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This paper aims to analyse the distribution and temporal evolution of convective precipitation in the Mediter-
ranean region of Spain. To accomplish this goal, we used 148 sets of 5-min rainfall rate data from the 1989-2015
period. The selected regions were the Jtcar Hydrographic Confederation (CHJ) and the Internal Basins of Cat-
alonia (CIC), which cover most of the autonomous communities of Catalonia and the Valencian Community (east
Spain). The average 5-min intensity threshold of 35 mm/h and the p parameter, defined as the ratio between
convective precipitation versus total precipitation in any period, were used to characterise convective precipi-
tation. Convective episodes were categorised as “very convective”, “moderately convective”, and “slightly
convective” based on the p value. After quality control, the series of 129 stations were clustered into homoge-
neous precipitation zones that also include p as one of the variables of characterisation. The results show that
convective precipitation can contribute to total annual precipitation by up to 16% on average, but it is generated
by a very small percentage of convective events (between 3% and 6% across all the stations) in comparison with
the total number of rainfall episodes. In this sense, moderately convective events are the most common, with a
predominantly unimodal monthly distribution of f, with summer the most convective season. Trends show a
significant increase in precipitation, convective precipitation, and convective episodes in the CHJ. On the other
hand, a positive trend of convective events is predominant in the CIC region, despite an overall precipitation
decrease in the analysed period. These results are relevant given that extreme daily rainfall does not show a
positive or significant trend, and they are in line with the impact of climate change on increased atmospheric
instability and water vapour in the atmosphere. They highlight the need to work with sub-daily precipitation
series in the case of the Mediterranean, which is mainly affected by flash floods.

1. Introduction precipitation over Eurasia for the 1966-2000 period in 61.8% of the

analysed stations. Recently, Wu et al. (2019) have suggested that the

One of the main impacts of climate change appears to be an increase
in heavy precipitation, as pointed out by the Clausius-Clapeyron equa-
tion (Alexander et al., 2006). Some works analyse the mechanisms that
could be the cause of the increase in precipitation intensity associated
with a warmer atmosphere (Lenderink and van Meijgaard, 2008; Berg
and Haerter, 2013). For instance, Ye et al. (1998), Chou et al. (2012) and
Lepore et al. (2015) put the increase in convective precipitation behind
the increase in CAPE (Convective Available Potential Energy, Weisman
and Klemp, 1986) in response to warming and an increase in water
vapour in the atmospheric boundary layer. Along the same line, Westra
etal. (2014) also point towards an increase in the intensity in convective
precipitation due to more water vapour, which intensifies the convective
process. Ye et al. (2017) found an increase of the convective

strong Urban Heat Island (UHI) effect in large urban agglomerations is
conducive to intensified hourly precipitation as a result of the individual
and combined effects of land cover and land use changes, and an in-
crease in anthropogenic aerosol emissions.

However, most of these works use a conceptual approach or different
type of proxy data to identify convective precipitation. For instance,
Berg et al. (2013) analysed convective precipitation in Germany for the
1971-1987 period based on the Extended Edited Synoptic Cloud Report
Archive (EECRA) synoptic classification. Most of the existing works
focus more on the physical aspects of meteorological processes (Schu-
macher and Houze Jr., 2003; Houze Jr et al., 2007; de Leon et al., 2016).
One such example is a recent contribution by Francipane et al. (2020)
who proposes an algorithm based on a variant of a k-means clustering
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Fig. 1. Map of Peninsular Spain and the Balearic Islands showing the hydrographic basins. The area of study also shows the orography. CIC: Internal Basins of
Catalonia; CHJ: Jtcar Hydrographic Confederation; CHE: Ebro Hydrographic Confederation. The locations of the Coastal and Pre-Coastal ranges (CIC) and the Aitana

mountain range (CHJ) are also shown.

and Principal Component Analysis (Adelfio et al., 2011), which is able to
classify precipitation type, distinguishing between convective and
stratiform components. Ye et al. (2017) used 3-hourly synoptic weather
observations and daily precipitation records from 152 stations, the latter
including information on precipitation characteristics, provided by
weather spotters. In this paper, convective precipitation is identified
manually and includes “rain showers” and thunderstorms. Since pre-
cipitation is recorded on a daily scale, all the accumulated daily pre-
cipitation is identified as convective, non-convective, or mixed
precipitation. This can justify the high trend of convective precipitation
found by the authors in some stations, which can reach more than 130
mm per decade. The distinction between convective and stratiform
precipitation was based on Houze (1977) and, in a more restrictive way,
was also applied by Rice and Holmberg (1973) and Llasat and Puig-
cerver (1985), who identified convective precipitation with the rainfall
produced during thunderstorms. Llasat and Puigcerver (1997) added to
this criterion the hyetograph shape from the “Jardi” pluviography
instantaneous rainfall rate strip charts. This pluviograph was located
near the city of Barcelona (Jardi, 1921; Puigcerver et al., 1986) and,
after being digitalised, it was possible to associate 0.8 mm/min intensity
rates to convective precipitation. This value was near the threshold of
50 mm/h proposed by Dutton and Dougherty (1979) and Watson et al.
(1982) when they analysed the impact of precipitation intensity on
telecommunications. The advantage of setting this threshold lies in the
possibility of being able to see the evolution of convective precipitation
throughout the day or within the precipitation episode itself.

Llasat (2001) modified the threshold to agree with current databases
and proposed the value of 35 mm/h for a 5-min rainfall rate series. The
application of this criterion to the 1927-1981 series of rainfall in-
tensities provided by the Jardi pluviography led to a distinction between
events based on the f value. This value is defined as the ratio between
precipitation with a greater intensity than the aforementioned threshold
(85 mm/h for 5-min rainfall rates), and the total precipitation amount
recorded for the event. Then, it was possible to distinguish between
“very convective events” (f1), “moderately convective events” (p2), and
“slightly convective events” (f3), depending on the convective contri-
bution to total precipitation (p > 80%, 80% > p > 30% and 30% > > O,

respectively). This classification can also be related to other features of
the event, such as the precipitating system, the hyetograph design, or the
impacts (Llasat et al., 2016). In this way, local flash floods were usually
associated with “very convective events” produced by isolated cells and
multicellular systems. On the other hand, and as a result of their longer
duration, extended flash floods, or multiple flash-floods in different
catchments as a consequence of the same event, were caused by
“moderately convective events” associated with more organised sys-
tems, such as mesoscale convective systems (MCS) (Schumacher and
Johnson, 2005; Rigo et al., 2019). Finally, large floods require precipi-
tation of a longer duration and extension, with heavy convective events,
and are consequently classified as “slightly convective events”. In this
case, these events were caused by convective precipitation embedded in
stratiform systems (Llasat et al., 2016). Therefore, in a situation with an
increase in very convective or moderately convective events, it is
possible that the series of extremes like ETCCDI (Expert Team on
Climate Change Detection and Indices), retrieved on a daily scale, would
not detect it.

Previous works show that no trends have been detected in Catalonia,
neither in terms of extreme precipitation values on a daily scale nor on
the associated ETCCDI index (Turco and Llasat, 2011; Llasat et al.,
2016). However, Llasat et al. (2016) found an increase in convective
precipitation in the Internal Basins of Catalonia (northeast Spain) for the
1996-2011 period that would be concentrated in fewer, but more
intense, torrential events. Keeping in mind that this increase would be
the only current sign to justify the impact of climatic change on
torrential precipitation in this region, the objective of this paper is to
analyse the evolution of convective precipitation over a more extended
period and region.

This paper deals with the analysis of a 5-min rainfall rate series for
the majority of the Mediterranean region on the Iberian Peninsula, in
order to find any potential trends in convective precipitation or in
different types of convective events. With this aim in mind, the paper
starts by presenting the data and region of study, breaking down
different areas based on their precipitation features, followed by the
criteria and methodology used. Afterwards, there is a systematic anal-
ysis of all the potential trends related to convective precipitation.
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Fig. 2. Sub-catchments of the Internal Basins of Catalonia (2a) and the Jtcar Hydrographic Confederation (2b). The rain gauges selected for this study are shown.

Finally, the paper ends with the Conclusions and Discussion section.
2. Data and region of study

Fig. 1 shows the region of study, which is made up of the Internal
Basins of Catalonia (“Conques Internes de Catalunya”, CIC) and the Jtcar
Hydrographic Confederation (“Confederacion Hidrografica del Jicar”,
CHJ). The CIC has an extension of around 16,000 km? and includes 27
sub-catchments, of which the Llobregat Basin is the largest (4957 km?)
(Fig. 2a). The region is bordered to the east by the Mediterranean Sea,
with a coast running from southeast to northeast; it is bordered by the
Pyrenees to the north, running from west to east, with altitudes over
2000 m; and bordered to the west and south by the Ebro Basin. Running
parallel to the coast, the Coastal (600 m) and Pre-Coastal mountain
ranges (1800 m) are crucial to the development of convective clouds,
triggering the potential instability at low levels that characterise this
region (mainly with wet and warm advection from the southeast), or
creating the favourable conditions for the systems to remain stable
(Llasat, 2009). The presence of the Pyrenees can also lead to remarkable
effects on mesoscale pressure distribution, giving rise to processes such
as convergence lines and orographic dipoles. For example, the flood
event of October 1987, when more than 400 mm were recorded in 24 h
near Barcelona, was favoured by a meso-high created in the south Pyr-
enees (Ramis et al., 1994).

Thirty 5-min rainfall gauge stations from the SAIH (Automatic Hy-
drological Information System) network belonging to the Catalan Water
Agency were selected for 1996-2015 period (20 years). This network
was created in 1996 and has been extensively used to analyse specific
flood events (Llasat et al., 2003), the rainfall regionalisation of the CIC
(Llasat et al., 2007) and the calibration of radar images (Rigo and Llasat,
2004). Unfortunately, from 2003 the network began to be either aban-
doned or transferred to other organisations and, as a result, has practi-
cally disappeared since 2015, with only a few 5-min rainfall stations still
operative. The period analysed (1996-2015) included 44 stations, but
after carrying out quality control (minimum length of 15 years, detec-
tion of data gaps and lack of continuity) this number was reduced to 30
(Fig. 2a).

The Jicar River Basin (CHJ in Fig. 1) has an extension of 22,261 km?.
The Jicar River is 497.5 km long and originates in the Iberian System at

1700 m altitude. It has a distinctly Mediterranean behaviour, charac-
terised by a disproportion between ordinary and extraordinary water
flows, with high rises in volume that cause catastrophic floods (Niclos
Ferragut and Rodriguez Zurita, 2015). Like the CIC region, the coastal
plains are crossed by torrential non-permanent streams around which
intense urbanization has taken place. In the south of the region, the
mountains almost reach the coastline (1558 m, Aitana) favouring heavy
precipitation that can surpass 700 mm in 24 h. This was the case in
November 1987 when 817 mm were recorded in 24 h (Millor
Penarrocha et al., 2002). In the case of the CHJ, 99 rainfall stations with
5-min rainfall rate series for the 1989-2015 period were selected from a
total sample of 105 stations (Fig. 2b). Six stations were removed due to
lack of homogeneity.

3. Methodology
3.1. Definition of indexes

In order to characterise the rainfall features of each region the
following indexes, defined based on previous works (Llasat, 2001; Llasat
et al., 2016), will be used hereinafter:

e Annual beta (f4): The ratio between the total annual amount of
precipitation (in mm) in which the intensity is greater or equal than
35 mm/h, and the total annual precipitation.

_ S PPT,(I > 35 mm/h)

B
4 > PPTama

e Mean annual beta (8,): The average of all the annual pa’s of the
entire analysed period.

e Monthly beta (fyp): The ratio between the total monthly amount of
precipitation (in mm) in which the intensity is greater or equal than
35 mm/h, and the total monthly precipitation.

_ Y PPTy(Is > 35 mm/h)
ZPPTMmml

Py
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Fig. 3. Regions within the Internal Basins of Catalonia (a) and the Jicar Hydrographic Confederation (b) based on the convective features of precipitation. The
stations used for this analysis are depicted with colour dots, depending on the cluster in question: pink (1), red (2), turquoise (3), light blue (4), dark blue (5), orange
(6), purple (7), light green (8), yellow (9), and dark green (10). Representative stations are marked with a star.

e Mean monthly beta (,,): The average (by month) of all the monthly
Bmfor the entire period.

e Number of Convective Days (NCD): The number of days per month
(NCDyy) or year (NCD,) in which the 5-min intensity of35 mm/h was
exceeded at least once. These values are averaged by month/year
and cover the entire period.

Number of Convective Episodes (NCE): The number of episodes per
month (NCEy) or year (NCE,) in which the 5-min intensity of 35
mm/h was exceeded at least once. Episodes are periods of continuous
rainfall at a rainfall station separated by a gap of at least one hour.
These values are also averaged by month/year and for the entire
period.

Each episode can be characterised by a p; value, in order to classify it
depending on the convective contribution to total precipitation (very
convective events, moderately convective events and, slightly convec-
tive events).

Table 1

3.2. Rainfall regionalization and choice of example stations

The first step consists in the common regionalization of the CIC and
the CHJ based on their rainfall features, following the methodology
developed by Llasat et al. (2007), including the convective features of
the precipitation, but updating to current rainfall networks and with the
advantage of working with the Quantum GIS (Essen 2.14 version),
which allows topographic factors to be included. The indicators chosen
for each station were the geographic coordinates (UTM and altitude),
average annual precipitation, average annual f value (5,), the maximum
value of the monthly p average (B, ), and the average annual number
of convective days (NCD,). The cluster analysis was carried out using an
R package that applies the K-means method based on Hartigan and
Wong (1979). The number of clusters selected depends on the variance:
an equilibrium between the maximum variance explained with the
minimum number of clusters. A representative station was chosen for
each cluster based on its quality (data series length and data continuity).

Values for the most representative stations for each cluster within the CIC, showing: the code of the station (Co.) in Fig. 3a, the station name, the cluster number (C), the
average annual precipitation in mm (AP), the average annual  (§,), the average annual number of rainfall episodes (NE,) and the average annual number of
convective episodes (NCE, ), and the average number of annual convective days (NCD,). The maximum value of monthly mean p (B, ) and the month in which it is

recorded (Mgy), the maximum monthly mean of convective days (NCDy;) and the corresponding month (Mcpw) and the maximum monthly number of convective days

(NCDmax)-
Co. Name C AP Ba NEA NCEx NCD, W Mpm NCDy Mcpm NCDpax
L3 Ponts Molins 1 672.1 0.12 173 8 7 0.25 9 1.2 9 7
KE Sau 2 770.6 0.13 192 10 10 0.28 7 2.2 8 6
L7 Castellet i Gornal 3 515.0 0.16 150 8 7 0.28 9 1.8 9 4
JX Baells 4 760.8 0.14 245 11 11 0.32 8 2.5 7 6
KR Clariana Cardener 5 553.3 0.12 205 7 7 0.29 7 1.2 8 4
JN Colomers 6 616.4 0.10 184 6 6 0.24 9 1.1 9 3
JP St Joan Despi 7 505.3 0.12 145 7 6 0.25 7 1.3 9 4
KH Cornudella Montsant 8 482.3 0.10 162 5 5 0.19 8 0.9 10 4
L6 St Quinti Mediona 9 513.4 0.14 149 7 7 0.32 8 1.5 9 4
K1 Montblanc 10 509.8 0.12 155 6 6 0.24 9 1.6 9 3
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Fig. 4. Maximum values recorded in the representative station for each cluster within the CIC (a) and the CHJ (b), for the following variables: total precipitation
recorded in a year (PAmx, mm), maximum annual § (BAmx, %), maximum monthly p (BMmx, %).
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Fig. 5. Cluster distribution by categories, based on annual number of convective events for the CIC (a) and CHJ (b): very convective (;); moderately convective (f5);

slightly convective (B3).

3.3. Trend analysis

The trend analysis was carried out by applying the Mann-Kendal
non-parametric test using the R-package (Rai et al., 2013). Signifi-
cance was distinguished for the thresholds of 90% and 95%. Trend
analysis was applied to p, NCD and NCE, at an annual level.

4. Climatic features and regionalization
4.1. Spatial regionalization

The CIC and the CHJ are divided into 10 clusters, each shown in
Fig. 3. The spatial dividing lines for the clusters were established
keeping in mind the profiles of the basins. Table 1 describes the climatic
characteristics in terms of annual rainfall and typology (based on ), as
well as the convective nature on a monthly and episode-based scale, for
each group of stations, and represented by the best quality station. Fig. 4
shows the maximum values for the different variables. Although the
rainiest seasons are autumn and spring, the most convective season is
summer, especially from July to September. More specifically, the
average monthly p may reach 32% in August and 35% in September, for
the CIC and the CHJ regions, respectively.

In the case of the CIC, the average annual precipitation shows values
between 480 and 770 mm, with a gradient from south to north. The
annual B parameter is very similar between the different regions,
showing that, on average, between 10% and 16% of annual precipitation

has a 5-min rate intensity greater than 35 mm/h. However, this is
generated by a very low percentage (between 3 and 6%) of convective
events, in comparison with the total number of rainfall episodes. Clus-
ters 2 (upper River Ter) and 4 (left basins upper River Llobregat), both
placed near the Pyrenees Region, record the maximum annual precipi-
tation; 1129.8 mm and 1109.5 mm, respectively. It is important to note
that both clusters contain the most important dams within the CIC; Sau
(River Ter, cluster 2) and La Baells (River Llobregat, cluster 4). The years
with the maximum contribution from convective precipitation show
values greater than 22% for the entire region, with cluster 9 (middle
section of the Llobregat river) recording the absolute maximum, with a
value near 30% (Fig. 4a). However, in clusters 4 and 9, and from a
monthly point of view, an average of 32% of total precipitation exceeds s
35 mm/h in August. Also, f} values exceed 66% in all clusters, and 97% in
cluster 6,(Central Coast) for years that recorded the maximum per-
centage of convective precipitation. Finally, due to great interannual
variability, the average monthly number of convective days is less than
3 days, although in some years it can increase up to 7 days. It is
important to note that the most convective regions do not necessarily
record the greatest total precipitation.

Fig. 5a shows the contribution of the different types of convective
events for the CIC and the CHJ. The maximum relative contribution from
slightly convective events in the CIC corresponds to cluster 8 (34.4%,
south), which also records the minimum annual rainfall and the mini-
mum f values (Table 1). The number of moderately convective episodes
is highest in cluster 4, recording 153 episodes throughout the entire
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Values of the most representative stations for each cluster of the CHJ, showing: the code of the station (Co.) in Fig. 3, the station name, the cluster number (C), the
average annual precipitation in mm (AP), the average annual p (B,), the average annual number of pluviometric episodes (NE,) and the average annual number of
convective episodes (NCE,), the average number of annual convective days(NCD,), the maximum value of monthly mean p (B, ) and the month in which it is

recorded (Mgy), the maximum monthly mean of convective days (NCDy;) and the corresponding month (Mcpy), and the maximum monthly number of convective days

(NCDpmay)-
Code Name C AP Ba NE, NCEA NCD, m Mpm NCDy Mcpm NCDjnax
7001 River Canoles 1 596.1 0.10 148 5 5 0.26 9 1.33 9 5
5501 Contreras (pluviometer) 2 455.4 0.12 172 5 5 0.22 9 1.07 9 4
1E03 Ribesalbes (dam) 3 477.6 0.13 160 5 5 0.30 9 1.44 9 6
1P02 Cati (pluviometer) 4 694.5 0.14 173 8 8 0.31 8 1.63 9 6
5P01 Landete (pluviometer) 5 516.2 0.11 205 6 6 0.24 8 1.22 9 5
6E01 Benagéber (dam) 6 525.4 0.13 153 7 6 0.27 8 1.15 9 5
3 NO1 Gudar (pluviometer) 7 589.4 0.13 209 8 8 0.32 8 2.04 8 5
8002 Elda 8 300.5 0.14 116 4 4 0.22 9 0.82 9 4
9002 Rambla Gallinera 9 1094.1 0.18 164 11 10 0.35 9 2.19 9 8

period for the northern coastal area. Also, the maximum relative
contribution from moderately convective events corresponds to cluster 1
(67.5%) and cluster 4 (67.1%), both located in the Pre-Pyrenees range in
the northern part of the region. The Maresme and Barcelones counties,
on the central coast, where more than 50% of the population lives, re-
cord nearly 5% of convective events, with a distribution of 29.5% of very
convective events, 59.8% of moderately convective events, and 10.6% of
slightly convective events. These counties include part of the Coastal
range, which shows that although proximity to the Pyrenees favours
total annual precipitation, the main relative convective contribution is
recorded near the Pre-Coastal range. This may be explained by the fact
that most of the rivers with catchments below 1000 km?, and non-
permanent and torrential streams have their sources in the Pre-Coastal
and Coastal ranges, respectively. These features justify the high fre-
quency of flash floods caused by this type of precipitation which, on
some occasions, can have catastrophic consequences, like in the case of
September 1962, June 2000, or October 2018, with 815, 5, and 7 ca-
sualties, respectively.

From all these observations, it can be deduced that the areas with the
highest rainfall, located on the Pyrenees foothills, have the greatest ratio
of moderately convective and slightly convective episodes. In the re-
gions where very convective episodes predominate, like in the Coastal
mountain range, monthly and annual average precipitation is not so
high. This indicates that they are due to different atmospheric processes.

In the case of the CHJ, 9 clusters were selected (Fig. 3b). The dif-
ference in annual rainfall between clusters is greater than for the CIC.
More specifically, cluster 9 (known as “Marina Alta”), near the coast and
Coastal mountain range, records average annual precipitation levels
close to 1100 mm/year, while cluster 8 (known as “Marina Baja”),
adjacent to the previous one, records close to 300 mm/year (Table 2).
The average number of annual rainfall episodes and those of a convec-
tive character are within the same range as for the CIC, with maximum
values of 209 and 11, respectively. In addition, it is clear from the
comparison of the two regions that the most convective season in the
CHJ is in the months of August and September, which suggests a later
convective season.

The contribution of 5-min rate precipitation above 35 mm/h to total
precipitation () in the CHJ presents values within the range of those
obtained for the CIC. However, station 9002 (cluster 9) at the foot of the
Aitana mountain range and near the coast, stands out among the rest of
the stations. In this case, 6.7% of the station’s annual rainfall episodes
are convective, contributing 18% to annual average precipitation. In the
Aitana region, September is the most convective month, producing 35%
of total monthly precipitation. In the same station, there is an absolute
maximum of 2156.39 mm for annual precipitation (double the annual
average), and a maximum monthly § 0f85%. The contribution of the
most convective summers in the CHJ was significantly higher than those
recorded in the CIC. More specifically, values of p higher than 83% were
recorded for the entire CHJ region, reaching 100% for clusters 3, 4, and

5 (Fig. 4b). This is consistent with the heavy rainfall recorded in the
area, which may accumulate more than 500 mm in 24 h and, on some
occasions, even reach 1000 mm.

Fig. 5b shows that cluster 9 in the CHJ records 302 convective events
along the entire period, while region 8 records the minimum number,
with 114 convective events. Of these episodes, moderately convective
events comprise between 48% and 65%, while slightly convective events
represent between 12% and 26%. The most important feature is the
greater contribution from very convective events, which exceeds 10%
across all the clusters, and reaches 34% in clusters 2 and 3. This
contribution is considerably higher than the one produced by events of
this type registered in the CIC, which does not exceed 20%. In both re-
gions, the most common pattern for episodes is moderately convective
events, either as a result of more continuous rainfall of moderate in-
tensity, or by registering peaks of very strong intensity embedded in
relatively weak rain. As usual, the region with the highest contribution
of convective events, as well as total precipitation, does not record the
maximum contribution from very convective events, which usually have
a short duration.

The differences between the CHJ and the CIC corroborates the
decisive role played by orography regarding the spatial structure of
precipitation over land. This is not only due to elevation, which can
trigger convection, but is also due to the orientation of the mountain
ranges with respect to impinging air from the Mediterranean Sea and
their proximity to the coastline (Llasat and Puigcerver, 1992; Romero
et al., 1997). These factors justify the strong precipitation recorded in
the foothills of the Aitana mountain range (CHJ), when the moist eastern
and northeastern flow, usually produced by the circulation of the
Algerian low created in the northern lee of the Atlas mountain, impinges
perpendicularly to it (Romero et al., 1997). In the case of Catalonia and
the north of the CHJ, although there is also a Coastal range, its altitude
does not exceed 600 m. This range triggers local convection, mainly
when it impinges over a moist and warm flow from the southeast. This
flow usually results from a mesoscale low between Catalonia and the
Balearic Islands, which in some occasions has also previously travelled
over the Aitana region (Llasat, 2009). In their objective classification of
precipitation patterns, Romero et al. (1999) consider that southern
Valencia, along with Murcia (to its south), configure a pattern charac-
terised by the most abundant rainfall in the Spanish Mediterranean re-
gion, with a maximum surrounding the Aitana mountain range, while
the general area of Valencia and southern Catalonia shows an elongated
shape parallel to the coastal mountains. In line with these authors, these
patterns are slightly modified when they refer to torrential rainfall,
which can explain our findings. In this case, the maximum over the
Aitana mountain range is the most significant (long-lasting moderate
convective events), and there is a marked suppressing gradient from the
coast inland that characterises Catalonia (local and short very convec-
tive events), although the proximity of the Pyrenees creates a maximum
inland in the northern part of the region.
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Fig. 6. Example of the monthly f distribution along the year: (a) Unimodal; (b) Bimodal; c¢) Trimodal.
Table 3
Pattern of p monthly distribution for each selected station, and the months corresponding to each peak or peaks.
CIC L3 KE L7 JX KR JN JP KH L6 K1
Mode 1 1 1 1 1 1 2 2 1 1
Month 9 7 9 8 7 9 79 6;8 8 9
CHJ 7001 5501 1E03 1P02 5P01 6E01 3 NO1 8002 9002
Mode 1 2 2 1 1 1 1 3 1
Month 9 6;9 5;9 8 8 8 8 4,79 9
bl maximums that are also recorded in this season. It is more common in
Table 4

Annual trends of precipitation and convective parameters expressed in change/
decade for the 1996-2015 period in the CIC and the 1989-2015 period in the
CHJ. The numbers in bold mean that the trend is significant at 90%, while an
asterisk indicates a significance of 95%, following the Mann Kendall analysis.
The columns are: cluster number (C), annual precipitation in mm/decade (AP),
annual f (Ba), number of annual convective days (Ncpa), and annual number of
convective episodes (Nacg)-

stations located inland, far from the mountains, which hardly register
precipitation in August. This pattern was only identified in 21% of the
stations. Regarding the trimodal pattern, it is only registered in the
Aitana mountain range and may be a consequence of the orographic
effect that triggers convection when a cold front arrives from the west
(usually in spring), or moist and warm air arrives from the east (Table 3).
This differentiated behaviour is closely related to the complicated role

Code C AP B Neoa Nega that orography plays in Spain, as demonstrated by Alvarez-Rodriguez
- 5 o6 0,005 0461 0,600 et al. (2017) from a climatic point of view. In effect, del Moral et al.
L7 3 Za23 0.007 0.654 0.068 (.2020) showed the triple .role of m(.)untal.n.s, WblCh can trlgger convec-
IX 4 _97.8 0.021 _0.677 _0.195 tion, and help the formation of an instability line over which thunder-
KR 5 -31.1 0.032 0.647 1.256 storms grow, and make the movement of storm cells more difficult.

JP 7 -89.5 —0.011 ~0.429 -0.135

L6 9 —160.0 0.023 —0.030 -0.015 5. Trend analysis

K1 10 ~28.6 0.004 0.662 0.940

7001 1 33.6 0.035* 1.716* 1.740%

5501 2 _12.4 —0.015 —1.691* _1.795% Table 4 shows the trends for the 1996-2015 period, for both the CIC
1E03 3 -6.1 0.044* 1.368 1.532 and CHJ stations that cover the complete series. In this case, all the
1P02 4 55.8 0.026* 0.525 0.525 stations with a significant trend of § (44% of the total number of sta-
5P01 5 79.7 0.031 1.624* 1.996* tions) sh it 1 In th £ NCD and NCE. the trend
6E01 6 o1s 0.050* 0.995 1661 ions) show positive values. In the case o and NCE, the trends are
3NO1 7 83.1% 0.028 1.929*% 1.972* significant for only 37.5% of the stations, and in this case, 67% have
8002 8 14.3 —0.034 —1.282* —1.233* positive values. There is a notable difference in terms of the significance
9002 9 49.9 0.035 1.148 1.386

4.2. Monthly climatology

In response to the number and distribution of the maximum values of
monthly B over an average year, there are three behaviour patterns:
unimodal, bimodal, and trimodal (Fig. 6). The unimodal pattern is the
most frequent, is characterised by a maximum in the summer (JAS), and
has been found in 73% of the stations in both regions. In 27% of cases,
the maximum corresponded to July, while August registered 23% and
September 50%. On the other hand, the bimodal pattern is characterised
by a very marked minimum in the middle of summer, surrounded by two

of trends between one region and another. While in the case of the CIC
the trends are, in general, not significant, in the CHJ they are much more
marked. For instance, in the case of the CHJ, there is a notable increase
in the annual p value that reaches 5%/10y (6E01). This increase in
convective precipitation would be distributed across a greater number of
episodes and a greater number of days, with significant trends in these
variables that reach almost 20 days/century and 20 convective epi-
sodes/century, respectively. Only two stations in the CHJ would present
significant negative trends for NCE and NCD. These two stations show a
different pattern of p monthly distribution: maximum in late spring and
late summer (5S01) and a trimodal pattern (8002), that corroborates the
different atmospheric processes associated with the precipitation in
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Fig. 7. Spatial distribution of trends found in the CIC and corresponding to:
episodes. Significance was obtained following the Mann-Kendall test.

regions 2 (far from the coast and Coastal and Pre-Coastal ranges) and 8
(leeward of the Aitana mountain range with respect to Mediterranean
air advection).

In the case of the CIC, annual f trends also point to an increase while
annual precipitation decreases, which indicates an increase in convec-
tive contribution. This is particularly relevant in the Llobregat basin
(represented by L6), where the number of convective days and
convective events also decreases, pointing to an increase in the torren-
tiality of the episodes (precipitation concentrated in fewer events).
These results are consistent with the hypothesis of the (IPCC, 2014) and
(IPCC, 2018) which points to an increase in heavy rainfall.

Fig. 7 shows a general decrease in precipitation over the 20 year
period in the CIC. This is a notable result if we compare it with the Third
Report on Climate Change in Catalonia (Martin Vide, 2016), in which a
common trend had not been found when the series ended in 2011, but it
is more coherent with climate change scenarios. Despite this negative
trend, convective precipitation has increased its contribution
throughout the year across the entire region except for the most north-
eastern part, where there is a decrease in the value of all the variables.
The increase in convective precipitation shows two patterns; the first
one points to an increase in the number of convective episodes and days
and characterises the inland part of the CIC (mainly the Llobregat Basin).
On the other hand, on the coast, the negative trend of convective epi-
sodes and days points to an increase in more torrential events, probably
produced by thunderstorms, and usually more dangerous due to their
high intensities. Seasonal analysis shows that this behaviour is particu-
larly significant in the summer season (JAS).

Fig. 8 shows the spatial distribution of the trend for the different

O Significant 90%

A\ Significant 95%
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annual precipitation, annual f, annual number of convective days and convective

variables analysed over the 1989-2015 period in the CHJ. In this case,
the period is longer, so the results should be more robust. In general,
there is a decrease in annual rainfall on the coast, except for clusters 8
and 9 (Marina Alta and Marina Baja) located in the region of the Aitana
mountain range. On the other hand, inland and in the Aitana mountain
range, numerous stations experienced an increase in precipitation, a
trend that is not observed in the CIC. Both p and the number of days and
convective episodes increased across most of the region. In this case the
increase in the torrentiality of the episodes is not as marked as in the CIC,
except for the coast, given the decrease in annual precipitation. In
addition, as Table 4 corroborates, the positive trend of convective pre-
cipitation is much more significant than in the CIC, probably because of
the greater length of the series and the increase in total precipitation.

6. Conclusions and discussion

In the present paper, we have conducted a characterisation and trend
analysis of convective precipitation for a large area of the Mediterranean
region in Spain. Although the total area is less than 40,000 km?, it
represents the degree of spatial and temporal variability of heavy pre-
cipitation events quite well. It also shows the strong role played by the
orography surrounding a warm sea, which characterises the Mediter-
ranean region, giving rise to high-impact atmospheric processes, as
analysed in depth in Michaelides et al. (2018).

The region of study is made up of two hydrographic basins, the In-
ternal Basins of Catalonia, managed by the Water Catalan Agency, (the
CIC), and the Jicar, managed by the Jtcar Hydrographic Confederation,
(the CHJ), with a total of 148 automatic rain gauges, that, after quality
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Fig. 8. Spatial distribution of the trends found in the CHJ and corresponding to: annual precipitation (AP), annual B, annual number of convective days (NCD) and
convective episodes (NCE). Significance has been obtained following the Mann-Kendall test.

control, provided 129 series of 5-min rainfall rates. They were clustered
in 19 homogeneous regions according to total precipitation and
convective precipitation features. Each region was represented by the
best rainfall station. The total average annual amount of precipitation is
between 455 mm and 1094 mm in the CHJ, and 482 mm and 741 mm in
the CIC. In the latter case, the area with the highest annual precipitation
is favoured by the effect of the eastern part of the Pre-Pyrenees mountain
ranges, where there is a convergence zone for convection (Del Moral
et al., 2016). A similar situation occurs in the Aitana mountain range, in
the CHJ, where 18% of the annual precipitation has a 5-min intensity
rate is greater than 35 mm/h, which is the threshold used to define
convective precipitation, reaching 35% in September. However, the role
of the Coastal mountain range is very important, since it encourages the
most violent precipitation phenomena, with high intensities throughout
the entire episode, usually causing sudden surface water floods and flash
floods (Llasat et al., 2016: Cortes et al., 2019). In particular, it is no
surprise that in some summer months more than 90% of the events are
convective. A comparison between both regions shows that torrentiality
is greater in the CHJ, with some months in which § is equal to 100%,and
has a higher relative and absolute number of very convective events.
This can be explained not only by the orography and proximity to the
sea, but also due to the major frequency of the meteorological and
maritime factors that favour heavy rainfalls in the case of the CHJ.
Although the presence of a surface low is often associated with heavy
rainfall in both regions (Romero et al., 1999; Jansa et al., 2014), Sea
Surface Temperature (SST) is higher in the southern part of the western
Mediterranean, and it plays a decisive role in the development of
convective precipitation (Llasat and Puigcerver, 1997).

In summary, the study of precipitation from 5-min series in the east

of the Iberian Peninsula shows that the contribution of convective pre-
cipitation is highest in late summer (mainly August or September, when
it can reach 100%). On average, between 10% and 20% of annual pre-
cipitation is convective, although some years this can be as high as 30%.
This precipitation is caused by less than 5% of annual rain episodes (it
only exceeds 6% in the Aitana mountain range), which corroborates that
it is associated to heavy rains. Orography (both in terms of height and
orientation) and the SST play a very important role. Greater height near
the sea, favourable orientation to force ascent and higher SST favour
convection in the south of the analysed region, as well as episodes of
torrential rains in which nearly 100% of the precipitation can exceed 35
mm in 5 min. While, on an annual average, less than 20% of the episodes
in the CIC are highly convective (B > 75%), in the CHJ it exceeds 30%.

The second conclusion refers to the lack of a common trend towards
drier conditions for the CIC and the CHJ. A negative trend characterises
a large part of the CIC, and it is most remarkable in the northeastern
region. On the other hand, for the analysed period, there was a positive
trend in the CHJ. These results are consistent with the climatic pro-
jections for the 2011-2040 period proposed by CEDEX (2011), based on
the A2 scenario, and by Turco et al. (2017), after applying a statistical
downscaling over seven members of the regional climate models pro-
duced by the ENSEMBLES project. These authors show that the differ-
ence between both regions is mainly due to the contributions in winter
and spring.

The third conclusion points to an increase in convective precipita-
tion, mainly in the coastal section of our region of study. Although some
studies have found an increase in heavy precipitation events (i.e. de
Lima et al., 2014 for Portugal, Tramblay and Somot, 2018, for future
scenarios in the northern part of the Mediterranean basin), no significant
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trend has been found for the maximum daily precipitation in the eastern
region of Spain, neither at present (Turco and Llasat, 2011) nor for the
near future (Turco et al., 2017). The increase in convective precipitation
might not be detected in the maximum daily precipitation, since it is
usually related to short episodes in which the precipitation amount is
less than 100 mm. In this sense, Cortes et al. (2019) selected the
threshold of 40 mm as the minimum precipitation for flash floods in the
study region, showing that the precipitation caused by these events will
increase in the future.

The fourth conclusion emphasises that this increase in convective
precipitation is concentrated in fewer episodes, which implies greater
torrentiality for precipitation. Similar results were obtained by Buri¢
et al. (2015), showing that in Montenegro the number of days with
precipitation decreased, while rainfall intensity increased.

These results could be related to a present and future increase in local
flash floods in the northwestern part of the Mediterranean basin (Llasat
et al., 2013; Cramer et al., 2018), although it is difficult to separate the
hazard (precipitation driver) from exposure and vulnerability factors
(ill-conceived stormwater management systems, sealed urban surfaces,
occupation of flood-prone regions, etc.). Following the analysis of more
than 500 years of data covering all of Europe, Bloschl et al. (2020) has
shown that the flood-rich period starting in 1990 is the third largest in a
spatio-temporal sense, and that this situation is linked to a change in the
processes that cause the floods, as the other flood-rich periods occurred
in abnormally cold situations. Floods in Central Europe have increased
mainly in the summer, and the authors consider that thermodynamic
conditions play a major role at present, favouring the feeding of
convective processes. Although they have only taken into account river
floods and not flash floods in ungauged catchments (those included in
the papers by Llasat et al., 2013 and Cortes et al., 2019), they also find an
increase in the Mediterranean that is associated with an increase in
evaporation and convective activity. The present paper is good proof of
this increase in convective precipitation.

The most remarkable conclusion of this work is the increase in
convective precipitation that is occurring in most of the Mediterranean
region of Spain, concentrated in fewer events. Until now, the trends
observed in maximum daily rainfall were not in accordance with the
expected impact of climate change as a result of the increase in humidity
and instability in the atmosphere. However, the results of this work
show that the trends are in accordance with this impact when working
on a sub-daily temporal scale. The increase in flash and local floods in
other Mediterranean regions points to a possible generalisation of the
increase in convective precipitation.
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