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Abstract: Numerical weather predictions (NWP) play a fundamental role in air quality management.
The transport and deposition of all the pollutants (natural and/or anthropogenic) present in the
atmosphere are strongly influenced by meteorological conditions such as, for example, precipitation
and winds. Furthermore, the presence of particulate matter in the atmosphere favors the physical
processes of nucleation of the hydrometeors, thus increasing the risk of even extreme weather
events. In this framework of reference, the present work aimed to improve the quality of weather
forecasts related to extreme events through the optimization of the weather research and forecasting
(WRF) model. For this purpose, the simulation results obtained using the WRF model, where
physical parametrizations of the cumulus scheme can be optimized, are reported. As a case study,
we considered the extreme meteorological event recorded on 25 November 2016, which affected the
whole territory of Sicily and, in particular, the area of Sciacca (Agrigento). In order, to evaluate the
performance of the proposed approach, we compared the WRF model outputs with data obtained
by a network of radar and weather stations. The comparison was performed through statistical
methods on the basis of a “contingency table”, which allowed for ascertaining the best suited physical
parametrizations able to reproduce this event.

Keywords: WRF model; air quality; extreme weather conditions; physical parametrizations; convec-
tive phenomena; contingency table

1. Introduction

The optimization of meteorological models is very important in the prediction of the
genesis of extreme weather events. In the limited area models (LAM) and particularly
in the weather research and forecasting (WRF) model, the physical parameterization of
convective phenomena plays a fundamental role in a good simulation of the dynamics
of the atmosphere. The physical processes associated with the condensation of water
vapor are essentially non-linear, and therefore their overall effect can directly influence
large-scale circulation.

In this framework, the Sicilian territory is characterized by extreme weather events
that frequently cause flash floods [1]. During these episodes, the precipitations occurring
in few hours often exceed the rain accumulations that normally occur in several months.

These extreme precipitations are usually connected with intense and quasi-stationary
mesoscale convective phenomena that insist on the same area for several hours. However,
they occur at a local scale (microscale) and hence a fruitful approach requires a deep
convection parameterization. Their intensity is often determined by local factors such as
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the presence of orographic reliefs close to the coastline. The upward movement of the
air on the windward side of a mountain range (known as the Stau effect) facilitates the
formation of clouds and rain. Adiabatic expansions and compressions are well-known
examples of thermodynamic processes and have recently been investigated also through
the Rüchardt experiment [2] and the frequency analysis procedure [3].

Sicily, due to its geographical position and its complex orographic morphology, is often
interested in extreme weather events. Being at the center of the Mediterranean Sea, Sicily is
in the transition zone between the arid and dry climate of North Africa and the more
temperate and moist climate of central Europe, and hence it is often affected by those
phenomena that are triggered by the interactions between processes typical of middle
latitudes and tropics [4–6]. In the early autumn months, the seas surrounding Sicily
are normally affected by Mediterranean cyclones [7,8] that originate from the contrast
between air masses with very different temperatures and moisture [9], which interact with
the high-temperature marine water (sea surface temperature, SST). These conditions can
cause extreme weather events characterized by sudden and heavy rainfalls and dangerous
flash floods. In the summertime, between May and September, the thermo-convective
thunderstorm affects the inland areas of Sicily, where temperature can reach very high
values [10,11].

One of the most important challenges of meteorological modeling is to develop models
that can predict with high rates of success, both the time and the place where a convective
cell start to develop as well as their evolution in time and space [12,13].

In recent years, several advances have been made on this purpose, and the limited
area models, nowadays used in the major computing centers, are often able to provide an
answer with adequate accuracy [14,15].

The weather research forecast (WRF) model is a numerical weather prediction system
designed for research needs and operational forecasting of weather phenomena.

This model is the result of a collaborative effort between the National Center for
Atmospheric Research (NCAR), the National Centers for Environmental Prediction (NCEP),
and the Earth System Research Laboratory (ESRL) of the National Oceanic and Atmospheric
Administration (NOAA). The WRF is designed both for scientific purposes (for example
for the numerical simulations of the atmospheric dynamics) and for applicative purposes,
such as numerical weather predictions.

Furthermore, it is possible to implement the model through the optimization of an inte-
grated system based on the WRF model coupled with the chemistry module (WRF–Chem).
It consists of a type of “online” model as it allows for the emission, transport, dispersion,
transformation, and sedimentation of all anthropogenic and natural pollutants [16,17].
In the latter case, for example, it is possible to consider both physical processes and chemi-
cal transformations of aerosol particles released during volcanic eruptions. Indeed, it is
worth noting that, although weather conditions are the main factor that determines the air
quality, they depend on the direct and indirect effects that chemical compounds have on
solar radiation and cloud microphysics [18].

The results of these simulations were obtained using the weather research and forecast-
ing (WRF) model, version 3.7.1. [19], specifically optimized for Sicily, which is a territory
with a complex orography [20–22].

For the sake of the improvement of the model performance, some progress has been
made in the understanding of the mechanisms governing the formation and the localization
of convective systems capable of producing large quantities of precipitation [23,24].

In particular, the physical parameterizations concerning the convective phenomena
have been improved [25]. The parameterization of convective phenomena plays a funda-
mental role in a good simulation of the dynamics of the atmosphere. The physical processes
associated with the condensation of water vapor are essentially non-linear, and therefore
their overall effect can directly affect large-scale circulation. [26,27].

In this framework, the study has been addressed to seek the best model configurations
capable of giving the best weather forecasting [28].
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The case study treated in the work concerns the extreme meteorological event that took
place on 25 November 2016, which has interested the entire territory of Sicily (see Figure 1),
in particular the area of Sciacca (Agrigento). In this event, the observed precipitation
was purely convective, and therefore it is advisable to compare the numerical forecasts
as the convective schemes vary. To evaluate the performance of the model simulations,
we performed statistical analyses using the pluviometric data provided for by the model
and the daily precipitation observed by 13 weather stations provided by the network of the
Regional Department of Civil Protection (DRPC) of Sicily.
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Figure 1. Top panel: map showing the location of Sicily in Europe. Bottom panel: Detail of Sicily
showing the geographical position of the cities of Messina, Catania, and Sciacca; the seas; and
Mount Etna.

2. Description of the Case Study
2.1. Synoptic Analysis

November 2016 was characterized by a long and prolonged phase of bad weather
that affected the whole of Sicily. Due to its intensity, the event that occurred on the 25th
of November was one of the most significant, causing spread floods both on the southern
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coast and on the Ionian coast between the towns of Catania and Messina. Large-scale
vertical movements were favored by the presence of a 500 hPa vortex located above Spain
(see Figure 2).
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Figure 2. Geopotential at 500 hPa. The synoptic analysis shows a depression vortex located on the
Iberian Peninsula.

This baric configuration attracted intense flows of southern currents towards Sicily.
These southern flows carried large quantities of moisture released by the Libyan Sea,
which have been interested in high surface temperatures (close to 20 ◦C, see Figure 3).
However, on the west of Sicily, the air flows were oriented from the western quadrants,
and the post-frontal air masses were colder. Therefore, there were simultaneously the
presence of three components able to generate the initial development of a convective
system: the presence of a high level of moisture in the lower atmosphere; the sea surface
temperature still relatively high, capable of providing latent heat during condensation
processes; and, finally, instability of the troposphere [29,30].
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Figure 3. Analysis of SST and surface wind currents. The figure shows the high temperatures of the
sea surface that favors the increase of the moisture of the air masses that fly over them.
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In the hours immediately following 00:00, the first cold air impulses reached the
western coasts of Sicily, initially causing thunderstorms to spread in the Trapani area.
The frontal lifting operated by the arrival of the cold air mass found an environment
already favorable to the trigger of a strong convective storm. The storm line gave rise
to a huge V-shaped storm that developed just to the north of the island of Pantelleria,
affecting all of the western parts of Sicily with intense rainfall, particularly the southern
coast between the towns of Ribera and Sciacca (see Figure 4).
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These so-called V-shaped thunderstorms were mesoscale storm systems with the
characteristic of producing intense precipitations in the southern portion of the V point
where super cellular elements could be active [31,32]. About 200 mm of rainfall was
recorded by the weather station of Bivona between 05:30 and 11:00 UTC, with maxima
values of 51.4 mm in 30 min. The weather station of Giuliana, a few kilometers west of
Bivona, recorded 163.2 mm. In the same hours, severe precipitations affected also the
eastern coast, producing a flood in the town of Giardini Naxos.

2.2. WRF Model

The numerical simulation of this case study was carried out using the weather research
and forecasting (WRF) model. The advanced research WRF (ARW) modeling system was
adopted. Figure 5 shows the numerical domain adopted in the present work. Figure 6
shows the orography of the domain under examination. The horizontal space of the grid
was 5 km in both directions with 65 vertical levels up to 50 hPa. The initial and boundary
conditions were acquired by the global model global forecast system (GFS) at 0.25 degrees
with a time interval resolution of 1 h processed starting from the 00Z run relative to
24 November 2016. The real-time global sea surface temperature analysis (RTG-SST) with
a resolution of 0.083 degrees was used. For long-wave and short-wave radiations, the rapid
radiative transfer model for GCM (RRTMG) scheme was used. In addition, the above
models were also used the schemes of Mellor–Yamada–Janjic for the boundary layer and the
Noah land surface model. The microphysical scheme utilized was the Thompson, a well-
known double-moment scheme widely tested especially for high-resolution simulations.
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3. Results and Discussion

The study carried out in this work concerns the evaluation of the performance of
the WRF model when different cumulus parameterizations are applied [33]. In particular,
the forecasts of the spatial distribution of rain during the extreme event were compared.
The parameterizations compared are the follows: CU0 represents the explicit convection;
CU1 is the Kain–Fritsch scheme [34,35], which is a deep and shallow convection sub-grid
scheme, using a mass flux approach with downdrafts and convective available potential
energy (CAPE) removal time scale; CU2 is the Betts–Miller–Janjic scheme and it is an
operational Eta scheme [36,37] and a column moist adjustment scheme relaxing towards a
well-mixed profile; CU3 is the Grell–Devenyi (GD) scheme, an ensemble scheme involving
a multi-closure, multi-parameter, ensemble method with typically 144 sub-grid members;
CU5 is the Grell 3D scheme, which is an improved version of the GD scheme that may
also be used on high resolution (in addition to coarser resolutions) if subsidence spreading
(option cugd_avedx) is turned on [38]; CU6 is the Tiedtke scheme, which is a mass-flux type
scheme with CAPE removal time scale, shallow component, and momentum transport;
finally, CU14 is the new simplified Arakawa–Schubert scheme [39], a new mass-flux scheme
with deep and shallow components and momentum transport.
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Figure 7 shows the total rainfall accumulations (accumulate + convective) obtained
from the WRF model simulations when the physical parameterizations of the convective
schemes vary (Figure 7a–g). The results obtained were compared with the map of data
observed by the network of meteorological stations by the Regional Department of Civil
Protection (DRPC) of Sicily (Figure 7h).
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Figure 7. Total rainfall maps (accumulate + convective) obtained through the WRF model using
different physical parametrizations of convective schemes and map of data observed by the DRPC
weather stations network. (a) The CUO convective parameterization; (b) the CU1 convective pa-
rameterization; (c) the CU2 convective parameterization; (d) the CU3 convective parameterization;
(e) the CU5 convective parameterization; (f) the CU6 convective parameterization; (g) the CU14 con-
vective parameterization; (h) the map of a pluviometric data observation provided by the Regional
Department of Civil Protection (DRPC) of Sicily.
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However, visual analysis (called “Eyeball” verification) fails to show which physical
parameterization of convective schemes provided the best performance. Furthermore,
visual analysis is only a preliminary way to compare maps; it cannot be considered as
a scientific approach for any comparison. Therefore, in order for us to evaluate which
parameterization has provided the most reliable performance in predicting the spatial dis-
tribution of rain during the extreme event, the use of a statistical approach is fundamental.
For this purpose, it is necessary to select a collection of weather stations in the area affected
by the extreme event, as shown in Figure 8. The data of these stations are provided by the
network of the Regional Department of Civil Protection (DRPC) of Sicily.
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Figure 8. Map of weather stations used in this case study: 5 stations in the north of Sicily (Castelbuono,
Lascari, Pettineo, Polizzi, and Cefalù), 4 in the northeast sector (Antillo, Fiumedinisi, Linguaglossa,
and San Pier Niceto), and 4 in the southwest (Bivona, Giuliana, Ribera, and Sciacca).

To perform the analysis using the contingency table and calculate the indices re-
ported in the next section, we needed to compare the data of the total rainfall observed
(extrapolated from the DRPC-Sicily meteorological stations) with those predicted by the
WRF model. Therefore, the extrapolation of the rainfall accumulations recorded by the 13
weather stations examined was carried out. The choice of weather stations was performed,
accounting for the spatial localization of the extreme recorded meteorological event. The fol-
lowing stations were chosen as reference: five stations in the north of Sicily (Castelbuono,
Lascari, Pettineo, Polizzi, and Cefalù), four in the northeast sector (Antillo, Fiumedinisi,
Linguaglossa, and San Pier Niceto), and four in the southwest (Bivona, Giuliana, Ribera,
and Sciacca). Subsequently, the rainfall data were extrapolated for each simulation in which
the physical parametrizations of the convective phenomena were modified. The forecasted
rainfall data and observed data by the 13 weather stations are shown in Tables 1–3.

The hour-by-hour time series of the pluviometric data forecast and observed for the
weather stations of Bivona, Sciacca, Pettineo, and Fiumedinisi are shown as an example
in the following graphs (Figure 9). The results show that the runs carried out with the
WRF model underestimated the expected precipitation compared to that observed by the
meteorological stations examined. This may have been due to the resolution of the model’s
spatial grid; in fact, these meteorological events usually develop on smaller dimensions
than the selected spatial grid. This could explain the underestimation of the total expected
rainfall [20]. However, the spatial distribution and location of the meteorological event
under consideration are well approximated by the simulations performed.
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Table 1. The forecasted rainfall data and observed data provided by the 5 stations in the north of Sicily.

Stations in the
North of Sicily

24 H Rain
mm

24 H Rain
mm CU0

24 H Rain
mm CU1

24 H Rain
mm CU2

24 H Rain
mm CU3

24 H Rain
mm CU5

24 H Rain
mm CU6

24 H Rain
mm CU14

Castelbuono 74.1 2.3 12.2 3 1.7 8.5 18.5 7.6
Lascari 53.6 15.7 14.5 3.6 11.1 12.6 7.5 5.3
Pettineo 46.2 10.5 17.9 2.5 3.7 2.8 8.8 7.2
Polizzi 89.4 8.2 7.5 1.1 7.1 7.3 8.2 0.8
Cefalù 34.1 8.1 19.1 3 23.6 25.7 16.3 6.2

Table 2. The forecasted rainfall data and observed data provided by the 5 stations in the northeast of Sicily.

Stations in the
Northeast of Sicily

24 H
Rain mm

24 H Rain
mm CU0

24 H Rain
mm CU1

24 H Rain
mm CU2

24 H Rain
mm CU3

24 H Rain
mm CU5

24 H Rain
mm CU6

24 H Rain
mm CU14

Antillo 159.5 40.1 10.8 5.2 22.1 19.8 9.6 1.5
Fiumedinisi 153.8 71.3 26.5 10.8 40 15.3 18.1 2.1

Linguaglossa 92.1 50.1 1.4 0 2.1 0.5 0.4 1.2
San Pier
Niceto 98.6 22 18.6 2.9 9.4 10.6 4.5 6.6

Table 3. The forecasted rainfall data and observed data provided by the 4 stations in the southwest of Sicily.

Stations in the
Soutwest of Sicily

24 H
Rain mm

24 H Rain
mm CU0

24 H Rain
mm CU1

24 H Rain
mm CU2

24 H Rain
mm CU3

24 H Rain
mm CU5

24 H Rain
mm CU6

24 H Rain
mm CU14

Bivona 64.3 29.1 52.5 6.6 53 39.3 102.6 53
Giuliana 163.2 33.3 39.0 9.8 41.3 29.3 53.6 53.6
Ribera 198.4 7.5 52.4 5 28.5 29.2 74.5 12.9
Sciacca 132.3 13.2 50.8 9.9 37.8 46.2 46.6 21
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Figure 9. The hour-by-hour time series of the pluviometric data forecast and observed for the weather station. (a) The time
series of the Bivona weather station; (b) the time series of the Sciacca weather station; (c) the time series of Fiumedinisi
weather station; (d) the time series of the Pettineo weather station. In the graphs, the blue line represents the data observed
by the weather station; the red line represents the simulation with the CU0 scheme; the green line represents the simulation
with the CU1 scheme; the violet line represents the simulation with the CU2 scheme; the light blue line represents the
simulation with the CU3 scheme; the orange line represents the simulation of the CU5 scheme; the dark blue line represents
the simulation of the CU6 scheme; the burgundy line represents the simulation of the CU14 scheme.
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4. Performance Testing of WRF Model Simulations

To establish which of the simulations provided the best performance, we needed to
use statistical methods. The performance of a forecast model can be evaluated using one
or more scalar verification indexes. A possible solution is provided by the dichotomic
indexes, yes/no. To obtain them, we needed to place the data in a table of I × J elements,
the so-called “contingency table”, which contains the absolute frequencies of all possible
combinations of the observed and predicted data pairs. Considering the case I = J = 2,
as shown in Figure 10, “a” indicates the number of cases in which the event was expected
to occur and it is happening, “b” is the number of cases in which the event was expected
to happens but it did not occur, “c” represents the number of cases in which the event
occurred but was not expected, and finally “d” represents the number of cases in which the
absence of the event was properly scheduled.
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Figure 10. Contingency table schedule. The term a + b represents the forecasted meteorological
events by the model. The term c + d represents the not forecasted meteorological events by the model.
The term a + c represents the observed rainy weather events. The term a + d represents the non-
observed rainy weather events.

Dividing by N = a + b + c + d, we obtained the combined distribution of prediction
relative frequencies and the observed data; a perfect forecast has non-zero values only for
the elements on the diagonal of the table.

From the contingency table, we were able to define the categorical indexes used to
quantify the yield of the simulations performed with this model, in particular:

• Accuracy (Hit rate): defined as the ratio between the number of cases in which the
event was correctly predicted and the total number of cases considered (n). The value
0 indicates a bad forecast, the value 1 indicates a perfect forecast.

• Threat score (TS): an alternative to the hit rate, useful when the event considered has
a substantially lower occurrence frequency than non-occurrence. If the threat score
assumes the value 0, the forecast will be bad; otherwise, if it assumes the value 1,
the forecast will be perfect.

• Bias: represents the ratio between the predicted and observed data average.

B = 1→ the event was predicted the same number of times that it was observed.
B > 1→ over forecasting, the model predicts events with greater frequency than reality.
B < 1→ under forecasting, the model predicts events with a lower frequency than reality.

• False alarms ratio (FAR): illustrates that the model has made a forecast of rainfall for
the valid period but it did not occur during the valid period. It is especially useful to
verify the prediction ability of extreme events. If it assumes the value 0, the forecast
will be perfect; if it assumes value 1, there will be the prediction of events that will
not happen.

• Equitable threat score (ETS): based on TS; by definition ranging from −1/3 to 1
(perfect prediction).

• Hanssen–Kuipers discriminant: given by the ratio between the events correctly pre-
dicted and those actually occurred less the probability of having a false alarm. By defi-
nition ranging from −1 to 1 (perfect prediction).

• Probability of detection (POD): sensitive to hits, but ignores false alarms. Very sensitive
to the climatological frequency of the event. Good for rare events. Should be used
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in conjunction with the FAR. Its range is between 0 and 1; if it assumes the value 1,
the forecast will be perfect.

Table 4 and Figure 11 show the numerical values obtained from the statistical analysis
carried out to evaluate which simulation provided the best performance in locating the
meteorological event under consideration. It should be noted that the contingency table
shows the frequency of “yes” and “no” forecasts and occurrences. No comparison or
evaluation is made on the expected and observed quantities of pluviometric data.

Table 4. Numeric values of indexes were calculated for each simulation performed by modifying
the physical parameterization of the convective processes of the WRF model. For the analysis,
all the selected meteorological stations and the respective points of the WRF model were taken into
consideration. The ideal values are: accuracy (hit rate) = 1; threat score (TS) = 1; bias = 1; equitable
threat score (ETS) = 1; probability of detection (POD) = 1; false alarms ratio (FAR) = 0.

CU0 CU1 CU2 CU3 CU5 CU6 CU14

Accuracy 0.68 0.53 0.45 0.54 0.53 0.51 0.52
TS 0.49 0.43 0.12 0.38 0.35 0.30 0.26

Bias 0.95 1.47 0.49 1.13 1.07 0.91 0.73
ETS 0.22 0.04 -0.06 0.05 0.03 0.01 0.01
POD 0.64 0.74 0.16 0.58 0.54 0.44 0.36
FAR 0.33 0.50 0.67 0.48 0.50 0.51 0.51
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Figure 11. Graphic of indexes calculated for each simulation performed by modifying the physical
parameterization of the convective processes of the WRF model. It shows that the CU0 (blue line)
was the most reliable and accurate solution. The CU2 (green line) was the worst. CU1 (red line), CU3
(violet line), and CU5 (light blue line) were the only schemes that tended to overestimate the rain.
The CU14 and the CU6 (orange line) schemes were only slightly better than the CU2. The CU14 and
the CU6 (orange line) schemes were only slightly better than the CU2.

The analysis shows that the explicit resolution of convective processes (CU0) was the
most reliable and accurate solution with the highest accuracy in terms of threat score and
equitable threat score.

The Betts–Miller–Janic scheme (CU2) was the worst and was the one that also gener-
ated the highest number of false alarms (FARs). The new simplified Arakawa–Schubert
(CU14) and Tiedtke (CU 6) schemes were only slightly better than the BMJ (CU2). The new
Kain–Fritsch (CU1), the Grell–Devenyi (CU3), and the Grell 3D (CU 5) schemes were the
only schemes that tended to overestimate the rain. The new Kain–Fritsch scheme (CU1),
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except for an excessive BIAS overlapping, was found to have good overall behavior and
was the one that showed the maximum POD (probability of detection).

5. Conclusions

The physical parameterization of the convective schemes plays a fundamental role
in optimizing the performance of limited area meteorological models, especially in cases
of extreme meteorological events. In the case study investigated, the goal was to evaluate
which simulation provided the best performance in spatially locating an extreme event as
a function of the physical parameterization of the convective patterns. For this purpose,
we considered the extreme event recorded in Sicily on 25 November 2016 as a case study.

It was shown that the only evaluation by visual analysis (called “Eyeball” verification)
was not sufficient to establish which simulation was the best performing. Therefore, a statis-
tical study through the use of the contingency table was found to be fundamental. The study
highlighted that the explicit resolution of the convective schemes (CU0) provided the best
simulation for the spatial forecast of the extreme meteorological event. This result was
expected from the literature, because most convective clouds have horizontal dimensions
ranging from 0.1 to 10 km, generally smaller than those of the spatial grid of the limited
area model (5 km) used in this case study (typical sub-grid phenomenon).
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