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Abstract

Warm rain events occur when moist air masses containing elevated precipitable water produce high
rainfall rates capable of generating local flash floods. Catalonia, located on the northeastern
Mediterranean coast of the Iberian Peninsula, is regularly affected by such episodes: approximately
70% of daily precipitation events exceeding 10 mm with fewer than ten cloud-to-ground lightning
flashes can be classified as warm rain. The current research aimed to identify the meteorological
conditions most conducive to heavy warm rain episodes in Catalonia. These cases are commonly
associated with flash flood episodes in the study region. We have utilized rain gauges, lightning data,
radar, and model fields, combined with radio sounding profiles. First, we have identified and
characterized warm rain cases, and secondly, we have selected some relevant cases to characterize
the phenomenon. These events occur predominantly along the Catalan coast during the warm season,
typically following the passage of a cold front, and are associated with shallow convective clouds
producing little or no lightning. However, the key determining factor is a characteristic vertical
thermodynamic profile: a moist and saturated lower troposphere with high precipitable water
beneath a low- to mid-level thermal inversion, weak instability concentrated near the surface.
Furthermore, local wind convergence plays a principal role in the rainfall pattern.

Keywords: warm rain; forecast; Catalonia; thermodynamics; floods; remote sensing

1. Introduction

Warm rain is defined as precipitation generated in a cloud with temperatures at all levels
exceeding 0 °C [1-5]. Therefore, warm rain-producing clouds are characterized by the absence of ice
phase inside [6,7]. The predominant process of drop formation is coalescence, that is, the merging by
collision of two water drops into a single larger drop [2,8]. Warm rain occurs in clouds that have
sufficient liquid water content, upward flow, and duration to sustain the process of growing by
coalescence, which generates size drops of drizzle or rain [2,9]. Furthermore, Nelson (1971) [10]
demonstrated that a zone of higher liquid content facilitates the coalescence process, which produces
rainfall in a reasonable time. In fact, this type of rainfall-producing mechanism generates a rapid
conversion of water vapor to rain, resulting in high precipitation efficiency and rainfall rates [11].

This type of precipitation plays a major role in the global water cycle [2]. Similarly, Beard and
Ochs (1993) [4] found that most of the rain produced in the tropics is associated with clouds entirely
warmer than freezing. The analysis by Ohtake (1963) [12] of 62 radiosonde stations, distributed
between the tropical regions and high latitudes (Alaska), observed that warm rain is more frequent
than expected. He observed that the precipitating regime was very different, with a seasonal pattern
in the medium and high latitudes (summer events). Meanwhile, warm rain events are common
throughout the year in the tropical region. Besides the warm rain, there exists another type of
precipitation with similar characteristics: supercooled warm rain (associated with aircraft icing [9]).
In this case, the precipitation can reach a temperature of -5 °C or less without changing to ice crystals
[13]. For this type of rainfall, the relative humidity must verify the same conditions as those of the
classical warm rain.
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From the point of view of the upper-air sounding data [12], the factors to be accomplished in
warm rain events are a layer with relative humidity exceeding 80% under the iso-zero level, while
the mass air just above this level must be 20% drier than ice saturation at any temperature. The first
point means that warm clouds have formed below the 0 °C level, meanwhile the second one implies
that ice crystals do not exist over iso-zero. Another analysis made using radiosonde data was
presented by [9]. That study considered a database of 25 years with nearly 1000 radiosondes covering
the full United States area, except the Rocky Mountain States. The first discrimination was done
considering the cloud-top temperature (CTT), the presence of a warm layer (WL), and the relative
position of both, CTT and WL. It was concluded that the warm rain process was responsible for the
freezing precipitation in 47% of the soundings in which this type of precipitation was observed. [14]
analyzed the meteorological conditions observed in events that affected the south-facing slopes of
the Hawaiian Islands. Values of thermodynamics for the soundings before the events indicated scarce
instability (only KI showed values associated with strong instability), while one of the key features
was the moisture rise between 750 and 450 hPa. This last characteristic was highly correlated with
the events of high precipitation amounts. The large amount of humidity at medium levels plays a
major role in the events because of two factors: firstly, the entrainment of air with a higher virtual
temperature into the rising parcel, and, on the other hand, the suppression of the formation of a cold
downdraft.

Ref. [15] analyzed data from a nine-year period of the Tropical Rainfall Measuring Mission
(TRMM) from a global point of view of the areas more affected by warm rain. They found that the
systems of small vertical depth have been considered the main contributors to the total precipitation
in those areas where recorded values are minimum. More specifically, [16] used the same data for the
analysis of warm rain in the Tropics. Their work was since warm rain over tropical oceans could be
produced by stratocumuli or by well-developed cumuli. The main results obtained in the study were
that precipitation echoes with cloud-top temperatures exceeding 0 °C contributed to 20% of the total
rainfall over tropical oceans and 7.5% over tropical land. It is important to note that about 50% of the
pixels over the ocean and two-thirds of the pixels over land are associated with cold precipitation
systems. Furthermore, large amounts of warm rain occur during winter over oceans near windward
coasts. Mesoscale warm rain systems with strong radar echoes occur in all areas of the tropical oceans,
mainly at night rather than during daytime [16]. The mean heights of warm rain over the ocean are
lower than over land. Finally, they didn’t observe significant regional variability in the sizes and
intensities of warm rain in the tropics. Another study based on TRMM data (Lau and Wu, 2003) [7]
showed that warm rain accounted was 31% of the total rain amount, being 72% of the total rain area
in the tropical areas. In the same work, the Authors proved that the precipitation production per unit
for cloud liquid water increases as Sea Surface Temperature (SST) rises, in the case of weak warm
rain. From this last result, they concluded that more warm rain cases will be squeezed out from the
low and mid-levels of the cloud, in a future warmer climate. In the same way, Kodama et al. (2009)
[3] showed that in the tropics, subtropics, and part of the mid-latitudes, the warm rain accumulation
over the ocean had a positive correlation with the SST; however, the dependency of SST on total rain
was exclusive of the tropics. On the other hand, [17] also considered satellite data to analyze the
dependence of timescale formation processes in warm rain events.

The high sea surface temperature of the Mediterranean Sea compared to the surface temperature
over land is one of the most important factors that help the development of storms [18]. [19] have
shown that most events affecting the Mediterranean Basin were produced mainly between August
and October. However, it is also important that all the months of the year register at least 5 cases
during the century. In any case, in this work, it was not distinguished between deep convective and
warm rain events.

Refs. [20,21] presented some different features observed in episodes of warm rain in the
Mediterranean region. Firstly, weak wind is observed at mid and high levels and low vertical shear.
The fact that cold air masses exist at high levels implies that the cloud top reaches high altitudes and
that the Convective Available Potential Energy (CAPE) value is high. At the same time, the cloud
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base is placed at a very low altitude while the instability is relatively high, considering that the layer
in which the instability is observed is moderately narrow. Furthermore, we can summarize from
these works other important features of warm rain events: first, the elevated rain rate during short
time periods [22]; deep convection rarely occurs; and low lightning activity [5,21,23]. In contrast to
the case of warm rain, most heavy rain events in the Mediterranean area are associated with Deep
Convection (see some examples in [24,25]). This type of event is characterized by high vertical
development of the clouds and the coexistence of liquid and solid phases. This combination can result
in huge amounts of rainfall during short time periods. Furthermore, it is associated with an important
lightning activity [26,27]. In terms of Surveillance tasks, one of the most complicated aspects is the
coexistence of cold convective precipitation and warm rain in the same event. Therefore, regions with
different precipitation characteristics can remain quite close in time and space. For example, this fact
was previously documented in the region in at least one previous case (October 1994), in which
remote sensing tools didn’t identify the presence of warm, efficient rain [28].

Warm rain events are caused by small vertical and horizontal shallow cumulus convection [23].
Their small size [29] implies that remote sensing tools usually don’t warn of their intensity.
Furthermore, a larger part of the cloud extends below the freezing level or just over the thermal
inversion level [30]. Therefore, these clouds can’t develop deeply, and they appear in infrared (IR)
satellite images as low and warm clouds [16,29,31], instead of the typical white and organized bright
top deep convection clouds. On the other hand, the lack or low presence of ice phase in this cloudiness
is the reason for few if any cloud-to-ground lightning [32,33]. And finally, reflectivity radar values
show moderate to high reflectivity but always concentrated at the lower part of the cloud [12,29,32—
34]. On the other hand, meteorological models don’t seem to predict these events with accuracy
because the thermodynamic environment only shows low instability [35-37]. Consequently, they
become an issue to the population, but also a threat and a challenge for forecasters.

One of the regions where warm rain has been extensively studied is Hawaii [22,38,39]. [22]
analyzed the rainfall rate of Hawaiian showers. They found unexpectedly high rainfall rates over
brief intervals of time, with intensity peaks exceeding 100 mm/h and rates of 150 mm/h. The trade
wind inversion, normally present at an altitude of about 2 km, usually prevents the vertical
development of updrafts necessary for the formation of thunderstorms [38]. They found that
subtropical high-pressure cells cause almost constant strong trade wind inversions that limit the
vertical development of most clouds. Consequently, clouds were all warm, and their tops were
situated below 3,5 km. Despite their small dimensions, sharp bursts of relatively high-intensity
rainfall of brief duration occurred frequently, which suggested relatively high Precipitable Water
Content (PWC). However, practically no rainfall occurred if the inversion base was less than 2 km
high. Moreover, 68 percent warm rain showers associated with the trade winds during September
and October 1973 occurred during nighttime. Finally, [39] reached similar conclusions: cloud depth,
which determines the showers' initiation, was estimated primarily by the inversion height. The strong
inversion was around 2 km, with high humidity below this height.

On the other hand, two decades before, [40] found similar characteristics of Hawaiian warm-
cloud rainfall events in Puerto Rico warm rain: the trade inversion, well stablished in winter, limited
cloud development, with cloud tops confined between 2400 m and 3500 m ASL; consequently, warm
clouds grew well below the freezing level, that was situated from 4300 to 4600 m ASL.

Based on the previous information, the RLR (Rainfall-Lightning-Ratio) parameter should
present high values in cases of warm rain events. The RLR is estimated using the rate between
cumulated rainfall and the cloud-to-ground sum over a particular area [41,42]. In most of the previous
analyses, RLR is estimated based on quantitatively estimated precipitation from weather radar and
lightning flashes. However, in our case, we have used rainfall from rain gauges to consider a longer
data series. Bearing in mind that deep convective rainfall events (with a very high number of flashes)
have low RLR values, we have searched for the opposite: high RLR values, because of the null or
scarce contribution of lightning activity.
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The warm rain episodes studied here normally occur in a peculiar interaction between the Global
Atmospheric Circulation (GAC), the SST, and the orography of Catalonia and nearby areas [43,44].
During the year, and due to the GAC, the weather is governed by the flow of polar depressions that
bring cold air masses from northern latitudes. When these low-pressure systems reach the study area,
they encounter several mountain ranges that modify the wind flow. Consequently, this fact implies
hindering the intrusion of the cold air. These ranges include the Pyrenees, the Iberian System, the
Massif Central, and the Alps.

As shown in Figure 1, the northerly and northwesterly winds, upon reaching the Iberian
Peninsula and the North-Western Mediterranean Basin, are forced to channel through the Ebro
Valley, the Rhone Valley, and the Aquitaine Region due to the presence of the Pyrenees, the Iberian
System, the Massif Central, and the Alps. When these fourth-quadrant winds cross Catalonia, they
displace the pre-existing air mass —warmer and more humid —and introduce a new one that is colder
and drier. However, this process does not affect the entire territory. The central sector of the coastal
and pre-coastal areas remains sheltered at low levels from these general north-westerly winds due to
the influence of the major mountain ranges mentioned above, as well as smaller ranges within
Catalonia itself. Consequently, in this area, the warm and humid Mediterranean air tends to persist
for some days. On the other hand, northerly and north-westerly flow generates a mesoscale low on
the leeward side of the Pyrenees. This low produces a return flow that advects the warm maritime
air that remains sheltered toward this part of the coast and partially the inland regions of Catalonia.
It is in this small pocket of warm, moist Mediterranean maritime air where warm rain develops. In
addition, this warm and humid air mass often generates an arc of clouds, sometimes narrow and
sometimes wide, that receives the name of “Estela Pirinenca” (“Pyrenean Wake”) [44].

For this reason, most events studied have occurred after a cold front crossing Catalonia. Only in
a few cases, warm rain events have been observed in another synoptic framework that, though,
maintains the same maritime air mass. In consequence, these kinds of heavy rain, as in other places
in the world [33,39,45], are directly related to maritime air and SST, which provide a huge quantity
of humidity. The higher the SST is, the higher the supply of PWM from the sea is [46]. This fact occurs
mainly during summer and autumn. So, it is in these two seasons that the most intense events occur.

A particularity of the Pyrenean Wake is the interplay of forces between the two winds that arrive
at Catalonia: the northern wind that arrives from the Gulf of Lion and the eastern edge of the Pyrenees
range, called “Tramuntana”, and the northwestern one that arrives at Catalonia from the Ebro Valley,
called “Mestral”. If Tramuntana is stronger than Mestral, the Pyrenean Wake will develop in the
central and southern parts of the Catalan coast. If Mestral is stronger than Tramuntana, the arc of
clouds and convergence zone will form at the central and northern parts of the coast. And finally, if
they have the same strength, the arm of cloudiness will develop on the central coast.

(A) Atlantic
e 0ocean

. Pyrenean Walke

N

EUMETSAT

Figure 1. (A) Orographic map of the west Mediterranean Sea basin and southwest of Europe, showing the main

sea and ocean, mountain ranges, valleys and regions. Wide blue arrows are northerly and north-westerly
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synoptic flow/wind. Thin blue-to-red arrows are canalized winds (cold and dry at their origin -in blue- and
warm and moist at their end after travelling over the Mediterranean Sea -in red-). “L” is the leeward mesoscale
low. The black thin line with small bowed black lines at each side indicates a convergence line. (B) Infrared image
from the Meteosat 11 satellite, for 16 July 2020 at 02:00 UTC, during case B of heavy warm rain from Table 2. The

Pyrenean Wake goes from inland Catalonia up to Mediterranean Sea.

The purpose of our research is to introduce the heavy warm rain episodes occurring in Catalonia.
The first part of the analysis consists of identifying warm rain events in Catalonia for the period 2006-
2025, based on the RLR parameter using rain gauges and cloud-to-ground flashes. Once we have
characterized the events from a point of view of time and space, we have identified some
meteorological characteristics of the events through (mesoscale and synoptic) model fields,
thermodynamic soundings, and radar and satellite images. This knowledge should serve as a
preliminary database of cases and, on the other hand, improve the forecasting and surveillance tools
of these events that cause adverse issues to the Catalan population.

2. Area of Study and Data Used

2.1. The Area of Interest

The Area of Interest includes all the Catalan territory (Figure 2), located in the northeastern part
of the Iberian Peninsula. The region is characterized by a complex topography, with mountains
reaching 3000 m in the Pyrenees (running from west to east in the northern part of the area), and the
1700 m and 700 m in the Prelitoral and Litoral Ranges, respectively (both going discontinuously from
southwest to northeast, nearly parallel to the coast). Therefore, the valleys and mountains are relevant
factor in most events, because the complex orography allows the formation of local wind
convergences. In any case, the maritime nature of the air mass that generates this rainfall means that
most of the episodes occur in the shaded blue area in Figure 2 (panel b). This area is known as the
combination of the Litoral and Prelitoral sectors.

Going deeper with the region of interest (the Central Litoral and Prelitoral), it is modeled by the
two previously cited chains: the Prelitoral and Litoral ranges. These two chains set a very steep
terrain, full of small basins of streams. Due to their short length and the mountain slopes, these
streams are characterized by a fast-time hydrological response, making them prone to flash floods.
Furthermore, this region is the most populated zone of Catalonia, with more than 6,8 million
inhabitants [47]. Therefore, the combination of all factors (heavy rainfall, complex hydrology, and
highly vulnerable territory) can turn the small but intense warm rain events into a hazard for the
population.

2.2. Data Used

The period of study was from 2006, when the EPV realized the importance of these events, until
30 November 2025 (a total of 7274 days). The analyzed events have been chosen according to the
parameter presented more extensively in Section 3.1 (RLR), which can be summarized as the
relationship between the rainfall provided by rain gauges and cloud-to-ground flashes detected close
to each rainfall measurement point (within a distance closer than 5 km). The following subsections
present the different types of data used to analyze the selected events. #
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Figure 2. (a) Map of the western Mediterranean Sea basin. The red rectangle indicates the area of interest
(zoomed on the bottom panel). (b) Political and orographic map of Catalonia. The red dots show the location of
the warm rain events presented in Table 2. The yellow dot is the atmospheric sounding station of Barcelona

(code 08190 of WMO). This cyan-shaded polygon indicates the region usually affected by warm rain events.

2.2.1. Surface Observations

The Automatic Weather Stations Network (or XEMA, from the Catalan “Xarxa d’Estacions
Meteorologiques Automatiques”) is managed by the SMC. It is composed of 190 Stations (see Figure
3), which transmit information to the SMC quarters via digital radio, GSM (Global System for Mobile
communications) technology, and satellite. The main variables provided are rainfall at 1-minute time
resolution, and wind (direction and speed), humidity, temperature, and solar radiation at 30-minute
time resolution [48]. Despite the high density, there are several cases in which none of the stations
can report high rainfall values. This is because of the small area with precipitation. In the current
analysis, we have used the 24-hour cumulated data to select those days with precipitation exceeding
the 10 mm threshold (this allows reducing the total number of candidate days). After this, we have
considered 1-hour rainfall to estimate the RLR for each day.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.2. Upper-Air Observations

The atmospheric Barcelona sounding station has been operative since 1998 and has the World
Meteorological Organization (WMO) code 08190 [49]. It allows us to know the vertical profile of the
atmosphere on the central coast twice a day (0 and 12 UTC). The study has focused on the CAPE
values [50] and vertical distribution, the precipitable water mass content (PWM) and distribution
along the vertical profile [7], and the equilibrium level (EL), freezing level (FRZG), and Lifted
Condensation Level (LCL) heights [7,51]. CIN (or Convection Inhibition) [52,53] is also provided in
the sounding profiles, but it has not been specifically analyzed in the current Research. These
variables can provide relevant information to determine the main relevant features and, furthermore,
to identify a common pattern that can help to a better forecast of these events.

2.2.3. Remote Sensing

Three types of remote sensing data have been used. Integrating all sources is possible for the
development of a full scheme of warm rain clouds. The high quality in time and space of all systems
plays a major role in the analysis of the event, especially for surveillance tasks. The sources are:

e The SMC radar network (XRAD) is composed of four Doppler single-pol radars [54]. Each of
them operates on C-band and has a maximum range of 250 km, with only one elevation or Plan
Position Indicator (PPI) field at this range. Furthermore, the short-range provides volumetric
information from 16 elevations, from 0.6 to 30°. The XRAD has been designed to provide
quantitative rainfall estimates and 3D information on the rainfall-producing structures. The
different products used in this analysis are reflectivity fields, or CAPPI (Constant Altitude Plan
Position Indicators) at different heights; TOP12 (or the maximum height at which the 12 dBZ
reflectivity threshold has been observed); and the precipitation estimation. Several types of
external factors affect the quality of the radar imagery. In the case of the XRAD, they can be
summarized as: on one hand, producing reflectivity overestimation (ground clutter, non-
meteorological atmospheric echoes, and electromagnetic interferences) and, on the other hand,
producing reflectivity underestimation (beam topographic blockage, radar beam elevation with
distance, the cone of silence, and high-reflectivity blockage). These anomalies can interfere with
the radar fields from different viewpoints [55]. La Miranda radar (LMI label in Figure 3) was
installed in 2008; meanwhile, the others were put in operation between 2001 and 2003. Radar
products have been used to characterize the precipitation regime on the specific events analyzed.

e  The Lightning Detection Network (known as XDDE) has four VHF (Very High Frequency) plus
LF (Low Frequency) interferometer detectors, which send individual data from each flash [56].
The complete information of every lightning strike is processed in a system in the SMC
headquarters. The arrangement of the detectors was designed to provide good coverage for all
of Catalonia, with precision in pinpointing lightning of 500 meters throughout a large part of the
Catalan territory. Radar parameters have been compared with flash counts (cloud-to-ground,
CG, and intra-cloud, IC). Amposta sensor (AMP label in Figure 3) was installed in 2006. The
other sensors started their operational task between 2002 and 2004. The CG data from XDDE has
been used mainly in the identification of events based on the RLR parameter estimation (see
section 3.1)

e  Satellite imagery proceeds from the Meteosat Second Generation (MSG) [57]. The MSG has three
channels in the thermal infrared (7, 9, and 10). They allow the measurement of surface and cloud
temperature. In the present study, only channel 9 has been used, and it corresponds to the
thermal infrared. This channel monitors cloud dynamics throughout the day. The study of the
imagery in the present work has been exclusively qualitative for the different selected episodes.
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Figure 3. (a) Location of the sensors of the main SMC remote sensing networks used in the present study: Radar
Network (XRAD), in blue, and the Lightning Detection Network (XDDE), in red. (b) Position of the Automatic
Weather Stations network (XEMA) in 2006 (orange circles) and added since then, updated to 2025 (purple
circles).

2.2.4. Numerical Weather Prediction (NWP) Models

Warm rain forecasting is based on two NWP configurations (Table 1): on one hand, synoptical
(or large-scale), and, on the other hand, mesoscale (or mid-scale). The large-scale model used in this
Research has been the European Centre for Medium-Range Weather Forecasts (ECMWF) [58,59];
meanwhile, the mesoscale operational model is Weather Research and Forecasting (WRF) [60].

The surface, 850 hPa, 500 hPa, and 300 hPa fields were analyzed for the large scale to identify
the favorable atmospheric environment for warm rain events. The general pattern in those cases was
behind a cold front or behind an upper-level trough. On the other hand, mesoscale outputs were used
to obtain meteorological features at lower spatial resolution. In particular, these features were
convergence lines, combined with signatures at low-level moisture fields. These elements helped to
trigger convective clouds.#

Table 1. Scheme of the synoptic and mesoscale models used in the Research.

Model Scale Configuration
ECMWEF (E Center Medi
(European en-er edian Synoptic 0.5/0.25° grid, 3 hours, 60 levels, 144 hours horizon
Weather Forecasting)
WRE Mesoscale 3/1.5 km grid, 3/1 hour, 31 levels, 72/48 hours horizon

The Research has considered two types of NWP (Numerical Weather Prediction) models to
study and forecast the meteorological conditions of convective rainfall events, both warm and cold:
large-scale and mesoscale. The first ones provide a global view of the atmospheric configuration from
many days in advance. However, the large-scale models only provide some information about the
occurrence feasibility of these events at large threats. The reason is the complexity of the object of
study and the small size of the rain-producing clouds. Mesoscale models give us a better
understanding of the evolving conditions in which warm rain events occur in Catalonia. Besides, the
improvement of these models in recent years, combined with increasing experience, has helped to a
better understanding of the outputs. In any case, the main limitation of the mesoscale models is the
inability to forecast more than three days in advance of the event. Besides, the complex conditions
during those events imply that the output does not always fit the reality. However, mesoscale models
give indications to the forecasters at the time of warning the population. Furthermore, recent versions
of NWP models sometimes provide rainfall forecast outputs with overestimated values, which lead
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to false alarms. The different models and fields used in the past or currently are briefly presented in
the following paragraphs.

3. Methodology

3.1. RLR

[32] studied the occurrence of warm rain events in Catalonia, considering radar fields
(Quantitative Precipitation Estimation, QPE) and lightning data, searching for events with more than
10 mm/day with less than ten cloud-to-ground flashes per event. This analysis showed that most
cases (73%) in the region for the period 2015-2022 verified both conditions. Rain Lightning Ratio
(RLR) is an indicator of thunderstorm activity in heavy rain events [61-63]. Considering that warm
rain events present situations with high rainfall values and low cloud-to-ground flashes, this
parameter should have larger values in these episodes.

To identify possible candidates for warm rain events, we applied a technique similar to [32] but
estimating rainfall from automatic rain gauges of the SMC network rather than radar fields. This
provides more precise rainfall values, though the data are point measurements rather than a 2D field.
We selected events with daily rainfall exceeding 10 mm and estimated the relationship between
rainfall and lightning activity by considering the total number of cloud-to-ground flashes detected
the same day within 5 km of the rain gauge. RLR was calculated as the ratio between rainfall
measured by the gauge and the number of nearby flashes during a day.

Considering that warm rain events produce effective precipitation and few or null cloud-to-
ground flashes, as shown in the introduction, we have selected those days with daily rainfall in some
AWS exceeding 10 mm and CG under the threshold of ten. In consequence, we have removed those
days with maximum precipitation below 10 mm or with more than 10 CG flashes. This preliminary
selection allows 5,500 days to be discarded from the initial number of days (7,274, between 1 January
2006 and 30 November 2025), which corresponds to 72% of the total number of cases. In consequence,
the first selection includes 2,133 candidate days. Another option to do the selection is to consider an
RLR threshold. Considering the values of this ratio compared with the precipitation and CG values
(see Figure 4), we have evaluated two options: 5 and 10 (mm per flash). The first one provides a list
of 3,653 days, whereas the second one reduces the number of cases to 2,650. However, both selections
(using CG and accumulation or using RLR) are limited due to the brief nature of the events (usually
less than one hour) compared to the length of the source data (daily precipitation and lightning
registers). Therefore, they should be refined considering hourly precipitation.

Figure 5 presents the process scheme considered in the Research, from the initial data (QPE and
CQG) for the day’s selection with potential warm rain occurrence, to the meteorological analysis and
the generation of a conceptual model.

We have evaluated several properties of events (hourly, monthly, and yearly evolutions, as well
as spatial distribution). This has allowed us to get a preliminary characterization of the warm rain
events in Catalonia. From here, we have selected a set of events to determine the principal
meteorological properties of this type of precipitation in Catalonia, based on weather radar, AWS,
NWP models, and radio-soundings.
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Figure 4. The RLR (Rainfall Lightning Rate) scheme for the different lightning (CG, x-axis) and rainfall (QPE, y-

axis) values.
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Figure 5. Conceptual scheme of the methodology used in the present Research for the selection of the events, the

classification, and the final development of a conceptual model.
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3.2. Contextualization of the Selected Events

We have selected four representative cases to illustrate the characteristics of the warm rain
events in Catalonia, from different viewpoints, based on the tools previously presented. The different
signatures observed in all cases help us to develop the conceptual model of this kind of event in the
region of study. Concretely, the selected events were 2 September 2019, 16 July 2020, 18 December
2020, and 15 October 2023. The usual period for warm rain events in Catalonia is July to October.
However, we have selected one case out of this season. This case demonstrates that the necessary
conditions can occur even on dates outside the favorable season.

The selection has been made considering events that occurred after the passing of a trough or a
cold front. Furthermore, the Pyrenean Wake pattern was well formed, and local wind convergences
occurred in all cases. In addition, we have selected two cases that occurred in the coastal zone and
two more in the pre-coastal area. Furthermore, three of the cases recorded heavy rainfall rates (higher
than 30 mm in 30 minutes), and one case recorded huge amounts of precipitation (over 250 mm in
only 12 hours).

4. Results

4.1. The Behavior of RLR Along the Period

Figure 6 shows the distribution of events (days) according to the relationship between lightning
(CG flashes per day) and cumulated daily rainfall. There has been a predominance of Type 8 (poor
convective and low efficiency cases, 91.17%), followed by Type 5 (poor convective, 5.67%) and Type
2 (poor convective but efficient, 1.62%) events. On the contrary, only 1.18% of cases were convective
(between 5 and 20 CG), and 0.36% of days were very convective (more than 20 CG). In consequence,
possible warm rain events (associated with Type 2) are more probable than the full set of convective
and very convective days. Since this point, we will focus exclusively on days when candidates
registered warm rain in at least one rain gauge (1,763 of the 7,724).

Categories
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Figure 6. (a) Type event categorization according to daily values of QPE (y-axis) and CG flashes (x-axis). (b)

s

CcG Type

Logarithmic distribution of the different categories (see figure 5 for the legend of each category).

Figures 7 and 8 show the monthly and hourly normalized distributions of types 2 and 3 events.
For the monthly distribution, two distinct seasons are evident: a cool season (November to April)
with fewer than three cases per month and a minimum in February. On the contrary, there is a warm
season (May to October) with more than three cases per month. Notably, five or more monthly cases
occurred from June to September, with a peak of nearly seven in September. In the hourly
distribution, a relative maximum occurs between 0 and 1 UTC (four cases per hour), while a more
prominent maximum occurs between 14 and 18 UTC, with over nine cases per hour and a peak of
fourteen at 15 UTC. This pattern resembles severe weather events in Catalonia [64], offset by one
month and one hour relative to hail cases.
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Figure 7. Monthly distribution (normalized per year) of types 2 and 3 events (RLR > 10 mm/CG) for the period
2006-2025.
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Figure 8. Hourly distribution (normalized per year) of types 2 and 3 events (RLR > 10 mm/CG) for the period
2006-2025.

The spatial distribution of hourly rainfall cases with RLR exceeding the 10 mm per flash (Figure
9) presents a gradient from coastal to inland data, with three relevant regions: the southern area
(marked with an “A”), the central coastal and surrounded area (“B” label), and the Southern part of
the Eastern Pyrenees (“C” area). The first region has been analyzed in [65] due to the high number of
flood events, indicating that in most cases the elevated cumulated values are accompanied by a high
lightning density. However, most flashes are concentrated over the sea. Region C is very close to the
hotspot of thunderstorms in Catalonia during the Summer [66], and the monthly events distribution
is slightly different from that shown in Figure 7, with most cases occurring in July and August,
followed by June and September. During the rest of the year, the number of events is negligible.
Finally, the Southern part of Region B was analyzed from the viewpoint of radar structures in [67].
In the present Research, we focus on the complete area of Region B, analyzing other meteorological
fields to improve our understanding, as presented in [65].
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Figure 9. Spatial distribution of types 2 and 3 (RLR>10 mm/CG) events for the period 2006-2025. The purple
dotted lines delimitate the three main areas with this kind of cases (highly efficient with low or null lightning
activity): the Southern area (Ebre Delta and surroundings, labelled with an “A”), the Central Coast and the
neighboring inland region (labeled “B”), and the Eastern Pyrenees (labeled “C”).

4.2. Trends of RLR

Figure 10 presents the yearly distribution of warm rain events with RLR over 10 mm/CG. The
first characteristic is the irregularity of events in consecutive years. In this sense, the best example is
observed between 2017 and 2018, and between 2018 and 2019. Meanwhile, 2018 presented the
maximum value of cases (67); the other two years had the lower values of the period (16 and 21 cases,
respectively). The irregularity can also be observed in the fact that only five years have close values
(a difference of less than three) to the mean 37.8 (black line). The second point of interest is the
existence of an increasing trend in the number of cases per year, despite the irregularity. Considering
the entire period, the trend (red line) shows an increase of 0.28 cases per year (R2 =-0.03). However,
if we remove the central years of the period (2015 and 2016), which show a decreasing trend, we can
observe two nine-year periods (2006-2014 and 2017-2025) with increasing trends of 1.77 and 1.35 cases
per year (R2 = 0.26 and -0.08), respectively.
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Figure 10. Yearly distribution of types 2 and 3 (RLR > 10 mm/CG) events for the period 2006-2025. Black line is

the mean. Red line is the trend.

4.3. Presentation of Some Cases of Interest

The selected events have been considered due to different signatures. First, they have a notable
impact in some cities on the Central Coast and the surrounding region. In all cases, there were some
local floods. Figure 11 shows an example of a street flood during the event of 2 September 2019.
According to Llasat et al. [68,69], floods in Catalonia are classified in three categories: extended floods
(lasting for one week with total precipitation exceeding 200 mm in several areas), extended flash-
floods (lasting for one day to one week with total precipitation exceeding 200 mm in a localized area,
with punctual values over the 300 mm), and local flash floods (less than 1 day, but in general less
than 3 hours, and precipitation rarely exceeding the 100 mm in a very small area). All the events
presented here can be included in the last type of the previous classification.

Figure 11. Container swept away by the water current after an intense warm rain episode in Badalona on 2
September 2019. The nearest AWS (Badalona-Museu) recorded 17.3 mm in total, 13.2 mm in 30 minutes, and 0.8
mm in 1 minute of rainfall. The huge quantity of water flowing over the street suggests the core of the shower
fell far from the AWS. Two hours later, another heavy rain developed at Viladecans (Figure 2.b), which
registered higher values of rain than in Badalona, up to 40.7 mm in 30 minutes of rainfall (event A from Table
2). Picture from a video from Oriol Rodriguez (2019): https://x.com/i/status/1168624146286305282.
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4.4. Precipitation Characteristics

The episodes of warm rain in Catalonia are caused by small vertical and horizontal clouds, such
as shallow cumulus convection. The small magnitude of warm rain-producing clouds means that
remote sensing tools don’t usually diagnose their intensity adequately. This is because they have a
shape of simple, warm, shallow, and low clouds, with no or little lightning, as Hawaiian warm rain
showers. Meanwhile, radar images show local and small nuclei of moderate to heavy reflectivity with
1 km CAPPI maximum reflectivity oscillating between 45 and 55 dBZ. Besides, echotops (TOP12 dBz)
usually get 4-6 km ASL. Moreover, because of their small dimensions and scattered distribution
(Figure 12), showers usually don’t rain over the rain gauges. It makes the precipitation registered
from automatic weather stations hardly reflect the reality because the maximum is usually
concentrated in small areas, often far from rain gauges.

12:00:282

18 DEC 2020 UTC|

Figure 12. Examples of precipitation structures during the four heavy rain events of Table 2. Except in case (c),
all the events show small scattered nucleus of moderate to high reflectivity.

Anyway, if we take a close look, we will find out interesting features. The heavy showers that
finally fall over a rain gauge can register substantial amounts of precipitation in a day, from 40 to 70
mm (Table 2). However, those values exceeded 100 mm in 24 hours in specific cases. It was the case
of 18th December 2020, when at Cerdanyola del Valles (Figure 2.b), fell 273,6 mm fell in one day
(Table 2); meanwhile, at Sant Cugat del Valles, a town only 3 km west of Cerdanyola del Valles,
recorded 93,3 mm in the same period, with 30 minutes and 1 minute rainfall of 12,6 mm and 1,0 mm
respectively.

In any case, the main characteristic of these episodes is their high rainfall rate. Usual values are
from 15 to 40 mm in 30 minutes and from 0.5 to 2.7 mm in only 1 minute (Table 2). However, there
are exceptions, such as the early morning of 16 July 2020, when Barcelona-el Raval AWS recorded
52.3 mm in only 30 minutes, with a 1-minute maximum rainfall rate of 2.7 mm. Such high rainfall
rates can cause flash floods, as in Figure 11. Finally, during warm rain events in Catalonia, no hail is
observed, as occurs in Hawaiian showers [38], the Fort Collins flash flood [33], and the Madison
County flash flood [45].
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Table 2. Precipitation recorded in the automatic weather station from XEMA during four heavy warm rain
episodes. In the case of Cerdanyola del Valles, it was registered by a Hellman rain gauge. (*) 30-minute and 1-
minute rainfall were recorded at the AWS of Sant Cugat del Valles, located 3 km northeast of Cerdanyola del
Valles. Sant Cugat del Valles registered 93,3 mm during the event.

24-Hours Rainfall  30-min. Rainfall 1-Min. Rainfall

Event Date Location
(mm) (mm) (mm)
A 2 September 2019 Viladecans 42,2 40,7 2,5
B 16 July 2020 Barcelona 66,3 52,3 2,5
C 18 December 2020 Cerdanyola del Valles 273,6 12,60 1,00
D 15 October 2023 els Hostalets de Pierola 41,3 32,9 2,8

4.5. The Synoptical Environment

The four events of warm rain studied occur after a trough or a cold front crosses the area of
interest. Once any of these two structures has crossed Catalonia, a small ridge, or in a few cases the
zonal flow, comes close to the region (Figure 14). Consequently, a subsidence inversion (Figure 15),
with very dry air aloft, forms over the vertical of the region at low-mid tropospheric levels, around
3000-4000 meters ASL. This inversion efficiently limits the growth of convective clouds. At the same
time, an anticyclone usually approaches from the Atlantic Ocean (Figure 13). It makes the wind turn
to the north and northwest. The interaction of these fourth-quadrant winds with topography
generates the Pyrenean Wake (Figure 1) that drags humidity and heat from the Mediterranean Sea.

IFS (0.5°) — ECMWF

IFS (0.5°) — ECMWF

02-09-2019 18 UTC (Q0+18)
IFS (0.5%) — ECMWF

dg 15-10-2023 12 UTC (00+12)

{00+12)

Figure 13. Pressure field at the surface from the IFS of ECMWF. The maps are plotted at the same time as the
event or 3 h before. The North of the Iberian Peninsula is under the influence of a high-pressure zone, which lets
northwestern and northern winds arrive at Catalonia from the Ebro Valley and the Gulf of Lion, respectively,
and develop the Pyrenean Wake. In case (d), northern winds only affect the northeast edge of Catalonia. In case
(c), northern winds are nonexistent; however, easterly winds also arrive at the coast, bringing moist and warm

air mass likewise.
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Figure 14. Geopotential (m) and temperature (°C) at 500 hPa from IFS of ECMWE. The maps are plotted at the
same time as the event or 3 h before. In all the events, a trough has just crossed Catalonia, and behind it a small

or wide ridge approaches from the west. In case (d), these structures are quite subtle.
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Figure 15. Skew-T/Log-P sounding analysis, created with the RAOB program, from Barcelona Sounding Station
(WMO code 08190) for the four warm rain events, is shown in Table 2. All the soundings aren’t modified. The
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red shaded area is CAPE, the dark blue shaded area is CIN, the horizontal solid blue line is freezing level, the
horizontal green shaded lines are subsidence inversions, the grey shaded area in the left column is cloudiness,

and the brown-orange line in the right column is Equivalent Potential Temperature (without unit).

4.6. Mesoscale and Thermodynamics

The warm rain episodes analyzed here are directly related to the Mediterranean air mass. It is in
this maritime warm and humid air mass, which northern and northwestern winds cannot sweep, that
the events studied develop. Therefore, the main features to highlight are the characteristics of the air
mass that remains in the central coast and pre-coastal area from mesoscale and thermodynamic
perspectives, as well as different convergence lines that form along it.

The analysis of the vertical wind profile reveals between southerly and easterly flow up to
around 1 km ASL (Figure 15), which ensures the entrance of a very humid air mass (Figures 16 and
17). In fact, 0-3 km mean relative humidity oscillates between 83 and 94%, while the 850 hPa dew
point depression is almost always below the 1 °C level. Consequently, the atmospheric PWC is
relatively high (oscillates between 2,5 and 3,5 cm), and it’s a basic ingredient for the occurrence of
heavy and abundant precipitation according to [11,70]. This high humidity also explains the low
cloud bases, situated between 400-700 meters ASL (Table 2). Freezing level oscillates from 2800 up to
4200 meters ASL, so most or all the cloud extends below the 0 °C level. The freezing level gets higher
altitudes during the summer and early autumn, and approaches the tropical freezing level values,
which oscillate between 4 and 6 km ASL [71]. Consequently, combining a high freezing level with a
low cloud base creates a deep warm cloud layer. In this layer, the coalescence or warm rain process
can occur, which increases the efficiency, rainfall rate, and accumulation [11,34].

It is interesting to note that all this saturated or subsaturated profile is built underneath the thermal
inversion at low-mid tropospheric levels, around 3000-4000 meters ASL (or between 700-600 hPa. Upon
the inversion level, the air is very dry, and the wind turns to a moderate westerly or northerly wind. That
inversion, as well as the saturated air below and the dry air over it, is common in other warm rain events
around the world [12,38]. The EL usually coincides with the inversion height. The presence of the
inversion limits cloud growth (Figure 18). And thus, it prevents warm and moist updrafts from ascending
much over the freezing level, where the formation of ice would probably initiate the thunderstorm
electrification process. In a few cases, the thermal inversion doesn’t form clearly; instead, a slight decrease
of the vertical lapse rate works as an inversion (Figure 15, case D).

The thermodynamic environment reveals low values of instability indices. For instance, total
CAPE oscillates from 80 to 300 J/kg. These values are similar to those observed in other warm rain
events [33]. Most values of LI [72] are between +3 and 0; meanwhile, the majority of TT [72] oscillates
between 41 and 46. In addition, a remarkable feature of these events is that most of the CAPE and
PWM are concentrated below the thermal inversion height (Table 2).

Another feature to emphasize is the convergence lines necessary to trigger the formation of the
swallow cumulus. Northern (Tramuntana) and northwestern (Mestral) dry and cold winds turn
prominently to their right and left, respectively, when they reach the Mediterranean Sea. After travelling
some tens of kilometers over the Mediterranean Sea, they drag heat and humidity from the sea, so they
become warm and moist winds (Figure 17 panels (a), (b), (d), and Figure 1a). Finally, they arrive at the
coast as southern and/or eastern winds, which converge in the central area of the Catalan Coast.

But convergence lines are also caused by other mechanisms. In some cases, the convergence is
due to the interaction of these southern or eastern winds with either the Litoral or Prelitoral mountain
ranges. In other cases, convergence occurs when the nocturnal land breeze coincides with low-level
southerly and easterly winds. This causes the occurrence of convection offshore or just over the coast.
A convergence line over the sea is also documented at Sumatra’s western coast [73].
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Figure 16. Relative humidity (%) and wind (kt) at 850 hPa for the WRF model for the four warm rain events. In

all cases, a wide or sometimes narrow saturated air mass is present in the eastern part of Catalonia at this altitude.
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Figure 17. Dew point temperature (°C) and wind (kt) at the surface for the WRF model. The presence of higher
values of surface dew point temperature (relative to the surrounding area) at the central part of the litoral and
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prelitoral reveals the inshore entrance of a humid and warm air mass from the Mediterranean Sea. In addition,
in maps a), b), and d), the bearing of Tramuntana wind to eastern or southern winds is clearly noticeable,
bringing to light the Pyrenean Weak. On the contrary, in map c), there is no northern wind, but it maintains the

maritime origin of the air mass.
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Figure 18. Conceptual model of the radio-sounding thermodynamic profile (left) and vertical radar section (right)

of the warm rain events in Catalonia.

4.7. The Conceptual Model

Based on the previous results, we propose a conceptual model of this type of event focusing on
the radio-sounding thermodynamic profile and the radar vertical structure (Figure 18). Besides, Table
2 provides some reference values for the rainfall characteristics, radar fields (reflectivity and TOP12),
and the most relevant thermodynamic parameters.

Table 2. Reference values for warm convective rainfall events in Catalonia.

Variable Range values
24-hours accumulation From 20 to 70 mm
30 minutes rainfall rate From 15 to 40 mm
Maximum reflectivity (CAPPI 1 km) From 45 to 55 dBZ
TOP12 dBZ From 4 to 6 km ASL
850 hPa temperature From 7 to 12 °C
850 hPa dew point depression Below 1 °C
Freezing level From 2800 to 4200 meters ASL
CAPE total From 80 to 300 J/kg
EL From 3000 to 4000 meters ASL (or 700-600 hPa)
LCL From 400 to 700 meters ASL
LI From 0 to +3
PWM From 2,5 to 3,5 cm
TT From 41 to 46

5. Discussion

This study analyses warm rain events, a type of precipitation that affects coastal and pre-coastal
regions of Catalonia. This territory is widely inhabited and urbanized, including small and narrow
stream basins that have short hydrological responses. These episodes are characterized by high-
efficiency precipitation that produces high rainfall rates. Furthermore, substantial amounts of
precipitation can also be registered. In a few cases, the usual values were exceeded, registering more
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than 100 mm in one day. But, as mentioned before, what makes these events a threat is their high
rainfall rate. Therefore, the combination of high population density, high rainfall rate, and flash
floods turns warm rain events into a hazard for people and infrastructures.

In comparison to other warm convective rain around the world, the episodes studied in this
paper share some characteristics with them. For instance, maximum values of radar reflectivity are
concentrated in the bottom part of the cloud within the warm portion of the cloud layer, which is
known as Low Echo Centroid (LEC) [11,33,74]. Furthermore, all these events occurred in a moist and
warm maritime airmass. This fact is independent of whether they develop over the sea, inshore, or
far away from the sea [33,39,45].

The thermal inversion present in these episodes is around 700-600 hPa, or 3000-4000 meters ASL.
This is the limiting height of the cloud top. Although it is at a little higher altitude, it aligns with other
documented warm rain events, as in Valentia (Ireland) and San Antonio (USA) [12], as well as in the
Hawaii islands [39], where the thermal inversion stops the growth of the clouds, whose tops fluctuate
between 2000 and 3500 meters above sea level. Nevertheless, not all heavy warm rain events around
the world exhibit an inversion, allowing clouds to develop up to the upper troposphere (from 10 to
13 km height, or even higher) [11,33,74,75].

In this way, Catalan warm rain events have very low values of instability indices (e.g., CAPE
from 80 to 300 J/kg or LI greater than 0). These values are notably low compared with warm rain in
other regions. Those cases have instability indices such as CAPE higher than 850 J/kg and LI lower
than -2 [11,33,74]. In addition, in Catalan warm rain events, CAPE and PWM are concentrated in the
lower troposphere. On the other hand, these magnitudes are distributed along the troposphere in the
other cases.

The NWP models were and are limited in modeling accurate atmospheric conditions linked to
the Catalan WCR. The limitations are higher in the case of synoptic models. The reasons are mainly
the grid size and the simplistic configuration of the parametrization. Mesoscale models provide better
results, but forecasts of events are only available within a few days (sometimes only a few hours),
and with a high uncertainty regarding the location and quantity of the showers.

This uncertainty is also reflected in synthetic vertical profiles: if the model cannot accurately
forecast all the atmospheric levels, it would not provide a good location for the rainfall field.
Furthermore, the comparison of these forecasted vertical conditions with the real ones is limited by
the fact that only one sounding point (Barcelona) is available (at 00 and 12 UTC). Therefore, if the
instability is far from this point, the sounding would not reproduce the real conditions of the
atmosphere.

Observations of the events are limited by the short areas affected by the rainfall. In most cases,
the rain gauges rarely describe the behavior of the event because they are far from the maximum.
Even the high increase in stations has not avoided this complexity. However, the combination of rain
gauges with radar fields has resulted in useful mitigation of the issue, but not in all situations and
locations. Depending on the vertical development of the rainfall cloud, the radar can accurately detect
precipitation or not. Therefore, the diagnosis result will be satisfactory or not.

To end, future work would focus on two main goals. On the one hand, we need to improve our
knowledge and understanding of these events. On the other hand, we should get better recognition
during operational surveillance tasks. Regarding knowledge, future work should focus on the role
analysis of three different variables. These magnitudes are the dew point, the equivalent potential
temperature at low altitudes, and the SST. Furthermore, the relationship between SST and
temperature at 850 hPa should also be understood more deeply. Finally, warm cloud depth [11]
should be analyzed to forecast air masses associated with heavy warm rain events. From an
operational viewpoint, we should improve the identification of the LEC radar signature. Moreover,
the use of cloud phase images from Meteosat Third Generation can help us recognize these clouds
better than in the past. However, the objective should be to establish an automatic detection system
of warm rain events that can help in surveillance tasks to anticipate high rainfall rates. In this sense,
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techniques such as neuronal networks, ensembles, or other artificial intelligence methodologies could
be used to detect relevant factors in model fields and remote sensing data.

6. Conclusions

This study presents an analysis of warm rain events, a type of common but quite unknown heavy
rain episode in Catalonia.

These episodes are characterized by highly efficient precipitation that produces large rainfall
rates. They appear throughout the year, although events with higher rainfall usually occur during
summer and autumn. There are no dynamic forcing features at upper tropospheric levels. Despite
this, relevant factors are found at lower atmospheric levels, such as local wind convergences, a
thermal inversion at low and medium troposphere, and a saturated airmass with elevated
atmospheric precipitable water below this inversion. The thermodynamic profile is the most
important predictor of warm rain events, although the environment reveals only low values of
instability concentrated at the bottom of the profile. These events are difficult to follow with
surveillance tools. Anyway, radar data is the most useful remote sensor tool for these tasks.

In any case, the consolidation of the conceptual model, advancements in monitoring tools, and
improved mesoscale models have strengthened the forecasters' capabilities to identify these events.
Consequently, they can issue heavy precipitation warnings with greater accuracy and timeliness.
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Abbreviations

The following abbreviations are used in this manuscript:

AMP Amposta sensor

ASL Above Sea Level

CAPE Convective Available Potential Energy

CIN Convective Inhibition

CAPPI Constant Altitude Plan Position Indicator

CG Cloud-to-ground

CCR Cold Convective Rainfall

CTT Cloud-top temperature

ECMWF European Center for Medium-Range Weather Forecasts
EL Equilibrium Level

CG Cloud to ground (flash)

EPV Equip de Prediccid i Vigilancia (in Catalan, Forecasting and Surveillance Team)
FRZG Freezing Level

GAC Globa Atmospheric Circulation
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GFS Global Forecast System

GME Global Model

GSM Global System for Mobile communications

1C Intra-cloud (lightning)

IR Infrared

LCL Lifted Condensation Level

LEC Low Echo Centroid

LF Low Frequency

LI Lifted Index

LMI La Miranda radar

MM5 Fifth-Generation Penn State/NCAR Mesoscale Model

MSG Meteosat Second Generation

NWP Numerical Weather Prediction Models

PPI Plan Position Indicator

PWM Precipitable Water Mass content

RLR Rainfall-Lightning-Relationship

SMC Servei Meteorologic de Catalunya (in Catalan, Meteorological Service of Catalonia)

SST Sea Surface Temperature

TOP12 The echo top exceeding the 12 dBZ reflectivity threshold in radar imagery

TRMM Tropical Rain Measurement Mission

TT Total Totals Index

VHF Very High Frequency

WCR Warm Convective Rain

WL Warm Layer

WMO World Meteorological Organization

WR Warm Rain

WRF Weather Research and Forecasting

XDDE Xarxa De Descarregues Electriques (in Catalan, Lightning Detection Network

XEMA Xarxa d’Estacions Meteorologiques Automatiques (in Catalan, Automatic Weather Stations
Network)

XRAD Xarxa de Radars Meteorologics (in Catalan, SMC Radar Network)
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