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FEATURES OF WEATHER TYPES INVOLVING HEAVY RAINFALL
ALONG THE SOUTHERN SPANISH MEDITERRANEAN
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ABSTRACT. Heavy rainfall events in the Mediterranean can be of high intensity, commonly exceeding 100 mm
day™!, and have irregular spatio-temporal distribution. Such events can have significant impacts both on soils and
human structures. The aim of this paper is to highlight a systematic comparison of synoptic conditions with heavy
rainfall events in Mediterranean Southern Spain, assessing the weather types responsible for meteorological risk
in specific locations of this mountainous region. To do this, we analyzed the maximum intensity of rainfall in
observational periods ranging from 10 min to 24 h using a database from 132 rain gauge stations across the study
area since 1943; then, the heavy rain has been associated with the weather type which triggers it. This analysis
identified a pattern of heavy rainfall which differs from that previously reported in the Mediterranean area. Thus,
in this research, the maximum number of heavy rainfall events uses to come from a dominant pattern of low
pressures associated to front systems and East-Northeast winds; but the maximum volumes use to be associated to
Cold Drops and the same winds; in addition, there are differences throughout the territory, showing several patterns
and seasonal incidence when analyzing sub-zones, which may be related with different erosive conditions
according to its position with respect to Atlantic or Mediterranean sea, and the entity of its relief.

Caracteristicas de los tipos de tiempo que implican precipitaciones intensas a lo largo de la
Espaiia sur mediterrdnea.

RESUMEN. Los eventos de fuertes precipitaciones en el Mediterraneo pueden ser de intensidad alta (superando
habitualmente los 100 mm dia™!) y tener una distribucion espacio-temporal irregular. Estos eventos también pueden
tener impactos significativos en los suelos y en las infraestructuras. El objetivo de este articulo es plantear una
comparacion sistematica de condiciones sindpticas con eventos de fuertes lluvias en la Espafia sur mediterranea,
evaluando los tipos de tiempo responsables del riesgo meteoroldgico en localizaciones especificas de esta region
montafiosa. Para lograr este objetivo, se analiza la intensidad maxima de precipitacion desde 1943 en un periodo
de observacion de 10 minutos a 24 horas usando una base de datos de 132 estaciones meteorologicas.
Posteriormente, la lluvia intensa se ha asociado con el tipo de clima que la desencadena. Este andlisis identificd
un patron de fuertes lluvias que difiere del conocido con anterioridad en el area mediterranea. En consecuencia,
en esta investigacion, el nimero maximo de eventos de lluvias intensas suele ocasionarse a partir de bajas presiones
asociadas a sistemas de frente y vientos del Este-Noreste, pero los volimenes maximos suelen estar asociados a
Gotas Frias y a los mismos vientos. Ademas, existen diferencias en todo el territorio, mostrando varios patrones ¢
incidencia estacional al analizar subzonas, que pueden estar relacionadas con diferentes condiciones erosivas segiin
su posicion respecto al Atlantico o Mediterraneo y la entidad del relieve.
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1. Introduction

Heavy rainfall events in the Mediterranean can be of high intensity and irregular spatio-temporal
distribution (Romero et al., 1999; Llasat, 2001; Pefiarrocha et al., 2002; Begueria et al., 2009). They
commonly involve rainfall exceeding 100 mm h”', and sometimes reach levels exceeding 375 mm h™!
(Camarasa, 1994), and it is not unusual for the annual average to be exceeded by factors of two or three
in single events (Gil Olcina, 1989).

These events have hydrological, territorial, economic, and social consequences, and
detrimentally affect the quality of life of affected communities. From the hydrological point of view the
rainfall levels are critical as they affect the rainfall-to-runoff relationship, impacting the initial
infiltration capacity of the soil and runoff thresholds and coefficients (Yair and Lavee, 1985; Camarasa
and Segura, 2001; Cammeraat, 2004; Rodrigo Comino et al., 2016; Camarasa et al., 2020), and often
result in flash floods.

The increased risks associated with heavy rainfall events are not only environmental, but
increase the vulnerability of affected communities, particularly under the effects of climate change
(IPCC, 2001, 2007, 2014, 2019). Changes in the water cycle, hydrological patterns, and climatic patterns
are of great concern to affected populations, and consequently are receiving increased research attention
(Guijarro Pastor, 2002; Katz et al., 2005; Negri et al., 2005; De Luis et al., 2010; Coscarelli and
Caloiero, 2012; Lemus and Lopez, 2016; Olcina, 2017). These changes affect economic activities
(including agriculture, energy production, and drinking water supply) and natural risks (including dry
spells, floods, and landslides) (Hennessy and Pittock, 1995; Ferrari et al,, 2013; Martinez Navarro,
2018).

This process is an indicator of current climate change, as Mediterranean societies have
historically adapted to changes in resources and risks (Butzer, 2005), and have remained resilient to past
fluctuations in the magnitude and intensity of extreme weather episodes. However, the current situation
may herald major impacts on natural and anthropic aspects of water resources in Mediterranean areas.

The increasing number of days exceeding the long-term average maximum and minimum
temperature in Mediterranean environments (Barcena et al., 2018) is causing the energy accumulated in
the system to intensify the hydrological cycle, and so increase the number of extreme high intensity
rainfall events, which in turn result in a greater number of catastrophic floods (European Environment
Agency, 2018a), with their attendant risks.

An important issue is the definition of a heavy rainfall event. These are considered to be
characterized by high intensity and having the capacity to generate significant impacts on and changes
in affected areas (Martin and Llasat, 2000). However, because of various meanings of the term ‘extreme
event’, diverse definitions of heavy rainfall events have been in use in recent decades (Schumm, 1980;
Palmer and Ralsanen, 2002; Trenberth et al., 2015). Among these, the definition of Beniston et al. (2007)
includes that for an event to be considered extreme, three main criteria must be met: rarity, intensity,
and severity. For the entire Spanish territory an extreme event has been defined by Martin Vide (1989)
as one generating rapid, excessive and short-lived surface runoff, involving at least 100 mm 24 h’'
(Santos Deltell, 1991; Olcina Cantos, 2000; Senciales and Ruiz, 2013). According to the State
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Meteorological Agency of Spain (AEMET, 2013), this equates to 60 mm h™ or greater. However,
variability in rainfall measurement at the national level requires a better definition of heavy rainfall.
Hence, Olcina Cantos (2000) identified the need to establish a new rainfall threshold that corresponds
to historical severe physical or human consequences.

Knowledge of the amount and intensity of rainfall is important in the Mediterranean area (Alpert
et al., 2002; Olcina, 2017); thus, in some cases geomorphological rainfall has been defined as being of
very high intensity and short duration, with the ability to modify the land (Sillero et al, 2019). The
consequences of increasing rainfall intensity are worse in this environment, where the impacts of human
activities have been substantial in recent centuries. The European Environment Agency has confirmed
an increase in heavy rainfall in the north and northeast of Europe but has reported diverse trends in the
southern Europe (European Environment Agency, 2018b).

The records of rainfall differ according to the time scale used for the observations (Waymire
and Gupta, 1981; Valdés et al., 1985; Jebari et al., 2007; Dunkerley, 2008), increasing its intensity and
irregularity according to the reduction of the observation time interval. However, Sillero et al. (2019)
noted that the most appropriate time interval to measure the intensity of rainfall is not clear, and that it
can differ according to the type of phenomenon being investigated, the scale at which it is produced,
and the specific objectives of the research. For example, basin-scale processes depend on the occurrence
of specific episodes of rainfall (Cammeraat, 2004; Conesa Garcia, 2005), and hydrological connectivity
(the continuity of water flow in the basin from the headwaters to the outlet) in the particular
morphoclimatic context (Bracken et al., 2013). In humid environments the basal flow and the antecedent
humidity are important, while in semi-arid environments the duration and intensity of the rain episodes
are major factors, especially when the duration of a rainfall event is greater than the run-off concentration
time of the basin or when the intensity of the rainfall is very high (Yair and Kossovosky, 2002; Yair and
Raz-Yassif, 2004; Bracken et al., 2008).

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change,
daily rainfall records are insufficient for studying heavy rainfall in Mediterranean areas (Hartmann et
al., 2013), and that more finer time scales are needed (Bengtsson and Milloti, 2010; Monjo, 2016).
Empirical studies carried out by Camarasa-Belmonte and Soriano (2014) have shown that many natural
processes in Mediterranean environments are related to rainfall intensity on time scales of less than 24
h. This feature is also highlighted by Rodrigo ef al. (2019). Consequently, some studies (Bengtsson and
Milloti, 2010) have emphasized the importance of information on short-term rainfall for applied
problems such as the design of stormwater drainage systems. However, in Spain there was a lack of
short-term rainfall data until the creation of an automatic water information system (SAIH), and
sometimes the data is of poor quality because of the distribution of measurement stations. This problem
is most serious in semiarid areas, where rainfall data is usually recorded daily. Therefore, there is a need
to use mathematical models to estimate rainfall intensity at shorter time scales (hours, minutes), based
on reprocessing of daily data (Salson-Casado and Garcia-Bartual, 1998; Bacchini and Zannoni, 2003;
Egozcue et al., 2006; Rusjan et al., 2009), even though such modeling can overestimate or underestimate
some parameters (Bengtsson and Milloti, 2010). However, it is essential to study rainfall intensity at
various scales to determine which are the most representative, to identify how the maximum values of
each time scale are spatially distributed, and to evaluate which have the main geographical effects.

A second issue stems from the fact that in southern Spain, heavy rainfall phenomena may result
from the Mediterranean and Atlantic (across the Strait of Gibraltar) rainfall patterns (east and west
patterns, respectively). This duality has been analyzed in general terms in numerous studies (Pons and
Soriano, 1994; De Luis et al., 1997; Pascual et al., 2001; Martin Vide, 2004; Llasat et al., 2005; Neppel
et al,, 2007; Rodrigo and Barriendos, 2008; Lana et al., 2009; Turco and Llasat, 2011; Senciales-
Gonzalez and Ruiz-Sinoga, 2013), along with the episodic atmospheric dynamics that affect these
patterns (Martin et al., 2006; Martin Vide et al., 2008; Camarasa et al., 2010, 2018, 2020).

Cuadernos de Investigacion Geografica, 47 (1), 2021. pp. 221-242 223



Senciales-Gonzélez y Ruiz-Sinoga

The systematic comparison of synoptic situations associated with heavy rainfall events enables
analysis of the weather conditions increasing meteorological risk in specific locations, as it is evident
that topography affects atmospheric circulation (Hartung et al, 2019), especially in areas such as the
Mediterranean slope (Santos-Mufioz et al, 2020), where the height of the landforms commonly exceeds
1000 m over short distances.

Numerous studies have investigated mesoclimatic features affecting the Mediterranean climate.
The studies of Elias and Ruiz (1979), Font Tullot (1983), Lopez Gomez (1969, 1983), Albentosa (1991),
and Capel Molina (2000) on the general climate of the Iberian peninsula are important, and draw
attention to the particularities of some places in the Mediterranean, especially those including the eastern
zone, where catastrophic rainfall events reoccur in a phenomenon that has been referred to as "the
supposed monsoon of the Iberian Peninsula" (Lopez Gomez, 1969). In the eastern Mediterranean area,
the dynamics and trends of convective rainfall episodes have been extensively analyzed (Millan et al.,
2005; Estrela et al., 2006), including their association with unusual increases in temperature (Miro ef
al., 2015). However, the Mesoscala convective systems (Zipser, 1982) depend on different flows in the
Alboran Sea (Xoplati et al., 2012; Senciales-Gonzalez and Ruiz Sinoga, 2013; Ruti et al., 2016).

In this study we analyzed the maximum intensity of rainfall in observation periods ranging from
10 min to 24 h in a particularly sensitive area in the southern Iberian Peninsula, and the dominant types
of weather which are responsible. The study objectives were to assess the characteristics of heavy
rainfall events at various time scales, its seasonal and geographic variability, and the meteorological
conditions involved.

2. Methods and study area

The major heavy rainfall events recorded in southern Spain were analyzed based on the two
main official databases: the Spanish Meteorological Agency (AEMET) database and that of the Alert
System and Hydrological Information (SAIH) network of Spain.

First, it is necessary to clarify two concepts: “event” and “case”. i) An event is a weather
situation, generalized or not, that involves heavy rain. ii) A case is the rainfall data registered by a
weather device, in which it has exceeded a particular volume or intensity (100 mm 24 h''; volume in 1
h; volume in 10 min).

We analyzed 83 events and 203 cases of rainfall exceeding 100 mm in 24 h, 44 events and 90
cases of rainfall exceeding 20 mm h™', and 44 events and 90 cases of intense rainfall lasting <10 min. It
has been used data from 132 rain gauge stations since 1943 to 2019.

Thus, there have been 84 events with >100 mm 24 h™'; 40 events with <100 mm 24 h™' but high
hourly intensity; and 44 events with high intensity in 10 min. Given that some events registered as >100
mm 24 h™! had also high hourly intensity (and were registered as <100 mm 24 h™') at other stations or
areas, in total we analyzed 114 events (Table 2), because some events are recorded with the three type
of intensity. Thus, in these cases, an event is characterized by several cases through the same or different
area.

We developed a database recording events, season, and event dates. In addition, rainfall events
of 10 min not only recorded maximum intensity during 10 min, but also were contrasted with the total
amount of rainfall during the hour and day which did occur.

We identified six zones on the Mediterranean slope in southern Spain, based on their distances
from the Atlantic Ocean and their topographical characteristics (Fig. 1).

1. (R) Campo de Gibraltar, the Ronda Mountains and the west coast of Malaga province (from
Calaburras Cape to Manilva).
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2. (G) Guadalhorce Valley, the central coast of Malaga province (from Calaburras to Malaga)
and the west slope of Montes de Malaga.

(A) Axarquia shire.
(S) The semiarid zone of the Granada and Almeria provinces.

(N) Sierra Nevada (Granada-Almeria, >1000 m height).

A

(D) The sub-desert domain of Almeria.

Each event was associated according to four characteristics: 1) ground level weather situation,
ii) 500 hPa level weather situation, iii) dominant ground-level wind, and, iv) 500 hPa level winds. On
this basis, weather types were classified and related to the rainfall volumes and number of cases, and to
statistical estimators. Events and cases were distinguished: thus, an event involving heavy rainfall may
have been recorded at only one weather station (one event with only one case), or at several stations
(one event with several cases).

Figure 1. Study area. R: Campo de Gibraltar, Ronda Mountains and West Coast of Malaga province. G:
Guadalhorce Valley, central coast of Malaga province and West slope of Montes de Malaga. A: Axarquia shire.
S: Semiarid zone of Granada and Almeria provinces. N: Sierra Nevada (Granada-Almeria, >1000 m). D:
Subdesert domain of Almeria.

Six weather types were identified (Rodrigo et al., 2020):

1. Dynamic low pressure without fronts (DL): dynamic low-pressure events lacking associated
fronts throughout the complete event.

2. Cold air pool (CD): weather systems involving cold-air damming at height, but without low
pressure at ground level. Thus, any element with a positive surface pressure (> 1014 hPa)
linked to an isolated cold air cell at height was classified as a CD.

3. Thermal low pressure (TL): these are rainfall events which occur in summer or close to
summer characterized by low pressure at ground level, but height values higher than 5520
m. at 500 hPa levels. They may or may not be associated with frontal systems.
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4.

Weak Anticyclones or Weak Low-pressure weather systems (WA-D): It is usual that
barometric swamps evolve in a few hours to local thermal low pressure or let the arrival of
moisture-laden air from the sea. They involve an undefined field of pressure that is
sometimes linked to heavy rainfall; they lack frontal systems.

Dynamic low pressure with fronts (DL+F): dynamic low-pressure weather systems that
show instability in all atmosphere levels. The frontal system determines the precipitation
period, and up to three fronts may occur during the same event.

High pressure weather systems with fronts (A+F): high pressure systems associated with
unstable air masses, especially those of maritime origin and in contact with masses having
different characteristics (temperature/humidity). In these cases, the high-pressure systems
show internally levogyrous curvature coincident with respect to the fronts.

These weather types were analyzed on the basis of four rainfall levels as follows.

A.
B.

Average rainfall >100 mm 24 h™', and events distributed over the study area.

Average rainfall <100 mm 24 h™' and >20 mm in one hour, and events distributed over the
study area.

Hourly average rainfall >20 mm during events (regardless of the total volume), and events
distributed over the study area.

Average 10-minute rainfall rate during events >20 mm h™', and total amount of 10-minutes
rainfall compared with total amount of hourly rainfall events (10-minutes rainfall * 100 / 1
hour rainfall).

The weather types and rainfall were related to the surface wind direction. Based on cause and
regional origin, five wind direction groups were identified: NE-E (winds from the Mediterranean basin);
SE-S (from Alboran and Africa); SW-W (from the Atlantic Ocean); N-NW (continental winds); and
Variable (winds variable during the event) (Fig. 2).
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Figure 2. Number of events having rainfall >100 mm 24 h”', and wind directions.
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3. Results
3.1. Average rainfall >100 mm 24 h’', and events distributed over the study area

More than 50% of rainfall events >100 mm h™ affecting the entire study area were associated
with the DL+F weather type and NE-E winds, the CD weather type and NE-E winds, and both DL+F
and CD weather types and SE-S winds (Fig. 3).
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Figure 3. Volume and case percentages of average rainfall >100 mm 24 h'.

Most frequently events having average rainfall > 100 mm 24 h-1 were associated with the DL+F
weather type and SE-S winds (36% of cases), and secondarily with the CD weather type and NE-E
winds, the DL+F weather type and NE-E winds, and the DL+F weather type and SW-W winds. These
four weather types comprised 70% of the cases. This indicates that several weather types associated with
a few cases involved large precipitation volumes, particularly any weather type associated with SE-S
winds, or any wind associated with the DL+F weather type.

There were differences with respect to precipitation volume and the number of cases in each zone.

Maximum rainfall volumes in the semiarid zone of Granada and Almeria (hereafter, “the S
zone”) were associated with NE-E winds and the DL+F weather type; but the maximum frequency
occurred in the Guadalhorce valley (“the G valley”) associated with the CD weather type.

SE-S winds were also associated with maximum rainfall volumes in the S zone, but in this case
associated with the CD weather type. In contrast, by far the greatest frequency of cases occurred in the
Campo de Gibraltar-Ronda mountains (hereafter, “the R mountains”).

Maximum rainfall volume in the sub-desert area of Almeria (hereafter, “the D area”) was
associated with SW-S winds and the CD weather type, but this involved only a single case. Apart from
this, the maximum average precipitation volume in the R mountains was associated with the DL+F
weather type. With respect to the number of cases, the maximum frequency in the R mountains and the
S zone was associated with the DL+F weather type.
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In only two cases were NW-N winds linked to the DL+F weather type, one in the R mountains,
and the other in the S zone.

Variable winds were associated with maximum rainfall values in the R mountains but involving
only a single case associated with the DL+F weather type. Apart from this exception, the maximum
precipitation average volume occurred in the D area associated with the DL+F weather type, the same
area that was associated with the maximum case frequency.

3.2. Average rainfall <100 mm 24 ™! and >20 mm in one hour, and events distributed over the
study area

The maximum percentage of average rainfall events <100 mm 24 h™! and >20 mm in one hour
distributed over the study area was associated with the A+F weather type and NE-E winds. A similar
percentage were associated with the CD weather type and NE-E winds, and the DL+F weather type
associated with SE-S winds. These three weather types accounted for more than 50% of the rainfall
events <100 mm 24 h"' and >20 mm on one hour (Fig. 4).

% Volume of heavy rain in 24 h <100 mm. and >20 mm/h % Cases of heavyrainin 24 h <100 mm.
Weather type and wind direction and >20 mm/h. Weather type and wind direction
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Figure 4. Volume and percentage of cases of rainfall events <100 mm 24 k™' and >20 mm on 1 hour.

However, the case frequencies differed, with the most frequent rainfall events <100 mm 24 h’!
and >20 mm on one hour being associated with the DL+F weather type and Variable winds (18% of
cases), and less frequently with the A+F weather type with NE-E winds, the DL+F weather type with
SE-S winds, and the CD weather type with NE-E winds. Together, these four weather types comprised
58% of the cases. This indicates that there were several weather types involving few cases but with high
precipitation volumes. For any weather type associated with NE-E winds, or the DL+F weather type
associated with SE-S winds, higher rainfall volumes were involved in a few cases of rainfall events <100
mm 24 h™' and >20 mm in one hour.

There were differences with respect to the volume and number of rainfall cases in each zone.
Thus, NE-E winds were associated with maximum rainfall volumes in the S zone and the A+F weather
type; but the maximum frequency occurred with the A+F weather type in the D area.
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Maximum rainfall volumes occurred in the G valley associated with the DL+F weather type and
SE-S winds. The greatest frequency of cases in the R mountains occurred with several weather types,
but intense rainfall was most frequently associated with the BD+F weather type with SE-S winds.

Maximum rainfall volumes also occurred in the G valley associated with the DL+F weather type
and SW-W winds. The highest frequency of cases also occurred in the G valley but associated with the
CD weather type. There were no other cases recorded other than those in the R mountains and the G

valley.

No cases of rainfall of an intensity >20 mm h™' associated with NW-N winds was recorded, and
there were no cases of the DL weather type.

Maximum rainfall occurred with Variable winds in the R mountains associated with the DL+F
weather type, but the highest frequency of cases occurred in the S zone, also in association with the
DLAF weather type.

3.3. Hourly average rainfall >20 mm during events (regardless of the total rainfall volume),
and events distributed over the study area

The maximum percentage of rainfall events >20 mm h™' in the study area were associated with
the CD weather type and NE-N winds, and to a similar but lesser extent with the A+F weather type and
NE-N winds, the DL+F weather type and SE-S winds, and the DL+F weather type and Variable winds.
These four weather types accounted for >56% of the rainfall events >20 mm h™' (Fig. 5).
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Figure 5. Volume and case percentages for hourly rainfall > 20 mm.

The case frequencies differed only slightly in this analysis. The same weather types were most
frequently associated with the cases. Thus, the DL+F weather type with SE-S winds were associated
with the highest number of cases, although the DL+F weather type with Variable winds, the A+F
weather type with NE-E winds, and the CD weather type with NE-E winds also accounted for a high
number of cases. These four weather types accounted for almost 63% of the cases, with several weather
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types associated with a few cases provided large precipitation volumes. Any weather type associated
with NE-E winds accounted for higher volumes for cases involving rainfall >20 mm h™'.

With respect to volume and number of rainfall cases in each zone, the results varied. Thus, NE-
E winds associated with the DL+F weather type accounted for maximum rainfall volumes >20 mm h!
in the S zone, and also the maximum frequency.

SE-S winds associated with TL weather type produced maximum rainfall volumes in the S zone.
As there were <100 mm events, the main frequency of cases in the R mountains was associated with
several weather types, with the DL+F type and SE-S winds being the most frequent for >20 mm h'
events.

SW-W winds showed the same relationship to rainfall events as found for <100 mm events,
with maximum values associated with the G valley and the DL+F weather type, and the highest
frequency of cases occurring in the G valley, but associated with the CD weather type.

When there are variable winds, maximum hourly rainfall values are reached in D area with
DL+F weather type, but the highest frequency of hourly rainfall cases occurs in the S zone, also related
to the DL+F weather type.

3.4. Average 10-minute rainfall rate during events >20 mm h™, and total amount of 10-minutes
rainfall compared with total amount of hourly rainfall events (10-minutes rainfall * 100/ 1-
hour rainfall).

As the analyzed cases were the same for both hourly and 10-min rainfall, this analysis was
centered in the rainfall volumes fallen in ten minutes (Fig. 6).
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Figure 6. Volume percentages for heavy rainfall in 10 minutes related to rainfall in 1 hour.

The maximum percentage of heavy rainfall during 10 min in the study area was associated with
the DL+F weather type and SE-S winds, although similar but lower percentages were associated with
the A+F weather type with NE-E winds, and the CD weather type with NE-E winds. These three weather
types accounted for almost 43% of the 10-min rainfall events >20 mm h-1.
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Differences with respect to average rainfall volumes in each zone were as follows.

Maximum rainfall volumes in <10 minutes were associated with the CD weather type and NE-
E winds in the R mountains. This shire had the highest intensity, even though the intensity in any area
was usually associated with the DL+F weather type.

Maximum volumes in the S zone were associated with the DL+F weather type and SE-S winds.
No area clearly showed a maximum rainfall volume, with similar values being found in the G valley,
the D area, and Axarquia shire (A).

SW-W winds showed maximum rainfall values in the G valley associated with the CD weather type.

Variable winds had maximum rainfall values in the D area associated with the DL+F weather type.

3.5. Summary of rainfall intensities, weather types, and winds by zone

Table 1 and Figure 7 show the weather types and winds in relation to rainfall volume and cases
for each type of intensity analysis and zone. Although there was no clearly defined pattern, some main
trends were evident. Thus, the mountainous zones (the R mountains and Sierra Nevada) were dependent
on the CD weather type. The DL+F weather type was common both in Axarquia (A) shire and
Guadalhorce valley (G), in this case together CD weather type. The A+F, TL, and CD weather types
typically occurred in oriental zones (the S zone and the D area). The eastern zone shows similar weather
type frequencies to other researches relating rainfall and weather type reported in the East of Spain,
including Valencia (Rodrigo et al. 2020). With the exception of Sierra Nevada (N), where NE-E winds
and CD weather type were dominant for any rainfall intensity type, there was no clearly dominant wind
direction explaining the rainfall intensity in any zone, although we note that there were no cases
involving NW-N or SW-W winds (except in the D area).

The distribution of maximum rainfall values >100 mm 24 h-1 can be generalized as follows.
The number of rainfall cases in the western area depended on SE-S winds and the DL+F weather type;
on the contrary, the number of rainfall cases in the eastern area depend on NE-E winds combined with
the CD and DL+F weather types. The rainfall volume depended on NE-E winds in western and eastern
areas, but SE-S winds prevailed in central areas.

The distribution of maximum rainfall values <100 mm 24 h' and >20 mm h” was easily
classifiable according to the rainfall volume and wind direction: SE-S winds in western areas, and NE-
E winds in eastern areas. The hourly maximum rainfall volumes depended mainly on NE-E or Variable
winds. There was no clear association with the frequency of cases. The 10-minute rainfall volume was
dependent on NE-E winds in the mountainous areas (R and N), while the rest of the areas were dependent
on SE-S winds.
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Figure 7. Weather types and wind directions in the study area during maximum intensity events.

3.6. Summary of events, cases, and volumes related to weather types

Table 2 shows the frequencies of events and cases of rainfall >100 mm 24 h"" and <100 mm 24
h' (but >20 mm h™') related to weather types. This shows that even though the DL+F weather type was
associated with a higher frequency of events and cases; the maximum rainfall volume was associated
with the CD weather type for rainfall events >100 mm 24 h' and <100 mm 24 h™!. The TL and WA-D
weather types were also well represented among events >100 mm 24 h™', although the liters/case values
for the TL weather type were lower. The lowest values for events and cases >100 mm 24 h™' were
associated with the A+F weather type (only one event and case). There were no cases of events <100
mm 24 h™! associated with the DL weather type, and the minimum event and case values were associated
with the TL weather type.

Table 2. Events, cases, and volume of rainfall >100 and <100 mm 24 h™.

EVENTS CASES EVENTS*  CASES
>100 >100 mm/event Liters/case <100 <100 mm/event mm/case
DL 6 13 166.58 169.21 0 0 0 0
CD 20 39 201.03 200.58 7 11 62.72 58.93
TL 4 11 189.99 171.33 4 7 41.37 42.53
WA-D 7 12 189.93 192.88 4 4 48.35 48.35
DL+F 46 127 186.04 187.51 19 23 56.56 55.90
A+F 1 1 126.00 126.00 6 10 60.76 62.63
84 203 40 55

* Because the pluviographic dataset (hourly data) period was shorter (since 1994), there were fewer cases for
rainfall events <100 mm 24 h! than for events >100 mm 24 h’.
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Table 3 shows the frequency of hourly a ten minutes rainfall events and cases. As in Table 2,
the maximum hourly rainfall volume was associated with the CD weather type, but the maximum ten-
minute rainfall values were associated with the TL weather type.

Table 3. Events, cases, and volume of rainfall >20 mm h™' and 10 minutes.

EVENTS* CASES mm/ EVENTS CASES

>20mmh! >20mmh?' event mm/case | <I0min. <10min. mm/event  mm/case
DL 0 0 0 0 0 0 0 0
CD 9 18 48.54 46.14 9 18 21.28 21.36
TL 5 12 41.27 45.43 5 12 22.23 23.06
WA-D 4 4 30.75 30.75 4 4 18.60 18.60
DL+F 20 42 43.35 43.89 20 42 20.49 20.74
A+F 6 14 43.88 46.46 6 14 21.72 21.82

44 90 44 90

* Several events had hourly values > 100 mm h™!, so there were more events and cases of rainfall > 20 mm h'! than
for <100 mm h'.

Table 4 shows the weather types and wind directions for ten-minute rainfall values over the
study area. This shows (right hand side of Table 4) that more than a 50% of the hourly rainfall occurred
in 10 minutes. Moreover, the SW-W wind direction reached the highest average rainfall ratio (rain fall
in ten minutes* 100/ rainfall in one hour) with a 59.6% of rainfall amount fallen in only ten minutes.
However, the maximum absolute percentage was associated with the A+F weather type and SE-S winds
(97.7% of the hourly rainfall fallen in ten minutes).

Table 4. Ten-minute intensity percentage with respect to hourly intensity.

Average 10-minutes maximum intensity % with respect hourly intensity
NE-E SE-S SW-W NW-N Variable |NE-E SE-S SW-W NW-N Variable
DL 0.00 0.00 0,00 0.00 0.00 0 0 0 0 0
CD (21.72 20.30 20.85 0.00 20.10 458 455 63.6 0 313
TL [20.10 23.65 0.00 0.00 0.00 72.7 49.8 0 0 0
WA-D (1825 19.70 0.00  0.00 18.20 582 494 0 0 89.7
DL+F |19.46 2220 1848 0.00  20.07 453 51.7 565 0 47.8
A+F |21.90 20.80 0.00 0.00 0.00 47.1 97.7 0 0 0
Average 20.29 21.33 19.66 0.00 19.46 49.0 55.1 59.6 0 47.3

3.7. Seasonal high rainfall by region

Analysis of heavy rainfall events throughout the study area showed that the highest number of
high intensity events (>100 mm or >20 mm h™") occurred in autumn (62.3%). However, Table 5 shows
that this did not apply in all the study areas, as the high number of cases in autumn skewed the dataset
to this season, especially for the R mountains. Thus, while the R mountains showed maximum
percentages of high rainfall in autumn, in the G valley it occurred in winter and spring, in Axarquia shire
and the D area it occurred in spring, in Sierra Nevada (N) it occurred in winter, and in the S zone it
occurred in summer. The number of cases analyzed in each area ranged from 10 (N) to 48 (R).

234 Cuadernos de Investigacion Geografica, 47 (1), 2021. pp. 221-242



Weather types and heavy rainfall, southern Spanish Mediterranean

Table 5. Seasonal distribution (%) of heavy rainfall events in each zone.

Events % R G A S N D
Summer 12 10.53 16.67 11.11 11.11 33.33 5.56 22.22
Autumn 71 62.28 37.00 24.00 8.00 12.00 5.00 14.00
Winter 24 21.05 25.00 25.00 7.14 14.29 14.29 14.29
Spring 7 6.14 12.50 25.00 12.50 12.50 0.00 37.50

4. Discussion

This study sought to address the inadequacies in Mediterranean areas of daily rainfall records
for studying heavy rainfall (Hartmann et al., 2013), and the need for the study of high intensity rainfall
at finer time scales (Bengtsson and Milloti, 2010; Monjo, 2016). Thus, we compared the average volume
associated with rainfall events greater than 100 mm 24 h' with the total annual precipitation, to
determine the extent to which these events contribute to overall precipitation.

The analysis of rainfall episodes is essential in semiarid environments, because, depending on
its intensity (Bull ez al., 1999; Hugues, 2005; Yair and Raz-Yassif, 2004; Bracken et al., 2008) and scale
(Yair and Raz-Yassif, 2004), an episode can affect resources or may present a risk in many different
ways. It is known that in southern of Spain, the torrential nature of the rainfalls can alter the soil water
availability for vegetation (Ruiz Sinoga et al., 2019) but also it is able to modify the surficial component
of the territory (mass movement, ravine growth, rock falls...) in addition to soil loss; then
“geomorphological precipitation” has been proposed as a term which define this type of heavy rain
(Sillero et al., 2019).

An important issue for applied research in semiarid environments is to define the most
representative rainfall indicator and the best scale for analysis. Because of the variability of the
processes, it is necessary to have a series of reference observatories because the number of stations
differs among areas. Thus, the R mountains area has 30 stations, the G valley has 35, Axarquia shire has
12, the S zone has 23, Sierra Nevada has 10, and the D area has 23.

As a result of the high energy and low frequency of these rainfall events in semiarid
environments, those of high intensity and short duration have extremely variable spatio-temporal
distribution (Romero et al., 1999; Llasat, 2001; Armengot, 2002; Pefiarrocha et al., 2002; Begueria et
al., 2009). Thus, among the events analyzed for each area, there were only 64.3% that were isolated,
11.9% occurred in six or more stations, and 10 events were general and not associated with any particular
area. A characteristic of the Spanish Mediterranean area is that although the average annual precipitation
is in the range 500-700 mm, a single event can exceed these values by two- or even three-fold (Gil
Olcina, 1989). Thus, some events can exceed 800 mm of precipitation in a single day, as occurred in the
city of Gandia in November 1987. In general, in Mediterranean environments it is very common for the
rainfall intensity to exceed 100 mm h! during a storm (Camarasa et al., 2010, 2014, 2020). However,
in southern Spain we have no cases in the analyzed series. Of the 100 cases involving hourly
precipitation data, 36 exceeded 50 mm h™' and 48 exceeded 20 mm in 10 min.

The rainfall intensity data are highly valuable in southern Spain, so it is not easy to identify
reference thresholds (Montesarchio et al., 2009) because the rainfall characteristics differ according to
the observation time scale used (Waymire and Gupta, 1981; Valdés et al., 1985; Jebari et al., 2007;
Dunkerley, 2008; Berne et al., 2009). Nevertheless, although there are differences all over the world
with respect to the rainfall thresholds, there is a medium confidence about there has been an increase in
the intensity of heavy precipitation events at a global scale (IPCC, 2019). It is not clear which is the
most appropriate time interval to measure the intensity of the rainfall, although the study of convective
cells suggests the use of intensity thresholds of 48-50 mm h' and an interval of approximately 1 h
between one event and the next (Llasat, 2001).
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The maximum rainfall volume recorded with NE-E winds during rainfall events of >100 mm 24
h™! corresponded to a single case of Thermal Low. Apart from this, Dynamic Lows with fronts produced
the highest average rainfall volumes, while cold air pools (absent in Axarquia) represented the greatest
number of events. Similarly, the highest number of rainfall cases with NE-E winds occur with cold air
pools; this weather type shows an average of four cases per area during each event, while it is reduced
to 3.67 cases with respect to Dynamic Low with associated fronts; cold air pools accounted for half of
the total cases recorded with this wind direction. Although the Guadalhorce valley had most torrential
events with this type wind (especially in the form of cold air pools), the highest average rainfall volumes
occurred in the semiarid region of Granada, followed by Sierra Nevada (N). The average rainfall volume
reached with this wind is 200.45 mm, with an average of 2.58 cases per event and area.

In terms of natural processes and resource and risk management, we identified the appropriate
work scales for the specific objectives of this research, given the dynamics of these processes in
Mediterranean areas. We determined which scales were the most representative for identifying how the
maximum values of each time scale were spatially distributed, and to assess the main geographical
influences. To know deeply the heavy rainfall patterns may help to prevent disasters with short-term
temporal scale (Seo et al., 2014; Broer and Spira, 2018).

A heavy rainfall pattern was apparent, taking into account the type of weather which it generates;
in addition, it differs from that reported for other Mediterranean areas including Catalonia (Martin Vide
et al., 2008) and Valencia (Camarasa Belmonte et al., 2010, 2014). Therefore, Facing the purely
Mediterranean pattern of these sites in the south of Spain (Alboran Sea) there is a contrast between the
Atlantic and subtropical patterns, as previously reported by Pefia Angulo et al. (2020). This duality has
been analyzed in general terms in numerous studies (Pons and Soriano, 1994; De Luis et al., 1997;
Pascual et al., 2001; Martin Vide, 2004; Llasat et al., 2005; Neppel et al., 2007; Rodrigo and Barriendos,
2008; Lana et al., 2009; Turco and Llasat, 2011; Senciales-Gonzalez and Ruiz-Sinoga, 2013), as has the
atmospheric dynamics that is generally involved in such events (Martin ef al., 2006; Martin Vide ef al.,
2008; Camarasa et al., 2010, 2018, 2020; Penia Angulo et al., 2020).

This duality was corroborated as follows: the maximum rainfall volume recorded with SE-S
weather was 270 mm, associated with a cold air pool, an event recorded both in the semiarid region of
Granada and Almeria. Thus, the cold air pools generated a higher average rainfall volume, and the
highest average intensity occurred in the Almeria semi-desert. However, by far the greatest number of
torrential events occurred with dynamic lows in association with fronts; these accounted for more than
50% of the events with this weather type and more than two-thirds of the cases. Zone A (Campo de
Gibraltar, Serrania de Ronda-Marbella) had most cases of this type, with an average of 12.2 cases per
event and area. The average volume of torrential rain associated with this type of weather was less than
that associated with NE-E winds (183.42 mm.). However, the number of cases associated with NE-E
winds was almost double, resulting in almost 5 cases per event and zone, which implies that they are
more generalized. Toward the east there was a gradual decrease in the number of cases per area.

5. Conclusions

More than 50% of the heavy rainfall events recorded in Southern Spain were associated with
NE-E and SE-S winds. Specifically, the greatest volumes of precipitation (>100 mm 24 h™') were
associated with the DL+F weather type and NE-E winds, although the greatest number of cases occurs
with this weather type and SE-S winds. For hourly intensities (with any rainfall volume in 24 h, this is,
both >100 mm 24 h”" and <100 mm 24 h™"), the highest rainfall volumes were associated with the CD
weather type and NE-E winds, and the greatest number of cases was associated with the DL+F weather
type and SE-S winds. The 10-minute intensity reaches maximum rainfall volumes of cases with DL+F
weather type and NE-E wind, but the highest number of cases is reached with the same weather type,
but SE-S winds. Therefore, for high intensity events the incidence of depressions having very active
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fronts should be considered in addition to cold air pools. In addition, different types of weather
determined the occurrence of heavy rainfall across the study areas in the southern peninsula. No single
weather type or wind direction dominated, except for Axarquia shire (heavy rainfall was always
associated with the DL+F weather type) and Sierra Nevada (the CD weather type and NE-E winds were
associated with all heavy rainfall events). Moreover, high intensity rainfall events took place at various
times of the year. Amongst the study areas, the generalization that heavy rainfall predominantly occurred
in autumn only applied to Campo de Gibraltar-Serrania de Ronda. Finally, the intensity of 10-minute
rainfall was very high, normally accounting for 50% of the high intensity rainfall that occurred in one
hour, especially associated with the TL and WA-B weather types.

In Alboran sea, in southern Spain a pattern of heavy rainfall was found that differs from that
previously reported for the Mediterranean area. This was because of its geographical position, very close
to the Atlantic Ocean, and the conjunction of latitude and orography.
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