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Abstract A severe hailstorm that occurred in Spain on 30 August 2022, caused material and human
damage, including one fatality due to giant hailstones up to 12 cm in diameter. By applying a pseudo-global
warming approach, here we evaluate how a simultaneous marine heatwave (and anthropogenic climate change)
affected a unique environment conductive to such giant hailstones. The main results show that the supercell
development was influenced by an unprecedented amount of convective available energy, with significant
contributions from thermodynamic factors. Numerical simulations where the marine heatwave is not present
show a notable reduction in the hail-favorable environments, related mainly to modifications in thermodynamic
environment. Our simulations also indicate that the environment in a preindustrial-like climate would be less
favorable for convective hazards and thus the hailstorm event would likely not have been as severe as the
observed one, being possible to perform a novel attribution of such kind.

Plain Language Summary In August 2022, northeastern Spain faced a damaging hailstorm with
hailstones up to 12 c¢m, causing significant harm and one fatality. This study examined how hail-favorable
environments were modified by a marine heatwave and human-induced climate change. Numerical simulations
show that the storm's intensity was influenced by abundant atmospheric energy and moisture from the warm sea,
partly influenced by human-induced warming. When the warm sea factor was excluded from the simulations,
hailstones were smaller. These findings emphasize the role of human-induced climate change and warm sea
surface temperature events in intensifying extreme and high-impact weather events like hailstorms.

1. Introduction

On 30 August 2022, a severe hailstorm event had a large socioeconomic impact on the Gerona province
(northeastern Spain), with hailstones reaching up to 12 cm (Figure la), never documented before in Spain.
Damage to roofs, cars and croplands was very serious. The hailstorm injured 67 people, including one fatality,
which was the first direct hail fatality in Europe since 1997 (Pucik, 2022). The vast majority of hail cases with
diameter larger than 5 cm are related to supercell thunderstorms (Blair et al., 2017; Kumjian & Lombardo, 2020).
Supercells and hailstorms pose a recurrent threat over Europe (Dahl, 2006) resulting in substantial economic
losses, societal impacts, and hazards to aviation safety (Antonescu et al., 2017; Kunz et al., 2020; Nisi et al., 2016;
Pucik et al., 2019). There is growing evidence that the ongoing climate change is having a relevant impact on the
frequency and intensity of severe convective events involving hail (Ashley et al., 2023; Battaglioli et al., 2023;
Brimelow et al., 2017; Raupach et al., 2021).

Climate change alters atmospheric circulation patterns (Herrera-Lormendez et al., 2023) and increases sea surface
temperatures (SST), notably in the Mediterranean Sea (Pastor et al., 2020; Pastor & Khodayar, 2023), contrib-
uting to significant high-impact weather events (Gonzalez-Alemén et al., 2023; Lau et al., 2016; Ludwig
et al., 2013; Meredith et al., 2015). The increase in SST influences intensity and frequency of marine heatwaves
(MHW). MHW, defined as a prolonged period of anomalously high SSTs, typically lasting five or more days
(Hobday et al., 2016), leads to increases in low-level moisture. This can consequently contribute to greater po-
tential instability that offsets expected reductions in deep-bulk wind shear on observed rawinsonde profiles
(Taszarek, Allen, Brooks, et al., 2021; Taszarek, Allen, Marchio, & Brooks, 2021) expected in future climate
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scenarios (Lepore et al., 2021)—an important ingredient determining organization and severity of convective
storms (Brooks et al., 2003; Del Genio et al., 2007; Muramatsu et al., 2016; Peters et al., 2019; Trapp et al., 2007,
2009). In the western Mediterranean, MHWs significantly impact air temperature and summer precipitation
(Serrano-Notivoli et al., 2023). Thus, the SST influence on localized convective hazards like tornadoes, giant hail,
or severe wind gusts are gaining attention (Ashley et al., 2023; Gonzalez-Alemén et al., 2023; Miglietta
et al., 2017).

This study focuses on the analysis of the above-mentioned giant hail event, which developed during a record-
breaking MHW in the Mediterranean Sea. The aim is to analyze the hail-favorable environment, its relation-
ship with the MHW and the possible effects of the anthropogenic climate change (ACC) on the hailstone size. For
this purpose, we have used the pseudo-global warming approach (PGWA; Schir et al., 1996). This approach has
been applied to extreme events before, such as hurricanes (Patricola & Wehner, 2018; Reed et al., 2020, 2021),
heavy rainfall (Kawase et al., 2022) and a historic derecho in the Mediterranean basin (Gonzalez-Alemén
et al., 2023).

2. Data Sets and Methodology
2.1. Observational Data Sets

The Spanish Supercell Data set (Martin et al., 2021) and the European Severe Weather Database (ESWD; Dotzek
et al., 2009) observations are here used to analyze a climatological background and uniqueness of the Gerona
giant hail event. The Spanish Supercell Data set (Calvo-Sancho et al., 2022; Martin et al., 2021) encompasses the
period from 2011 to 2022 with a total of 286 documented supercell observations. The data set includes Supporting
Information S1 to the events whenever available, such as hail diameter or tornado intensity. For the purposes of
this study, only hail with a diameter larger than 5 cm is considered. In total, 57 large hail reports from the Spanish
Supercell Data set are evaluated. The ESWD is Europe's main severe weather reports data set (Dotzek
et al., 2009). This data set uses quality control (QC) classes to assess the accuracy and reliability of reports. For
this study, only hail reports with a highly reliable status of QC1 (report confirmed by a reliable source) and QC2
(scientific case study) were included in the analysis. Only hailstones larger than 5 cm are considered for the period
from 1940 to 2022 across continental Spain and the Balearic Islands. In total, 99 large hail reports from ESWD are
included in this work.

In both observational data sets, 2022 is excluded to avoid incorporating Gerona giant hail in statistical com-
parisons. Probability density functions (PDF) are applied on climatological hail data to show the rarity of Gerona's
event.

2.2. Large Hail Proxy

Taszarek, Allen, Groenemeijer, et al. (2020), Taszarek, Allen, Pucik, et al. (2020), Taszarek, Allen, Marchio, and
Brooks (2021), and Taszarek, Allen, Brooks, et al. (2021) developed three environmental proxies (thunderstorm,
severe thunderstorm and tornadic thunderstorm) that were used to construct modeled severe storm frequency and
their accompanying long-term trends across Europe and the United States. Based on their methodology, here we
introduce a new proxy to study very large hail environments. This proxy consists of a 5 cm threshold for the Hail
Size Index (HSI; Czernecki et al., 2019). HSI was previously applied in Papavasileiou et al. (2022) and Porgba
et al. (2022). Furthermore, an additional condition is added using the ERAS hourly convective precipitation rate
(>0.25 mm/hr) as a proxy for convective initiation (Taszarek, Allen, Brooks, et al., 2021; Taszarek, Allen,
Groenemeijer, et al., 2020; Taszarek, Allen, Marchio, & Brooks, 2021; Taszarek, Allen, Pacik, et al., 2020).
These restrictions are here considered as a proxy for very large hail to evaluate the spatiotemporal distribution and
the influence of ACC on very large hailstorms.

The non-parametric Mann-Kendall trend (Kendall, 1975; Mann, 1945) and Sen slope tests (Sen, 1968) are applied
to identify statistically significant trends in the number of hours per year for the large hail proxy at 95%
confidence.

2.3. WRF Model

Numerical simulation experiments are achieved by running the widely used and highly verified Weather Research
and Forecasting (WRF) model, version 4.2 (Skamarock et al., 2019). The model was configured with three one-
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Figure 1. (a) Photography of a hailstone collected on 30 August 2022, in Forallac (Gerona province). Source: x.com/Morgana_50. (b) Western Mediterranean SST 3-
week percentile rank of 30 August 2022, for the period 1940-2021 derived from ERAS reanalysis. The white cross indicates the location of the giant hail event, and the
yellow square indicates the area where the SST anomaly is calculated. (c) Time series of SST anomalies averaged over the yellow square area and period in (b).

(d) Skew-t profile and hodograph for a Forallac's proximity profile derived from ERAS reanalysis for 30 August 2022, 16:00 UTC, 42°00’N, 003°00’E. Processed using

thundeR package at http://rawinsonde.com/ERAS_Europe/.
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way nested domains with horizontal resolutions of 9-3-1 km. The simulations are conducted for a 24-hr period,
setting a 6-hr spin-up and the initialization time at 00:00 UTC on 30 August 2022. The initial/boundary conditions
are obtained from the ECMWEF's ERAS reanalysis (Hersbach et al., 2020) with a 0.25° horizontal resolution and
1 h temporal resolution. More information on the WRF model configuration is provided in Supporting
Information S1.

2.4. CMIP6 Models

The Coupled Model Intercomparison Project Phase 6 (CMIP6; O’Neill et al., 2016) is considered in this survey.
Instead of only using a single climate model to derive climate conditions, herein we use three climate models from
CMIP6 to take into account climate uncertainty; namely, EC-EARTH3, CESM-WACCM, and MRI-ESM2-0.
These models include a pre-industrial control simulation (hereafter piControl) from 1850 to 1879, a historical
simulation (hereafter HIST) from 2007 to 2014, and a Shared Socioeconomic Pathway 5-8.5 scenario (hereafter
SSP5-8.5) from 2015 to 2036.

2.5. Pseudo-Global Warming Approach

The PGWA adds a climate perturbation signal to the reference conditions for the period of interest (Brogli
et al., 2023; Sato et al., 2007; Schir et al., 1996). The PGWA is here applied to analyze the ACC signal
contribution to the giant hail development associated with the supercell, considering the piControl and SSP5-8.5
simulations from the CMIP6 climate models. To apply the PGW A, several prognostic variables from ERAS initial
and boundary conditions are modified, that is, temperature, geopotential height, relative humidity, wind com-
ponents, 2-m temperature, skin temperature, surface pressure and sea surface temperature. Although aerosol
emission is an important source of uncertainty in hailstone growth, herein we did not quantify the aerosol
contribution changing the current concentration with a preindustrial approximation because we wanted to focus
on ACC thermodynamical effects. First, the difference (A € Equationl) between two climate periods, 18501879
and 2007-2036, is defined for each climate model used. The period 2007-2036 is selected to use a climate
timeframe where the giant hail event is centered into a 30-year climatic period.

A = (1850 — 1879) — (2007 — 2036) (1)

An ensemble of A from different models (A in Equation 2) is computed. This is used to perturb the ERAS initial
and boundary conditions to provide a preindustrial context, namely ERAS' (Equation 3), which is used as initial
and boundary conditions in the WRF simulations.

A = Apc_parTh3 + Acesm—wacem + AMRI—EsM2—0 @)

ERAS’ = ERAS + A 3)

Considering this methodology and to analyze the impact of the ACC on this hail event, the WRF model is used to
simulate the supercell development. Several experiments are carried out: WRF-Control (the control experiment
with the non-pertubed ERAS initial/boundary conditions) and WRF-Preindustrial (using the perturbed ERAS’).
Additionally, a WRF-ERASCLIM experiment is included, where the SST of the event is substituted by the
climatological SST to study the MHW sensitivity.

2.6. Analyzed Convective Parameters

We use the ERAS reanalysis to study climatological aspects of HSI. To compute it, the domain is delimited by 34/
50°N x 10°W/20°E for the period 1940-2021. Components of HSI are computed using the thundeR package
(Taszarek, Allen, Brooks, et al., 2021; Taszarek, Allen, Marchio, & Brooks, 2021) with vertical hybrid-sigma
ERAS model levels of pressure, altitude, temperature, dewpoint temperature and wind components. Climato-
logical context of HSI is provided by using a 3-week percentile rank centered around the event. Furthermore, this
rank is applied to compute the SST percentiles and anomalies for the same period.

The HSI is also derived from the WRF simulations to analyze the MHW and ACC effects on hail-favorable
environments. As with ERAS, HSI is computed with the thundeR package. However, here values of the HSI
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are considered only for grid points with positive values of timestep-maximum Updraft Helicity (Kain et al., 2010)
parameter to focus on supercell development (more information in the Text S1 in Supporting Information S1).
Ingredients of HSI are also evaluated as those are commonly used in the operational forecasting and climato-
logical studies of significant hail (Allen et al., 2020; Battaglioli et al., 2023; Calvo-Sancho et al., 2022; Nixon
et al., 2023; Taszarek, Allen, Groenemeijer, et al., 2020; Taszarek, Allen, Pucik, et al., 2020). These variables
entail convective available potential energy (CAPE), 500-800 hPa temperature lapse rate (LR), lifted conden-
sation level height (LCL_HGT), freezing level height (FL_HGT), equilibrium level height (EL_HGT), 0—-6 km
vertical wind shear (BS_06 km) and the compound convective indices significant hail parameter (SHIP) and
supercell composite parameter (SCP). The most-unstable (MU) layer is used to compute parcel thermodynamic
parameters. Moreover, the non-parametric Mann-Whitney test (Mann & Whitney, 1947) is used to establish
differences (95% confidence) between the WRF-Control and perturbed WRF experiments (WRF-ERAS5SCLIM
and WREF-Preindustrial) for those variables.

3. Synoptic and Mesoscale Environment

A narrow cut-off low over the center-eastern of France evolving into a quasi-omega atmospheric pattern on 30
August 2022, favored the development of a short-wave trough over northeastern Spain (Figure S1 in Supporting
Information S1). The supercell storm developed in the Pyrenees due to orographic lift and highly unstable
environment (Farnell et al., 2023). The SST and the SST anomaly reach the highest values in comparison to the
climatology of a 3-week percentile rank centered on the event day (Figures 1b and 1c). The supercell moved into
an environment supportive for severe weather, that is, combination of high CAPE and strong BS06 (Figure 1d).
The combination of upper-level large-scale lift, weak CIN, very high CAPE, complex orography conducive to
mechanical lifting, strong BS06, and the MHW favored the supercell development and giant hail formation
(Nixon et al., 2023; Ricchi, Rotunno, et al., 2023; Ricchi, Sangelantoni, et al., 2023). Further information on the
synoptic and mesoscale setup is provided in Supporting Information S1.

4. Climatological Context of the Atmospheric Conditions

The Spanish supercell data set (Figure 2a) indicates that approximately 65% of large hail events feature 5-6 cm
hailstones. Giant hail (>10 cm) occurs in less than 5% of these events. Median and mode hail sizes are 6.00 cm,
with an average of 6.15 cm, and the 99th percentile at 10.00 cm. The ESWD (Figure 2b) displays about 40% of
events having 5 cm hail. Average, median, and mode hail sizes are lower than the Spanish data set at 5.97, 6.00,
and 5.00 cm respectively. The 99th percentile is 10.02 cm. It is important to note that the Spanish data set records
maximum hail diameter per supercell, while the ESWD records all hail reports, sometimes multiple for a single
supercell.

Both data sets (Figures 2a and 2b) indicate that the Gerona case was an extremely rare event, marking Spain's
largest documented hailstone. Pucik et al. (2019) note that giant hail has only been reported 42 times since 2006 in
Europe (at the time their paper was published). Giant hail case studies in Europe include 12 cm from Poland
(Piasecki et al., 2023), 11 cm from Greece (Papavasileiou et al., 2022) and 14 cm from Italy (Montopoli
etal., 2021). In Spain, there were just 4 giant hail observations since 2006, including the Gerona event. Giant hail
in Spain is exceptionally rare and typically linked to unique environmental conditions. Yet, recent years have seen
arise in large and giant hail events (Figure S2 in Supporting Information S1).

While observational data sets offer insight into large-hail storms, underreporting in sparsely populated Spanish
regions may occur, affecting the data set reliability. To mitigate this, the HSI derived from ERAS (1940-2021) is
utilized, ensuring a stable spatiotemporal climatological context. The HSI 3-week percentile rank (Figure 2c)
displays an outstanding environment associated with Gerona's giant hail, with record-breaking values in specific
locations of the eastern Mediterranean coast of Spain as well as close to the location of the event.

MU_CAPE and the compound convective indices SHIP and SCP also show record-breaking values on 30 August
2022 in the area, and surroundings, where the giant hail was recorded (Figure S3 in Supporting Information S1).
In fact, SHIP values of 2.6 like those developed in the proximity to the giant hail observation (Figure 1d) are rarely
observed across Europe (Piasecki et al., 2023; Taszarek, Allen, Groenemeijer, et al., 2020; Taszarek, Allen,
Pucik, et al., 2020). Moreover, the MU_EL_HGT value registered on the event is similar to the 99th percentile
value from the climatological data. These findings suggest that thermodynamic variables had a great influence on
convective storm development, which could be attributed to climate warming that has advanced at an
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Figure 2. (a) PDF plots of hail reports from the Spanish supercell data set. (b) PDF plots of hail reports from the ESWD. (c) HSI 3-week percentile rank of 30 August
2022, with respect to the period 1940-2021 derived from ERAS reanalysis.

unprecedented rate in this region over the last decades (Frolicher et al., 2018; Oliver et al., 2018, 2019; Simon
et al., 2022). We address this hypothesis in the following section.

5. MHW and ACC Effects on the Giant Hail Event

Long-term patterns of convective environments have revealed an increase in the frequency of severe thunder-
storm environments observed in recent decades, which are projected to continue in the future (Calvo-
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Sancho, 2021; Lepore et al., 2021; Rédler et al., 2019; Taszarek, Allen, Brooks, et al., 2021; Taszarek, Allen,
Marchio, & Brooks, 2021). Thus, the relationship between MHWs and the ACC in the Gerona supercell event
needs to be analyzed.

The summer of 2022 presented prolonged and intense heat waves in the Iberian Peninsula. A persistent,
record-breaking MHW, lasting 6 weeks with temperatures anomalies averaging +3.27°C, occurred in the
Western Mediterranean (Serrano-Notivoli et al., 2023). The SST anomaly in the surroundings of Gerona's
littoral coast on 30 August 2022, has been the highest recorded in the period 1940-2021 (Figures 1b and
Ic), which enabled surface fluxes to increase the atmospheric moisture content and the convective energy
over the area.

Evaluating the results of the MHW effects, the WRF-Control experiment reveals a higher hail size than the WRF-
ERAS5CLIM experiment (Figure 3a). The difference is significant (p-value <0.01), with higher frequency of low
values (<3 cm hail size) in WRF-ERASCLIM than in WRF-Control. In addition, the WRF-Control experiment
shows higher frequencies for large HSI values than the ERASCLIM experiment. The main effect of the MHW in
the convective environment is reflected in the variables related to thermodynamics, such as MU_CAPE, with an
important and significant reduction (Figure 3b). The MU_EL_HGT has also a significant reduction for values
higher than 13 ,000m in the WRF-ERASCLIM experiment (Figure 3f), highlighting that the MHW favors deep
and intense updrafts (Ricchi, Rotunno, et al., 2023; Ricchi, Sangelantoni, et al., 2023). It should also be noted that
the difference in BS_06 km (Figure 3c) is statistically significant (p-value <0.05), revealing that thermodynamic
inputs, such as a MHW, could have an influence on large-scale dynamics by reducing the vertical wind shear.
Therefore, it can be assumed that the MHW influenced the severity of Gerona's hailstorm.

The annual mean of very large hail hours proxy (HSI >5 cm and convective precipitation rate >0.25 mm/hr;
Figure 4a) reveals higher values in eastern Spain (~4 hr/year) than in the other regions of the country and there
are also some points with sporadic hour values favoring large hail. The highest values of large hail hours are
located in the region where most supercells and associated large hail develop in Spain, the Maestrazgo, at NE
Spain (see Figure 2a in Calvo-Sancho et al., 2022). According to Taszarek, Allen, Marchio, and Brooks (2021),
Taszarek, Allen, Brooks, et al. (2021), severe thunderstorm environments in the Iberian Peninsula and its
surroundings do not have a significant trend for the period 1979-2019. However, the large hail proxy long-term
trend (Figure 4b) displays a significant and positive trend in some areas of eastern Spain. This could be
inconsistent with Taszarek, Allen, Marchio, and Brooks (2021) and Taszarek, Allen, Brooks, et al. (2021), but it
should be noted that the period 1940-2021 is being used here, and the last three years have had several large
hail events in the Iberian Peninsula, especially in 2022 (Figure 4c). These increases are consistent with the
observational data sets in Spain (Figure S2 in Supporting Information S1), which might be related to ACC,
enhancing moisture and instability, driven by higher SST and air temperatures, promoting steeper lapse rates
(Battaglioli et al., 2023).

Finally, the PGWA is applied to assess the ACC effect on Gerona's storm hail size. The WRF-Control and WRF-
Preindustrial experiments display similar behaviors in convection initiation and maximum spatial and temporal
distribution of reflectivity (not shown). This could indicate that the ACC does not trigger the convective event.
However, the WRF-Preindustrial experiment reveals a significant reduction in hail-favorable environment
(Figure 3h) in comparison with the WRF-Control, highlighting that the environmental convective conditions in a
preindustrial-like climate are less supportive of giant hail (>10 cm) and determine that ACC did boost the
environment more prone to develop large hail.

The Updraft Helicity identification method identifies more supercells in WRF-Preindustrial than in WREF-
Control. These results demonstrate that a preindustrial-like climate provides conditions favoring the develop-
ment of supercells with less severity, in terms of hail size, compared to the present climate. While some HSI
variables show no significant differences (Figures 3j—31 and 3n), MU_CAPE (Figure 3i) and MU_EL_HGT
(Figure 3m) significantly decrease (p < 0.01), indicating reduced convective energy and weaker updrafts in a
preindustrial-like climate. These results also highlight MU_CAPE and MU_EL_HGT as key factors influencing
hail severity. The differences between the preindustrial-like climate and the present one over the hail size of the
Gerona event suggest that the current ACC conditions already enhances the convective environment and pro-
motes more extreme events, which has also been found in Gonzélez-Aleman et al. (2023) for an organized
convective event.
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Figure 3. (a) PDF plots of HSI for WRF-Control, WRF-ERAS5CLIM (a), and WRF-Preindustrial (h) experiments. From (b) to (g) and (i) to (n) are ingredients of HSI: (b,
i) MU_CAPE, (c, j) BS_06km, (d, k) FRZG_HGT, (e, ) MU_LCL_HGT, (f, m) MU_EL_HGT, and (g, n) LR_500800hPa.
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Figure 4. (a) Annual mean number of situations (in hours) with very large hail (HSI >5 cm; Convective Precipitation
>0.25 mm) environments. (b) Very large hail proxy long-term trends (1940-2022 period) are derived from annual values and
corresponding Sen's slope (values denote change per decade). Black dot denotes a statistically significant trend (p-value

<0.05). (c) Anomaly of the large hail proxy in the year 2022 (in hours).
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6. Summary and Conclusions

Here we evaluate the main characteristics of the giant-hail storm in northeastern Spain and how a record-breaking
MHW and ACC influenced the hail-favorable environment. WRF simulations of the event with 1 km grid res-
olution were carried out with ERAS as the initial/boundary conditions. Then, these conditions were perturbed
with ERA5 SST climatology and A CMIP6 prognostic variables to emulate a preindustrial climate. This is the first
study to attribute a giant-hail event to ACC. The authors are not aware of any study addressing how ACC could
influence a hailstorm event. The major conclusions are:

¢ Gerona's giant hail event produced extreme diameter hailstones (12 cm) in Spain, and a record-high
considering the 3-week ERAS percentile rank of HSI parameter, being the largest hailstone ever docu-
mented for Spain.

o The supercell that produced giant hail was accompanied by the highest-ever recorded instability in north-
eastern Spain. The MU_CAPE, MU_EL_HGT, SHIP and SCP, were exceptionally large in the context of
convective climatology for northeastern Spain since 1940. Although kinematic variables are equally important
as thermodynamic variables for giant hail formation, these findings suggest that thermodynamic variables had
a crucial influence on the giant hail event, which is boosted by the highest SST for the period 1940-2022.

o The MHW influenced the hail size growth of the Gerona supercell. The experiments where the MHW is not
considered (SST climatology) show a reduction in the HSI, indicating that the MHW substantially affects
thermodynamics-related variables on convective environments, which have an important and significant
reduction.

¢ More yearly hours of very large hail environments are found in eastern Spain (~4 hr per year) with a sig-
nificant and positive trend in this area. The environmental conditions conducive to very large hail have been
reinforced over the region, especially for the last years. These increases might be driven by a warming climate.

¢ ACC enhanced a convective environment with a record-breaking instability, which favored the giant hail size
growth.

The PGWA has allowed us to conclude that in a pre-industrial climate, this event would have likely had a reduced
socio-economic impact on Gerona's province as the storm would be less severe. Moreover, deeper research about
this event is required to fully grasp the influences of MHWs and ACC in giant-hail storms and how the mesoscale
processes affect the giant hail size growth. One of the limitations of the analysis herein presented is the lack of
considering the changing aerosol concentration over time and its possible influence on this hail event (Lin
et al., 2021). These results are worrying for the Mediterranean region, considering the notable increase in fre-
quency, duration and intensity of MHW events expected in a warming climate (Frolincher et al., 2018; Oliver
et al., 2019).
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Data Store (https://doi.org/10.24381/cds.bd0915¢6, Hersbach et al., 2020). PGWA increments were performed
using PGWERAS v1.1 (Brogli et al., 2023), which can be downloaded from a Github repository (https://github.
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