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Abstract

The Artificial Intelligence Forecasting System (AIFS), recently released by the European
Centre for Medium-Range Weather Forecasts (ECMWE), represents a major shift in global
weather prediction by replacing traditional physically based approaches with machine-
learning methods. This study evaluates the impact of using AIFS as initial and lateral
boundary conditions for the Weather Research and Forecasting (WRF) model, in contrast to
the well-established physically based GFS. The aim of this work is to analyze the sensitivity
of these different modelling configurations during three high-impact storms that affected
Spain in 2025 and the effects of replacing GFS for AIFS as lateral and boundary conditions
for WRF over the accuracy of operational forecasts. The analysis focuses on maximum
wind gusts, accumulated precipitation, and the generation of meteorological warnings.
Results show that AIFS substantially underestimates wind gusts with mean bias values
between —13 and —25 km/h, and its forecasts differ markedly from those of GFS. When
coupled with WRF, however, both AIFS-WRF and GFS-WRF produce similar results, with
a general tendency to overestimate gusts, with mean bias values between 4 and 15 km/h.
In all cases, WRF adds value, improving the representation of wind-related variables
compared with the raw global model outputs. For accumulated precipitation, both WRF
configurations reproduce the main rainfall patterns associated with the storms. AIFS-WRF
shows a stronger tendency to overestimate precipitation, with RMSE values of 64, 23,
and 12 mm for the different high-impact storms considered, although it also achieves the
highest correlations. Finally, the analysis of meteorological warnings indicates that AIFS
alone generates almost no wind gusts alerts. Once coupled with WREF, both configurations
generate warnings in the regions where the most severe conditions occurred. Overall,
while the added value of mesoscale models such as WRF is well established and confirmed
here, the Al-based AIFS does not show clear advantages in comparison with traditional
global models for these high-impact events being analyzed.

Keywords: WREF; AIFS; GFS; modelling; meteorology; winds; precipitation; rainfall; warnings

1. Introduction

Weather forecasts based on modelling tools have become essential for managing potential
extreme meteorological phenomena and have contributed to protecting human lives [1]. They
also constitute a fundamental input variable for a wide range of prediction applications, such
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as air quality [2-4], hydrology [5], wind and solar resource assessments [6,7], forest fire risk [8],
and ocean waves and marine currents [9]. Moreover, in a climate change scenario, where
extreme events may become more frequent and intense [10], these forecasts are gaining even
more relevance.

National meteorological agencies, research institutes, universities, and private compa-
nies have traditionally used models that solve the equations governing the atmospheric
dynamics to provide global-scale forecasts—e.g., the Global Forecasting System (GFS) [11]
or the Integrated Forecasting System (IFS) [12]—as well as regional- or local-scale forecasts
using limited-area models (LAM), such as the Weather Research and Forecasting model
(WREF) [13] or the Harmonie—-Arome model [14].

Recent advances in artificial intelligence have led to the emergence of Al-based models
for weather forecasting applications. Models such as GraphCast [15], Pangu-Weather [16] or
FourCastNet [17], among others, have demonstrated the ability to provide weather forecasts
with equal or even greater accuracy than numerical models under certain conditions [18,19],
although some limitations have been identified [20-22].

In recent years, the European Centre for Medium-Range Weather Forecasts (ECMWEF)
has developed a new artificial-intelligence-based model, AIFS (Artificial / Integrated Fore-
casting System) [23,24]. AIFS was trained using historical data from the ECMWF Reanalysis
v5 (ERAD) [25] for the period 1979-2022, together with IFS forecasts from 2016 to 2022 [26].

In February 2025, ECMWF publicly released operational AIFS forecasts (available
online: https://confluence.ecmwf.int/display/fcst/implementation+oF+Aifs+Single+
v1 (accessed on 15 January 2026)). To the authors knowledge, no published studies have
yet evaluated their application and impact as initial and lateral boundary conditions
(LBC) for limited-area models. This research aims to assess how the use of AIFS pre-
dictions influences mesoscale forecasts generated by the WRF model, compared with
those obtained using GFS output as initial and LBC, extending a previous study on air
quality applications [27]. Here, the main interest is the analysis of the sensitivity of WRF
to different global model initializations for the prediction of precipitation events and
high winds. Modelling periods containing relevant episodes of precipitation and high
winds were selected. The studied area corresponds to the Iberian Peninsula (IP), with a
specific focus on Spain.

The study developed is significant because no research studies have been identified, at
the time of writing, that analyze the performance of the WRF model using AIFS as LBC. It
is relevant in terms of achieving improvements in the accuracy of meteorological forecasts
and especially for extreme events.

A description of the study area, the datasets, and the methodology used to compare
observed and modelled values is provided in Section 2. The results are presented in
Section 3, followed by a discussion in Section 4. Finally, the main conclusions are
summarized in Section 5.

2. Materials and Methods

This section is structured in three subsections: Section 2.1 describes the main geo-
graphical and environmental features of the area of interest; Section 2.2 presents a detailed
description of the modelling approach; and finally, Section 2.3 provides a description of the
datasets used, the modelling period, and model evaluation procedure. In Table 1, the main
characteristics of the methodology of this research paper are summarized.
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Table 1. Main methodological characteristics.

Characteristics Model/Data/Methodology Used
Region of interest Iberian Peninsula/Spain
Mesoscale meteorological model WRF
Global model as LBC GFS and AIFS
Meteorological data to validate From local official stations, AEMET
20-22 March 2025, Martinho high-impact storm
Modelling analysis period 3—4 April 2025, Nuria high-impact storm
10-11 April 2025, Olivier high-impact storm
Meteorological variables analyzed Mean wind speed, wind gust, and accumulated precipitation
Numerical deterministic evaluation using statistical parameters
(MB, RMSE, PCC, BS)
Forecast evaluation Scatter plots

Visual spatial analysis/bidimensional maps
Warning levels

2.1. Area Characteristics

The studied area corresponds to the Iberian Peninsula (IP), with a specific focus on
Spain. The IP is located in the southwestern part of Europe, and it is connected to the
rest of the continent by the Pyrenees. It is bounded to the west and north by the Atlantic
Ocean, and to the east and southeast by the Mediterranean Sea. The inner part of the IP is
dominated by the Central Plateau, a large elevated plain surrounded by major mountain
ranges such as the Pyrenees, the Cantabrian Mountains, the Central System, and Sierra
Morena. This complex orography contributes to the marked climatic diversity of the IP.

In the north, an oceanic climate predominates, with abundant rainfall and mild tem-
peratures. Inland areas experience a continental climate, with cold winters and hot, dry
summers. Along the eastern and southern coasts, the Mediterranean climate prevails, char-
acterized by hot, dry summers and mild winters. In the mountainous areas, high-altitude
conditions result in colder temperatures and frequent precipitation. IP shows spatial and
seasonal temperature variability due to its latitude, topography, and sea influence. Max-
imum temperature often exceed 40 °C in summer in the southern part, while minimum
winter temperature in mountain regions can drop below —10 °C.

The selected region is affected by high-impact storms that cause significant damage to
infrastructure and daily life.

2.2. Modelling Approach
2.2.1. WRF Modelling System

The mesoscale meteorological model used in this study is the Weather Research and
Forecasting—Advanced Research model (WRF-ARW) [13], version 4.3.3, developed by
the National Center of Atmospheric Research (NCAR). It is a next-generation numerical
weather prediction system designed for both research and operational forecasting, as well
as regional climate applications [28-34]. It is a fully compressible, non-hydrostatic model
that uses terrain-following hydrostatic pressure vertical coordinates.

WREF offers a large variety of parameterizations, which provide simplified represen-
tations of physical processes that are not explicitly described by the dynamical equations
(e.g., radiation, microphysics) or that occur at spatial scales too small to be resolved by the
model (e.g., turbulence, convection). These parameterizations play a key role in determin-
ing the model accuracy across different climatic and geographical conditions. Therefore,
selecting appropriate combinations of parameterizations is essential for improving forecast
reliability [35-39].
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The model was configured using a two-way nesting strategy with two computational
domains at horizontal resolutions of 9 km and 3 km, respectively, applying a spatial grid
ratio of 3:1 between consecutive domains. A model time step of 24 s was adopted following
numerical stability criteria associated with the outermost domain resolution. No nudging
technique was applied during the simulations, allowing the atmospheric evolution to
be driven exclusively by the model dynamics and the prescribed initial and boundary
conditions. Lateral boundary conditions were updated every 6 h using the corresponding
external forcing data.

Figure 1 shows the modelling domains used in this study. The parent domain (d01),
with a grid-point spacing of 9 km and which aimed to capture synoptic features and general
circulation patterns, is centred at 38.658° N, 4.043° W, and covers the IP, northwestern
Africa, France, and adjacent marine areas. It spans approximately 2700 x 2700 km? (west—
east x south-north). The nested domain (d02), with a grid spacing of 3 km, covers the
entire IP (1560 x 1245 km?) and the aim is to capture the mesoscale phenomena that affects
the region of interest.

-20.0 —-10.0 0.0 10.0
Longitude

Figure 1. Modelling domains used in the simulations.

For this study, we have configured the WRF model for operational forecasts using the
parameterizations employed in [27,37] and summarized in Table 2. These parameterizations
have been selected because they are widely used in WRF applications and have shown high
accuracy for forecasting variables such as wind speed [27,37] and precipitation [36] over
the IP. These parameterizations were kept fixed, as the aim of this work is to analyze the
sensitivity of WRF forecasts to different global model initializations rather than to evaluate
the sensitivity to physical parameterizations. Since this work represents the continuation of
a previous study, the modelling configuration has been maintained unchanged.

The configuration of vertical levels, topography, and land-use data follows the strategy
adopted in our previous study [27]. A total of 42 vertical levels were used, with the top
set at 50 hPa. Vertical resolution was enhanced near the surface, as previous studies have
demonstrated that this improves the accuracy of wind-related variables [37,40], with 25 levels
below 1500 m.a.s.l (metres above sea level) and the first model level at approximately 8 m.a.s.1.
Topography and land-use fields were selected from the default WRF datasets, using the
highest available resolution: GTOPO30 for terrain height and USGS for land-use categories,
both at 30 arc-second resolutions (approximately 1 km at the equator).
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Table 2. Configuration options selected in WRF.

Scheme/Parameterization/Option Option Selected
Models Domain do1, 402
Spatial Resolution 9 km (d01), 3 km (d02)
Vertical Levels 42 with the top set at 50 hPa
Time Step 24s
LBC Update 6h
Nudging No nudging
Topography GTOPO30
Land Uses USGS
Microphysics WDM?7 [41]
Longwave Radiation RRTMG [42]

Shortwave Radiation
Cumulus
Surface Layer
Land Surface

Dudhia [43]
Kain-Fritsch [44] (d01 only)
MMS similarity [45]
Noah LSM [46]

Planetary Boundary Layer Yonsei University [47]

A total of 14 simulations were conducted, each spanning 30 h. The first 6 h were
treated as spin-up time to reduce the influence of initial conditions. These simulations
correspond to the three high-impact storms described in Section 2.3.2, lasting 3, 2, and
2 days, respectively (7 days in total). For each day, two simulations were performed (one
initialized with GFS and one with AIFS), resulting in 14 forecasts and a maximum forecast
horizon of 24 h.

2.2.2. Global Model Initializations

Two global models have been used to provide initial and lateral boundary conditions
(LBC) for the WRF mesoscale simulations: GFS and AIFS. The IFS model was not included in
the comparison because previous work [27] showed that IFS and AIFS produce very similar
results, and therefore IFS would not provide additional insight. In addition, evidence
already exists regarding the performance of IFS-driven WRF simulations [48], as well as
direct comparisons between IFS and AIFS [49,50].

GFS is provided by the National Centers for Environmental Prediction (NCEP, available
online: https://www.nco.ncep.noaa.gov/pmb/products/gfs/ (accessed on 15 January
2026)) with a horizontal resolution of 0.25°, and it is updated every 6 h (00, 06, 12 and 18
UTC). AIFS is supplied by ECMWE (available online: https://data.ecmwf.int/ (accessed on
15 January 2026)) also with a 0.25° resolution and with the same updated frequency.

The forecast horizons are 384 h for GFS, and 360 h for AIFS. GFS provides 41 vertical
levels, whereas AIFS provides 13 levels. In both models, the first vertical level is located at
1000 hPa. The second level is near the surface: at 975 hPa for GFS, and at 925 hPa for AIFS.
The highest vertical level reaches 0.01 hPa in GFS and 50 hPa in AIFS.

Regarding temporal resolution, GFS provides hourly data for the first 120 forecast
hours, and 3-hourly data from 120 to 384 h. AIFS provides 6-hourly data throughout the
entire forecast period.

These specifications refer to publicly available open-data products suitable for initial-
izing mesoscale models. All simulations in this study, for every global model and every
storm, were initialized using global model outputs corresponding to 00 UTC.

2.3. Data Sets, Modelling Analysis Period, and Model Evaluation
2.3.1. Meteorological Data

Local meteorological stations managed by the Spanish National Meteorological Agency
(AEMET) were used to evaluate the performance of the simulations. The full AEMET
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network of automatic stations was considered, comprising more than 750 stations across
Spain. The data considered from AEMET is official data. These data have undergone quality
control, and any values that could be considered anomalous (out of range or meaningless)
have been excluded from the analysis.

2.3.2. Modelling Analysis Period

The analysis focused on three high-impact storms that affected the IP during March
and April 2025: Martinho, Nuria, and Olivier [51]. These three high-impact storms were se-
lected because they occurred shortly after the public release of AIFS forecasts and represent
storms of clearly different intensities. This diversity ensures that the results do not simply
reflect the models” behaviour under a single type of meteorological situation. While some
storms, such as Martinho, produced widespread and severe impacts, others, like Olivier,
were more spatially confined and considerably milder.

Storm Martinho [52] affected the entire IP, mainly between 20-22 March, progressing
from west to east. Maximum wind gusts (considering wind sustained for 3 s) reached
174 km per hour (km/h) at Cap de Vaqueira (42.69194° N, 0.97389° E, 03:30 local time
(LT) on 21 March 2025), 165 km/h at Cerler-Cogulla (42.555° N, 0.54306° E, 07:00 LT on
21 March 2025), and 154 km/h in Sierra Nevada (37.06306° N, 3.38694° W, 12:50 LT on
20 March 2025). The heaviest rainfall occurred on March 21, with daily accumulations
of 132.4 mm in Puerto del Pico (40.34156° N, 5.01152° W), 97.8 mm in Garganta la Olla
(40.11111° N, 5.78472° W), and 87.6 mm in Piornal (40.1153° N, 5.8492° W). The main
consequences of this storm were flooding, particularly in inland regions.

Storm Nuria [53] impacted the entire IP on 3 and 4 April, producing intense precipitation
over southern Castile and Leén and western Andalusia, and strong winds in Galicia, Andalu-
sia, the Pyrenees, the Basque Country, and southern Castile and Leén. Maximum gusts of up
to 148 km/h were recorded at the Sierra Nevada station (37.06306° N, 3.38694°W, 14:00 LT on
4 April 2025), 132.8 km/h in Cerezo de Arriba (41.19193° N, 3.47517°W, 06:00 LT on 4 April
2025), and Alto Campoo (43.03667° N, 4.37444° W, 11:00 LT on 4 April 2025). Daily rainfall
reached 85 mm in Piornal (40.1153° N, 5.8492° W), 67.4 mm in Puerto El Pico (40.34156° N,
5.01152° W), and 63 mm in Garganta de la Olla (40.11111°N, 5.78472° W). The storm also
produced hailstorms that severely affected agricultural areas in Castilla-La Mancha.

Storm Olivier [54] originated as an isolated upper-level depression and affected large
areas of the IP between 10 and 11 April 2025, particularly Andalusia, Castile and Le6n,
and Euskadi and Extremadura. Maximum gusts reached 103 km/h at Cabo de Gata
Faro (36.72194° N, 2.19306° W, 05:00 LT on 11 April 2025), 103 km/h in Sierra Nevada
(37.06306° N, 3.38694° W, 22:00 LT on 11 April 2025), and Cerezo de Arriba (41.19193° N,
3.47517° W, 17:00 LT on 11 April 2025). On 11 April, daily rainfall totals reached 117.9 mm
in Lugo—Col. Fingoi (42.99917° N, 7.55139° W), 65 mm in Lugo Rozas (43.11139° N,
7.45722° W), and 51 mm in Becerrera-Penamaior (42.865° N, 7.18361° W). Storm Olivier
also transported Saharan dust, resulting in mud rain, especially in the southern areas of
the IP.

For each storm, CFS analyses were used to describe the synoptic situation. Figure 2
shows the 500 hPa geopotential height and the 6 h accumulated precipitation fields from
the CFS analyses [55].

Figure 3 presents the maximum wind gusts and daily precipitation values recorded by
AEMET stations during each episode. Figure 4 displays the cloud cover over the IP during
the analyzed days.
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Figure 2. Geopotential height at 500 hPa (left) and 6 h accumulated precipitation (right) according to
CFS for 21 March 2025 (Martinho), 4 April 2025 (Nuria) and 11 April 2025 (Olivier) at 12 UTC. Charts
obtained from Wetterzentrale [56].
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Martinho

Olivier

>40 mm @ >80 mm >120 mm

Figure 3. Maximum values of wind gusts (left) and accumulated precipitation during all the episodes
(right) in AEMET stations during the storms used in the study. Only values exceeding 80 km/h for
wind gusts and 40 mm for accumulated precipitation are shown. OpenStreeMap has been used as the

background.
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Figure 4. Terra/MODIS corrected reflectance satellite imagery illustrating cloud cover. Images
obtained from NASA Worldview [57].

2.3.3. Forecast Evaluation and Forecast Sensitivity Analysis

To evaluate the forecast performance and sensitivity to different global initialization
models, a combined approach was adopted, integrating deterministic statistical metrics with
graphical and qualitative comparisons. The analysis focused on two key meteorological
variables: wind speed at 10 m, including both mean wind (averaged during 1 h) and wind
gusts (sustained for 3 s), and accumulated precipitation.

Forecast accuracy was quantified using several statistical metrics. For wind speed,
Pearson’s Correlation Coefficient (PCC), Mean Bias (MB) and Root Mean Square Error
(RMSE) were computed. For these statistical metrics, the comparison was performed by
using the WREF forecasted value at the model grid cell nearest to each observation station.
For precipitation, the Brier Score (BS) [58] was also included, as it is particularly suitable
for evaluating this variable.

The analysis was carried out over domain d02, the innermost modelling domain
(Figure 1). All statistics were computed using accumulated precipitation, mean wind speed,
and maximum wind gusts for each episode, comparing model outputs with observations.
Model performance was evaluated for 24 h forecasts.

For wind gust analysis, both global model outputs (AIFS and GFS) and WRF simula-
tions initialized with each global model were considered. For accumulated precipitation,
only GFS-WRF and AIFS-WRF simulations were analyzed, since precipitation from GFS and
AIFS is not ingested by WREF as an initial condition in cold-start configurations.

The numerical evaluation was complemented by several qualitative analyses:

e  Scatter plots comparing GFS vs. AIFS and GFS-WRF vs. AIFS-WRF for mean wind
speed and wind gusts, and GFS-WRF vs. AIFS-WRF for accumulated precipitation.

e  Visual spatial analyses, using bidimensional maps to compare the geographical
distribution and spatial patterns of variables across WRF simulations and against
station observations.
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Warning-level comparisons, based on the regional thresholds used by AEMET [59].
These warnings are compared against AEMET reports of every episode from [52-54].
Yellow, orange, and red warnings are defined for every geographical region considered
by AEMET using specific threshold values. AEMET generates warnings for geographical
divisions similar to climate regions and defines yellow, orange, and red warnings. For
each variable (wind, temperature, snow, etc.), AEMET defines a numerical threshold
above which the warning is triggered. This numerical threshold depends on the area of
the territory, so there are no limits for the entire area. For example, in the case of wind
gusts, yellow values can indicate speeds in the range of 70 to 90 km/h; orange values
between 90 and 110 km/h; and red values between 120 and 140 km/h depending on the
geographical division of Spain considered by AEMET. For each modelling configuration,
warnings were estimated by counting model grid points exceeding alert thresholds and
assigning a percentile-based trigger level. These were compared with AEMET official
reports for each episode [52-54].

3. Results

The following sections present the main findings of the study: deterministic forecast

evaluations including scatter plot analysis, visual inspection of spatial differences, and
comparison of meteorological warnings across configurations.

3.1. Numerical Evaluation

Tables 3-5 summarize the statistical parameters used in the numerical evaluation.

Figures 5-9 show scatter plots comparing AIFS-WRF and GFS-WRF simulations with
observations for accumulated precipitation, mean wind speed, and wind gusts.

Table 3. Statistical parameters comparing GFS, AIFS, GFS-WRF and AIFS-WREF forecasts for mean
wind speed during the high-impact storms considered in the study. MB and RMSE values are
expressed in km/h to facilitate the comparison with meteorological warning thresholds.

Episode Statistical Parameter GFS AIFS GFS-WRF  AIFS-WRF

PCC 017  0.10 0.36 0.35
Martinho MB (km/h) 4 -1 7 7
RMSE (km/h) 11 9 11 11

PCC 031 0.28 0.46 0.46
Nuria MB (km /h) 2 1 6 6
RMSE (km/h) 7 6 9 8

PCC 053  0.52 0.56 0.60
Olivier MB (km/h) 1 -1 6 6
RMSE (km/h) 6 5 8 8

Table 4. Statistical parameters comparing GFS, AIFS, GFS-WREF, and AIFS-WREF forecasts for maxi-
mum wind gusts during the high-impact storms considered in the study.

Episode Statistical Parameter GFS AIFS GFS-WRF  AIFS-WRF
PCC 0 0.13 0.46 0.44
Martinho MB (km/h) 1 —13 16 15
RMSE (km/h) 28 27 27 27

https:/ /doi.org/10.3390/earth7030077
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simulated wind speed (km/h)

Table 4. Cont.

Episode Statistical Parameter GFS AIFS GFS-WRF  AIFS-WRF
PCC 0.18 0.15 0.51 0.52
Nuria MB (km /h) -9 —-25 5 4
RMSE (km/h) 21 29 16 16
PCC 037 042 0.59 0.58
Olivier MB (km/h) —6 -15 10 9
RMSE (km/h) 17 20 18 17

Table 5. Statistical parameters comparing GFS-WRF and AIFS-WRF forecasts for accumulated
precipitation during the high-impact storms considered in the study.

Episode Statistical Parameter GFS-WRF AIFS-WRF

PCC 0.52 0.61

MB (mm) 27 44

RMSE (mm) 40 64

Martinho

BS (>40 mm) 0.30 0.45
BS (>80 mm) 0.07 0.22
BS (>120 mm) 0.02 0.07
PCC 0.59 0.54

MB (mm) 9 11

. RMSE (mm) 20 23

Nuria

BS (>40 mm) 0.10 0.13
BS (>80 mm) 0.01 0.02
BS (>120 mm) 0.01 0.01
PCC 0.29 0.22

MB (mm) -2 -1

RMSE (mm) 10 12

Olivier

BS (>40 mm) 0.01 0.02

BS (>80 mm) 0 0

BS (>120 mm) 0 0

Martinho Olivier

GFS, R = 0.05

10

30

simulated wind speed (km/h)

simulated wind speed (km/h)

0 10 20 30 10 50 60 70 0 10 20 30 10 50 60 70

0 10 20 30 10 50 60 70 . b . . /
observed wind speed (km/h) observed wind speed (km/h)

observed wind speed (km/h)

Figure 5. Scatter plots comparing GFS and AIFS mean wind forecasts with observations for each
high-impact storm. The correlation coefficient (R) and the linear fit are shown for each simulation.
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Figure 6. As in Figure 5, but comparing WRF simulations with observations.
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Figure 7. Scatter plots comparing GFS and AIFS wind gusts forecasts with observations for each
high-impact storm. The correlation coefficient (R) and the linear fit are shown for each simulation.
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Figure 8. As in Figure 7, but comparing WRF simulations with observations.
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Figure 9. Scatter plots comparing WRF-simulated accumulated precipitation with observations for each
high-impact storm. The correlation coefficient (R) and the linear fit are shown for each simulation.
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3.2. Visual Inspection of Differences

Figures 10-12 present spatial comparisons of accumulated precipitation and maximum
wind gusts for each high-impact storm.
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Figure 10. Maximum wind gusts forecasted by GFS and AIFS for each high-impact storm: Martinho
(top), Nuria (middle), and Olivier (bottom). Points indicate AEMET station observations.
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Figure 11. Maximum wind gusts forecasted by GFS-WRF and AIFS-WREF for each high-impact storm:
Martinho (top), Nuria (middle), and Olivier (bottom). Points indicate AEMET station observations.
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Figure 12. Accumulated precipitation forecast by GFS-WRF and AIFS-WREF for each high-impact
storm: Martinho (top), Nuria (middle), and Olivier (bottom). The points marked on the map
correspond to the values measured at AEMET stations.

3.3. Generation of Meteorological Warnings

Figures 13-15 compare the meteorological warnings generated from each modelling
configuration for the three high-impact storms.
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Meteorological alerts for wind gusts on Martinho Storm Meteorological alerts for wind gusts on Martinho Storm

Meteorological alerts for wind gusts on Nuria Storm Meteorological alerts for wind gusts on Nuria Storm

Meteorological alerts for wind gusts on Olivier Storm Meteorological alerts for wind gusts on Olivier Storm

Figure 13. Meteorological warnings for maximum wind gusts generated from GFS and AIFS forecasts,
using the thresholds and areas defined in [59] for Martinho (top), Nuria (middle), and Olivier
(bottom). Colours correspond to the AEMET warning-levels [59].
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GFS-WRF AIFS-WRF
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Meteorological alerts for wind gusts on Nuria Storm Meteorological alerts for wind gusts on Nuria Storm

Meteorological alerts for wind gusts on Olivier Storm Meteorological alerts for wind gusts on Olivier Storm

Figure 14. Meteorological warnings for maximum wind gusts generated from GFS-WRF and AIFS-
WREF forecasts, using the thresholds and areas defined in [59] for Martinho (top), Nuria (middle), and
Olivier (bottom). Colours correspond to the AEMET warning-levels [59].
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Meteorological alerts for 12-hour accumulated precipitation on Nuria Storm Meteorological alerts for 12-hour accumulated precipitation on Nuria Storm

Meteorological alerts for 12-hour accumulated precipitation on Olivier Storm Meteorological alerts for 12-hour accumulated precipitation on Olivier Storm

Figure 15. Meteorological warnings for 12 h accumulated precipitation generated from GFS-WRF
and AIFS-WREF forecasts, using the thresholds and areas defined in [59] for Martinho (top), Nuria
(middle), and Olivier (bottom). Colours correspond to the AEMET warning-levels [59].

4. Discussion

Given the recent public release of AIFS forecasts, no previous studies analyzing their
coupling with mesoscale models such as WRF have been identified. Consequently, the
results obtained in this work cannot be compared with existing literature. This study
represents the second part of a research line examining the effects of introducing AIFS as
initial and lateral boundary conditions for WRF. The main results obtained in the first part
were published in [27]. In that paper, the authors showed that, although the performances of
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AIFS-WRF and GFS-WRF were generally similar, the choice of the global model influenced
the reproduction of meteorological phenomena such as sea-breeze development, vertical
temperature and wind profiles, and the evolution of the planetary boundary layer height.
Authors also analyzed how those differences affected air-quality related applications,
such as backward trajectories and the ventilation index. For the episodes analyzed, the
conclusion was that GFS-WRF provided lower uncertainty than AIFS-WREF [27].

In the present study, the focus is different. Here, we analyze the effects of using AIFS
or GFS as initial and LBC in WRF in the forecast of precipitation and maximum wind gusts
during high-impact storms affecting Spain in 2025. Regarding the numerical comparison
between modelled and observed values, and based on the scatter plots generated, we
can see that for mean wind speed, coupling WRF with either GFS or AIFS substantially
increases the correlation compared with the raw GFS/AIFS model forecasts. All the WRF
configurations, as well as GFS itself, show a clear tendency to overestimate mean wind
speed. In terms of RMSE, AIFS forecasts exhibit lower values, between 5 and 9 km/h,
depending on the event. The large number of validation stations used in this study should
be taken into account when interpreting these results.

For maximum wind gusts, as expected, uncertainty increases relative to mean wind
speed, since this variable is more difficult to reproduce. Again, GFS-WRF and AIFS-
WRF show the highest correlations and lowest RMSE values. It is worth noting that the
observed overestimation of mean wind speed persists in the WRF simulations, while the
raw AIFS forecasts show a marked underestimation of gusts, with biases between —13
and —25 km/h. The MB and RMSE values obtained are consistent with those reported in
similar studies [60,61]. It should also be highlighted that, in the case of Storm Martinho,
neither GFS nor AIFS are able to accurately reproduce the observed mean wind speeds or
the maximum gusts. For example, observed wind gusts exceeded 100 km/h, while both
models simulated values below 60 km/h. In these situations, the benefit of using WRF
becomes evident, as the model substantially increases the simulated values and provides
mean wind and gust estimates much closer to observations. This improvement arises
because the maximum wind gusts observed cannot be reproduced by the coarse resolution
of the global models; in other words, these gusts are due to sub-grid-scale processes that
the global model cannot explicitly resolve. This finding is also consistent with the results
of the previous study [27], which also identified differences in the simulated wind fields
depending on whether GFS or AIFS was used as the LBC in WRE.

Regarding accumulated precipitation, the accuracy and uncertainty of GFS-WRF and
AIFS-WREF are very similar for the three events analyzed. In some cases, the Brier Score
values are zero or close to zero because the thresholds of 40, 80, and 120 mm were rarely
exceeded. For the Martinho and Nuria storms, overestimations were found in all cases,
which are especially high in the case of Martinho with AIFS-WRE, with overestimations of
up to 44 mm. This behavior is clearly visible in the scatter plots, where modelled values
exceed 200 mm while the corresponding observations remain below 50 mm.

The visual inspection of the spatial differences shows that, in general, AIFS predicts
lower maximum wind gusts than GFS. AIFS fails to capture the highest gusts recorded
during the analyzed storms. GFS detects stronger gusts, but only in a few locations, and
in some cases with spatial displacement (e.g., during Martinho, GFS places the strongest
gusts in the eastern IP, whereas observations show them in the west). The underestimation
of maximum wind gusts by AIFS is probably related to the same mechanism that makes
data-driven models underestimate extremes in general, as noted in [20], and is due to
the very nature of the model and the training data. Once WRF is coupled with either
GFS or AIFS, both GFS-WRF and AIFS-WRF simulated more intense wind gusts. For
Martinho, these are located along the Cantabrian coast, the western Pyrenees, the Ebro
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Valley, Galicia, southeastern Castile and Leén, and eastern Andalusia. Except for the Ebro
Valley, where no significant wind gusts were recorded, the spatial patterns closely match
the observations. During Nuria, the strongest gusts were recorded in Andalusia, northern
Spain, and southern Castile and Leén, in good agreement with the modelled patterns.
For Olivier, the strongest gusts were observed in the southern IP, which is also where the
models placed the highest values.

For accumulated precipitation, both GFS-WRF and AIFS-WRF overestimate precipita-
tion during Martinho and Nuria. For Martinho, AIFS-WRF shows the largest overestimation
but also the highest correlation. This large overestimation significantly reduces the confi-
dence of this forecast and exceeds what would be considered acceptable for operational
applications. Both models correctly identify the regions with the highest rainfall totals in
the north, centre, and southwest of the IP. For the Nuria event, GFS-WRF shows the best
correlation and lowest uncertainty. Both WRF configurations successfully reproduce the
areas of southern, central, and central-western Spain where the highest rainfall occurred.
For Olivier, GFS-WRF and AIFS-WREF provide very similar results in terms of correlation
and uncertainty, correctly identifying the northwestern region where the highest amount of
accumulated precipitation was recorded. AIFS-WRF shows greater dispersion in forecast
values.

Regarding weather warnings (Figures 13-15), AIFS generates virtually no wind gust
warnings for any of the three episodes, while GFS produces numerous yellow and orange
warnings for Martinho, but only a few isolated warnings for Nuria and Olivier. Once
WREF is used with either GFS or AIFS as boundary and initial conditions, the number
of predicted warnings increases, with no substantial differences between GFS-WRF and
AIFS-WRE. This suggests that the WRF model itself is responsible for generating most of
the warning signals. When compared with those issued by AEMET [52-54], which are not
automatic model outputs but the result of near real-time monitoring, expert interpretation,
and multiple observation platforms, WRF configurations are able to reproduce many of the
issued warnings, particularly for Martinho.

For accumulated precipitation, both WRF configurations generate warnings in the
regions where the maximum values of accumulated precipitation were observed. The
results are very similar between GFS-WRF and AIFS-WREF. For Martinho, both AIFS-WRF
and GFS-WREF configurations reproduce warnings in many regions, except in southwest
Spain.

The authors would like to remark that the comparison between GFS/AIFS-WRF was
made using only the publicly available data from both global models, as the objective was
to assess their operational implications. It should be emphasized that, at the time of this
study, the characteristics of the publicly available datasets differed between both models,
particularly in terms of vertical resolution and time frequency, as described in Section 2.2.2.
These differences inevitably influence the results, given that the global models are used to
injtialize a mesoscale model such as WREF. For example, regarding the Planetary Boundary
Layer Height (PBLH), which affects the wind pattern near the surface, GFS provides seven
vertical levels, whilst AIFS provides only three. If both global models had comparable
vertical resolution, the differences obtained would likely be smaller.

5. Conclusions

Two global models, GFS and AIFS, have been used as initial and LBC for the mesoscale
model WREF. A comparison of the forecasts produced by each configuration has been made,
focusing on the meteorological variables most relevant during the high-impact storms that
affected Spain in 2025: maximum wind gusts and accumulated precipitation. Furthermore,
the generation of meteorological warnings has been analyzed as an additional tool to
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compare the performance of the GFS-WRF and AIFS-WRF simulations. It should be noted
that the conclusions apply to the three high-impact storms analyzed, and that a longer
analysis period would be needed to obtain fully generalizable results.

The main conclusions of this study are summarized below:

Wind gusts:

»  AIFS generally underestimates wind gusts, and its forecasts differ substantially from
those of GFS.

s GFS-WRF and AIFS-WRF produce very similar results, with a tendency to overestimate
gusts. WRF adds value, improving the representation of this variable compared with
the raw global model outputs.

= For all three high-impact storms considered, WRF is able to reproduce the occurrence
of maximum wind gusts; although, in some cases, such as Martinho’s, simulated
locations are spatially displaced relative to observations.

Accumulated precipitation:

= Ingeneral, both GFS-WRF and AIFS-WRF are able to generate weather warnings for
wind gusts and accumulated rainfall during the three events analyzed.

= AIFS-WRF shows a greater tendency to generate warnings, both in terms of intensity
and spatial extent.

= For accumulated precipitation, WRF configurations show similar levels of accuracy
and uncertainty, although AIFS-WREF exhibits larger overestimations in some cases

(e.g., Martinho).

Overall, while the added value of mesoscale models such as WRF is well established
and confirmed here, the Al-based AIFS does not show clear advantages in comparison
with traditional global models for these high-impact events analyzed. The competitive ad-
vantage of data-driven models such as AIFS over physics-based models like GFS generally
emerges for time periods longer than 24-48 h. For this reason, such an advantage cannot be
observed in this work. Furthermore, the differences in the vertical level structure of both
models affect the results when their forecasts are used as LBC for a mesoscale model such
as WREF, as evidenced in [27].

Some areas for improvement have been identified to address the limitations of the
current work and to obtain more representative conclusions for operational forecasting.
The following directions for future work are suggested:

= Analyze the sensitivity of additional variables, such as rainfall rate.

s Consider a longer period to analyze the differences between modelling configurations.

. Add other statistical metrics like the Fractional Skill Score, temporal autocorrelation,
and spatial correlation.

s Add a categorical evaluation distinguishing between regions and warning categories.

»  Extend the forecast horizon from 24 to 120 h and analyze how the differences between
a physics-based and data-driven model, coupled with WREF, depend on the forecast
horizon.

s  Improve understanding of the differences between simulations by comparing opera-
tional convective diagnosis parameters of interest [62] across configurations.

»  Assess the sensitivity of WRF to other emerging Al-based global models, such as
AIGFS (Artificial Intelligence Global Forecast System), AIGEFS (Artificial Intelligence
Global Ensemble Forecast System), and HGEFS (Hybrid-GEFS) from NOAA [63].

s Extend the analysis to the whole IP, including observations from the Portuguese
Institute for Sea and Atmosphere (IPMA).
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Abbreviations

The following abbreviations are used in this manuscript:

AEMET  National Spanish Meteorological Agency

Al Artificial Intelligence

AIGFS Artificial Intelligence Global Forecast System

AIFS Artificial Intelligence /Integrated Forecasting System
ARW Advanced Research WRF

BS Brier Score

CFS Climate Forecasting System

ECMWEF  European Centre for Medium-Range Weather Forecasts
ERA5 ECMWEF Reanalysis v5

GFS Global Forecasting System

IFS Integrated Forecasting System

1P Iberian Peninsula

IPMA Instituto Portugués do Mar e da Atmosfera
LAMs Limited Area Models

LBC Lateral Boundary Conditions

m.a.g.l Metres Above Ground Level

m.a.s.] Metres Above Sea Level

MB Mean Bias

NCAR National Center of Atmospheric Research
PBLH Planetary Boundary Layer Height

PCC Pearson’s Correlation Coefficient

RMSE Root Mean Square Error

LT Local Time

USGS United States Geological Survey

UTC Universal Time Coordinated

WRF Weather Research and Forecasting System
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