
interannual variability, with TECO exhibiting the closest agreement with the reference
datasets. Although larger discrepancies were observed at COL2 and PENA, particularly in
the comparison with radiosonde observations, the agreement with ERA5 was generally
stronger, suggesting that the gridded nature of the reanalysis product partially reduces the
influence of spatial representativeness.

Finally, the comparison with precipitation records indicates that increases in GPS-
derived PWV were generally associated with periods of enhanced rainfall activity, support-
ing its potential use as an indicator of atmospheric conditions favorable for precipitation
in tropical regions. As discussed previously, this comparison is intended as a qualitative
assessment of seasonal variability rather than as evidence of predictive capability.

Table 9. Overall summary of the mapping function yielding the lowest RMSE for each station and
year using radiosonde observations and ERAS as reference datasets.

Station Year Radiosonde ERA5
TECO 2009 GMF GMF
TECO 2010 NMF GMF
TECO 2011 NMF NMF
PENA 2009 VMF1 VMF1
PENA 2010 GMF GMF
PENA 2011 GMF GMF
COL2 2009 VMF1 NMF
COL2 2010 NMF NMF
COL2 2011 GMF VMF1

Best RMSE (No. of cases) GMF: 4 GMF: 4

NMEF: 3 NMEF: 3

VMF1: 2 VMF1: 2

Overall, the mapping function yielding the lowest RMSE varied according to the
validation dataset, station, and year. For the radiosonde validation, GMF produced the
lowest RMSE in four of the nine station-year combinations, followed by NMF in three cases
and VMFI in two cases. The ERA5 comparison showed an identical distribution, with GME,
NME, and VMF1 providing the lowest RMSE in four, three, and two cases, respectively.
These results confirm that no single mapping function consistently outperformed the
others across all analyzed conditions. Although GMF accounted for the largest number
of best-performing cases, the relative performance of the evaluated mapping functions
depended on the validation dataset, station characteristics, study year, and the spatial
representativeness of the reference observations.
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Statistical Comparison of Mapping-Function Performance

The descriptive comparison based on RMSE and BIAS was complemented by moving-
block bootstrap confidence intervals and pairwise Wilcoxon signed-rank tests applied to the
daily absolute PWV errors Table 10. The statistical analyses were performed independently
for each station, year, and reference dataset.

Table 10. Summary of the pairwise Wilcoxon signed-rank tests applied to the daily absolute PWV
errors. Values indicate the number of statistically significant comparisons (p < 0.05 after Holm
correction) out of the nine station-year combinations evaluated for each reference dataset.

Comparison Radiosonde ERA5
GMF-NMF 7/9 6/9
GMF-VMF1 8/9 7/9
NMF-VMF1 8/9 7/9

For the radiosonde validation, statistically significant differences were identified in
seven of the nine GMF-NMF comparisons and in eight of the nine comparisons involving
VMF1. For ERAS5, significant differences were identified in six of the nine GMF-NMF
comparisons and in seven of the nine comparisons involving VMF1. However, the direction
of the statistically significant differences varied according to the station, year, and reference
dataset. Therefore, the Wilcoxon results indicate that differences among the mapping
functions were statistically detectable under several analyzed conditions, but they do not
support a consistent ranking of the three functions across all comparisons Table 11.

Table 11. Summary of the overlap between the 95% moving-block bootstrap confidence intervals
for RMSE. Values indicate the number of station—year combinations with overlapping confidence
intervals out of the nine combinations evaluated for each reference dataset.

Comparison Radiosonde ERA5
GMF-NMF 6/9 4/9
GMF-VMF1 6/9 4/9
NMEF-VMF1 6/9 6/9

The moving-block bootstrap analysis showed that the degree of overlap between
the 95% RMSE confidence intervals varied according to the mapping-function pair and
reference dataset. For the radiosonde comparisons, overlapping intervals were observed in
six of the nine station—year combinations for each pair of mapping functions. For ERA5,
overlap occurred in four of the nine GMF-NMF and GMF-VMF1 comparisons and in six
of the nine NMF-VMFI1 comparisons. These results indicate that the separation among the
RMSE estimates was not consistent across all stations, years, and reference datasets.

Taken together, the bootstrap confidence intervals and Wilcoxon tests indicate that
the relative performance of GMF, NMF, and VMF1 varied among stations, years, and
validation datasets. Although statistically significant differences were observed under
several conditions, no single mapping function consistently produced the lowest errors
across all analyzed conditions.

4. Discussion

The GPS-derived PWYV estimates obtained from GAMIT processing at stations COL2,
PENA, and TECO exhibit a well-defined seasonal cycle during the 2009-2011 period,
characterized by minimum values during winter and maximum values during summer,
consistent with the climatic conditions of the Mexican Pacific region. This seasonal behavior
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agrees with previous studies that relate PWV variability to seasonal changes in atmospheric
temperature and moisture content [38,39].

The comparison with radiosonde observations and ERA5 reanalysis demonstrates that
GPS-derived PWYV successfully reproduces the temporal evolution of atmospheric water
vapor. Although high correlations were obtained for all stations, systematic differences in
PWYV magnitude were observed, particularly for COL2 and PENA. These discrepancies are
mainly attributed to differences in the spatial representativeness of the atmospheric column
sampled by the GPS stations and the reference observations. Because PWYV represents the
vertically integrated atmospheric water vapor content, differences in horizontal distance and
station elevation affect the comparability between GPS-derived and reference PWV estimates.

Although ERAS5 provides a spatially and temporally consistent reference dataset, it rep-
resents atmospheric conditions averaged within grid cells of approximately 0.25° x 0.25°
rather than point-scale observations. Consequently, differences between ERA5-derived and
GPS-derived PWV may partly reflect the spatial averaging inherent to the reanalysis prod-
uct, particularly in regions characterized by complex topography and strong atmospheric
gradients such as southwestern Mexico. Furthermore, differences between the mean eleva-
tion represented by the ERA5 grid cell and the GPS station elevations may contribute to
discrepancies in the integrated atmospheric water vapor. Therefore, the agreement between
GPS-derived PWV and ERAS should be interpreted considering both the representativeness
of the reanalysis product and the local characteristics of the observation sites.

Among the analyzed stations, TECO consistently exhibited the closest agreement with
both radiosonde observations and ERA5, with RMSE values of approximately 3-5 mm and the
highest correlation coefficients. In contrast, PENA presented the largest discrepancies, primarily
because of its substantial elevation difference relative to the Manzanillo radiosonde station
(approximately 1488 m), while COL2 showed intermediate performance. These results further
support the importance of spatial representativeness when validating GPS-derived PWYV,
particularly in regions characterized by complex terrain and strong atmospheric variability.

Although a height correction could potentially reduce part of the discrepancies associated
with the elevation differences between the GPS stations and the radiosonde site, such a cor-
rection was not applied in this study. Consequently, part of the larger RMSE and BIAS values
observed at PENA, and to a lesser extent at COL2, are likely associated with differences in the
sampled atmospheric column arising from the substantial elevation differences and horizontal
separation between the GPS stations and the radiosonde site, rather than exclusively with the
evaluated mapping functions. The implementation of a height correction requires assumptions
regarding the vertical distribution of atmospheric water vapor, temperature lapse rates, and the
representativeness of meteorological parameters between observation sites. In tropical regions
characterized by complex topography and strong atmospheric variability, these assumptions
may introduce additional uncertainties. Therefore, the present study focused on the direct com-
parison between GPS-derived PWV and independent reference datasets in order to evaluate the
relative performance of the mapping functions under operational conditions. Future studies
should investigate the potential benefits of applying height-corrected PWV comparisons using
local meteorological observations or higher-resolution atmospheric products.

The comparison of the evaluated mapping functions revealed differences in their
performance under the processing strategy adopted in this study. Although GMF and
NMEF frequently exhibited lower RMSE values and high correlations with both radiosonde
observations and ERAS5, their relative performance varied according to the station, study
year, and reference dataset. Table 9 further demonstrates that no single mapping function
consistently outperformed the others across all analyzed conditions. This interpretation
is reinforced by the statistical analyses presented in Section Statistical Comparison of
Mapping-Function Performance. Pairwise Wilcoxon signed-rank tests identified statistically
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significant differences for several station—year combinations; however, the direction of
these differences varied among stations, years, and reference datasets. Likewise, the
moving-block bootstrap analysis showed overlapping 95% confidence intervals for RMSE
in multiple comparisons, indicating that the observed differences were frequently too small
to clearly distinguish the mapping functions when sampling uncertainty was taken into
account. Taken together, these statistical results indicate that the relative performance of
the evaluated mapping functions depends on the processing configuration, atmospheric
conditions, and the spatial representativeness of the reference observations rather than
supporting a universal ranking of mapping-function performance. Although VMF1 is
based on atmospheric fields derived from ECMWF numerical weather models and ray-
tracing techniques, its expected advantage was not consistently reflected in the present
dataset under the analyzed conditions.

The reduced consistency observed for VMF1 requires further investigation. Following the
reviewer’s recommendation, the complete processing strategy, including the GAMIT/GLOBK
configuration, the VMF1 coefficient files, and the processing parameters adopted for all
mapping-function solutions, was carefully re-examined. No inconsistencies were identified,
and the same processing strategy was confirmed for GME, NMF, and VMF1, with the tro-
pospheric mapping function being the only parameter modified among the three solutions.
Although regional atmospheric variability, complex topography, and the representation of
atmospheric conditions may contribute to the observed differences, the present analysis does
not allow these factors to be isolated. Therefore, the origin of the larger discrepancies observed
for VMF1 remains uncertain and should be investigated in future studies. Consequently, the
present results should be interpreted with caution and are representative only of the analyzed
stations, the 20092011 study period, and the adopted processing strategy.

Additional uncertainties arise from the estimation of the surface pressure (P;) and
weighted mean atmospheric temperature (T},;), which are required to convert ZTD into PWV.
Because in situ meteorological observations were unavailable, these parameters were obtained
using the empirical GPT model implemented through the GAMIT/GLOBK metutil utility.
Although GPT has been widely adopted in geodetic and GNSS meteorology applications, its
empirical formulation does not explicitly reproduce short-term atmospheric pressure variabil-
ity, and its accuracy may decrease in regions characterized by strong topographic gradients
and large elevation differences. Nevertheless, the same meteorological model, including the
default relative humidity adopted by GAMIT/GLOBK, was consistently applied throughout
all processing solutions, ensuring that any uncertainty associated with the meteorological in-
puts affected all evaluated mapping functions in the same manner. Therefore, the comparative
assessment among GME NMF, and VMF1 was performed under an identical meteorological
framework, allowing the influence of the mapping functions to be evaluated consistently.
Furthermore, ERA5 was intentionally reserved as an independent dataset for validation;
therefore, ERA5-derived surface pressure was not incorporated into the PWYV retrieval in
order to preserve the independence of the validation procedure. Consequently, part of the
discrepancies observed, particularly at PENA, may be associated with uncertainties in the
atmospheric parameters used during PWYV retrieval. A comprehensive sensitivity analysis
using meteorological parameters derived from ERA5 profiles or radiosonde observations
would provide additional insight into this issue; however, such an analysis is beyond the
scope of the present study and should be addressed in future investigations.

Another potential source of uncertainty is associated with the radiosonde observa-
tions from station 76654 operated by the Mexican National Meteorological Service (SMIN-
CONAGUA). Detailed metadata describing the radiosonde models and humidity sensor
characteristics used during the study period were unavailable, preventing an assessment of
possible instrumental dry or wet biases reported for some radiosonde systems. Consequently,
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part of the observed discrepancies between GPS-derived and radiosonde PWV may originate
from instrumental effects rather than from the GPS estimates themselves. The inclusion of
ERA?J as an independent validation dataset strengthens the reliability of the overall interpreta-
tion by providing an additional reference independent of the radiosonde measurements.

Finally, the relationship observed between GPS-derived PWV and precipitation high-
lights the capability of GNSS observations to characterize regional atmospheric moisture
variability. Increases in PWV generally preceded or accompanied periods of enhanced
precipitation, supporting previous studies that reported temporal lags between maximum
atmospheric water vapor content and rainfall occurrence [40]. These findings further
support the potential of GPS-derived PWV as a complementary tool for atmospheric moni-
toring and for improving the understanding of hydrometeorological processes in tropical
regions frequently affected by severe weather events.

5. Conclusions

This study evaluated the performance of three tropospheric mapping functions (GMF,
NME, and VMF]1) for estimating GPS-derived precipitable water vapor (PWYV) in south-
western Mexico using continuous GPS observations collected during the 2009-2011 period.
The results show that GPS-derived PWYV successfully reproduced the seasonal evolution
of atmospheric water vapor, with minimum values during the dry season and maximum
values during the summer rainy season, consistent with the regional climatic regime.

Validation against independent radiosonde observations and ERA5 reanalysis demon-
strated that GPS-derived PWV provides a reliable representation of atmospheric water
vapor variability. However, the level of agreement depended on the spatial representa-
tiveness of the reference datasets. Stations with smaller horizontal and vertical differences
relative to the reference observations, particularly TECO, exhibited the highest correla-
tions together with the lowest RMSE and BIAS values, whereas larger discrepancies were
observed at stations located at higher elevations or farther from the radiosonde site.

Among the evaluated mapping functions, GMF and NMF generally yielded lower
RMSE and BIAS values and more consistent performance under the adopted processing
strategy. However, the best-performing mapping function varied depending on the station,
study year, and reference dataset, indicating that no single mapping function consistently
outperformed the others. These findings are specific to the analyzed stations, the 20092011
study period, and the adopted processing strategy, and therefore should not be interpreted
as a general ranking of mapping-function performance.

The comparison between GPS-derived PWV and precipitation records showed that
increases in atmospheric water vapor generally preceded or accompanied periods of
enhanced rainfall activity. Nevertheless, this comparison was intended only as a qualitative
assessment of seasonal variability and should not be interpreted as establishing predictive
relationships or precipitation thresholds.

Overall, this study highlights the importance of considering spatial representativeness,
elevation differences, and processing strategy when validating GPS-derived PWV products
in tropical regions characterized by complex topography. The results contribute to the lim-
ited body of knowledge available for southwestern Mexico and provide a useful reference
for future GNSS meteorology studies in similar environments. At the same time, the ob-
served differences among the evaluated mapping functions indicate that PWYV retrievals
should be interpreted considering the selected processing configuration together with the
representativeness of the reference datasets. Future work should incorporate denser GNSS
and meteorological observation networks, together with higher-resolution atmospheric prod-
ucts and additional sensitivity analyses of meteorological inputs, to further improve PWV
estimation and atmospheric monitoring.
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