Spatio-temporal variability of daily precipitation
concentration in Spain based on a high-resolution
gridded dataset

R Serrano-Notivoli®®, J Martin-Vide, M A Saz®, L A Longares®, S Begueria®, P
Sarricolea®®, O Meseguer-Ruiz¢" and M de Luis®

@ Barcelona Supercomputing Center (BSC), Spain
b Dept. of Geography and Regional Planning, University of Zaragoza, Spain.
¢ Climatology Group, University of Barcelona, Spain.
d Estacion Experimental de Aula Dei (EEAD-CSIC), Zaragoza, Spain.
¢ Dept. of Geography, University of Chile, Chile.
f Departamento de Ciencias Histdricas y Geograficas, Universidad de Tarapaca, Chile.

Abstract: An analysis of the spatial and temporal variability of daily precipitation concentration
(CI) in Spain was made based on a high-resolution (5x5 km) daily gridded precipitation dataset
for the 1950-2012 period. For each grid point in the Iberian Peninsula (IP), and Balearic and
Canary Islands, the average annual Cl was computed, as well as its coefficient of variation and
the 5" and 95" percentiles. Annual values were also computed, and the time series of the index
were used to assess temporal trends over the whole period. The spatial distribution of the ClI
showed a strong relationship with the orographic barriers near the coastlines. The Canary Islands
showed the highest values of ClI, along with the eastern Mediterranean facade of the IP. The
highest inter-annual variations of the CI occurred in the southern IP and in the southern Canary
Islands. The trends of CI were, overall, positive and significant, which indicates an increase of
daily precipitation concentration over the study period, and an increasing environmental risks

scenario where erosivity, torrentiality, and floods may become more frequent.
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1. Introduction

The precipitation concentration is an important parameter of the climatic description of a single
location or region, which complements and qualifies the information provided by other, more
common, variables such as the annual precipitation or the seasonality. Precipitation concentration
is also useful for exploring the risks related to extreme precipitation events. The Cl index (Martin-
Vide, 2004) is one of the few indices that are able to relate the magnitude of the precipitation
events to the time period in which they occur. It has clear climatic and environmental applications
due to its crucial role for water resources by determining the water availability during a drought
period, or by forecasting the high intensity events that can lead to floods or geomorphological
risks. In this sense, the ClI is useful in erosion studies due to the ability of the index to act as an
estimator of rainfall erosivity (De Luis et al., 2010a). The relationship between the concentration
and the precipitation intensity allows, along with the spatial resolution of the analysis, the
furthering of the understanding of rainfall intensity at the local scale. Furthermore, the
precipitation concentration is remarkably useful in the context of climate change, because it is
able to assess the repercussions of a water cycle enforcing due to an increase in evapotranspiration
(Vicente-Serrano et al., 2014, 2016), especially the high-intensity precipitation.

In spite of its capabilities, the use of the CI index is restricted due to the requirement of daily
precipitation data. High-resolution daily precipitation datasets are not as common as monthly or
annual-scale ones (Huffman et al., 1997, Haylock et al., 2008; Gonzéalez-Hidalgo et al., 2011;
Harris et al., 2014). The existing daily datasets comprise a limited number of observatories, and
the extrapolation of their information to a wider territory is a complex task that can lead to non-
trivial uncertainties. In addition, the CI index was originally conceived as a static indicator to
characterise pluviometric regimes over a reference period. This static character prevents the
assessment of variability, extremes, or temporal trends.

The CI was tested for the first time in Spain using daily observations from 32 locations (Martin-

Vide, 2004). Since then, the high-resolution daily precipitation gridded dataset SPREAD has been



created, including 20,882 daily resolved locations for the period 1950-2012 (Serrano-Notivoli et
al., 2017a).

The objective of this research is to assess the spatial and temporal variability of daily precipitation
concentration in Spain (including the Balearic and Canary Islands) through the new SPREAD
dataset. The possibility of the Cl calculation at an annual time-scale is tested to complete a wider
description of its behaviour through the computing of: a) its mean value (presumably similar to
the CI calculation using the whole series); b) its inter-annual variability (through the coefficient
of variation); c) the extreme values that the index is able to reach in different parts of the territory;
and d) the trends of the index in the 1950-2012 period. The general objective is to identify, for
first time in an especially vulnerable territory (such as the Spanish Iberian Peninsula, and the
Balearic and the Canary Islands), the spatial and temporal distribution patterns of the daily
precipitation concentration. To do this, these patterns are described from a climatic point of view,
looking for causes, and contributing to the creation of results particularly relevant for land
management. The paper is organised as follows: Section 2 describes the data, the study area, and
the methodology. The results are detailed in Section 3, describing the spatial and temporal
distribution of the index, its variability and trends. These results are then discussed in Section 4,

with a short summary of the main results in Section 5.

2. Methods

2.1. Data and study area

The dataset used was the 5x5 km SPREAD gridded dataset (Serrano-Notivoli et al., 2017a), which
contains daily precipitation estimations covering the Spanish Iberian Peninsula, and the Balearic
and Canary Islands (Figure 1 a). This dataset was built using a total of 12,858 precipitation
stations with original observations (Figure 1 b) obtained from the Spanish Meteorological Agency
(AEMET) and other regional meteorological agencies, covering the period 1950-2012. The
original series of observations were completely reconstructed using the R package reddPrec

(Serrano-Notivoli et al., 2017b), following the methodology described in Serrano-Notivoli et al.



(2017c), which is based on three stages: i) the application of a comprehensive quality control to
detect and remove suspect data (suspect zeros and data, suspect outliers, and suspect wet and dry
days); ii) the estimation of daily precipitation for all observatories with missing values in all days
for the whole cleaned dataset, based on the nearest observations; and iii) after the completion of
all the original series, the grid was built for all the Spanish territory and the entire period of the
reconstructed stations by estimating, at each grid point, the daily precipitation based on the nearest
reconstructed stations.

The aim of the gridded datasets is to be representative of a territory along with the minimum
differences between grid areas and point-based observations. These differences can be reduced in
a large fraction by i) increasing the density of the stations network and the spatial resolution of
the grid, ii) the local adaptive estimation of daily precipitation values for each grid point.
SPREAD fulfils both premises by using i) all daily precipitation data available for the study area
and ii) producing time series for each grid point that reproduce the structural characteristics of
neighbor observations in terms of their totals but also in the frequency of dry/wet days and
extreme precipitation magnitudes (Serrano-Notivoli et al., 2017a, 2017c¢).

The precipitation in Spain has a large range of values, with annual averages from less than 100
mm to close to 3,000 mm, and complex spatial patterns. This is due to the influence of the very
contrasting geographical factors, such as altitudes that reach more than 3,000 m a.s.l., the Atlantic
Ocean to the West, the Mediterranean Sea to the East, and the fact that northern part of the
contiguous Spain is the border between the mid-latitude maritime climate and the Mediterranean
climate.

The average annual precipitation (Figure 1 c) shows a rainy northern fringe, with more than 800
mm (the ‘rainy Iberia’), and modest or low values in the rest of the Spanish Iberian Peninsula (the
‘dry Iberia’). The driest area is the southeast, with less than 300 mm (the ‘semi-arid Iberia’). The
southeast extreme is considered to be the driest place in continental Europe, with 150 mm. Some
of the main ranges in the dry Iberia have annual averages similar to the ones of the rainy Iberia.

Along a diagonal from the extreme southeast to some places in the northwest, the annual mean



precipitation is multiplied by 20 times. The Balearic Islands have an annual precipitation that
corresponds to the same latitudes in the Iberian Peninsula. Meanwhile, the Canary Islands are, in
general terms, dry or very dry, with values that do not reach 100 mm in the south of the eastern
islands.

The mean annual number of rainy days (Figure 1 d) shows a quite similar spatial pattern to the

average annual precipitation, with increasing values from the southeast to the northwest.

2.2. Precipitation concentration index
The CI uses daily precipitation amounts over a long period, but it can be also calculated for one
year, as shown in this paper. The first step for the calculation of Cl is to arrange the daily
precipitation values in ascending order. Then the cumulative percentage of rainy days is plotted
against the corresponding cumulative percentage of rainfall amounts, and has a markedly
exponential shape. These curves are of the kind:

Y = aX exp(bX) (D
where a and b are constants. They can be calculated by means of the least-squares method.
The definite integral of the exponential curve between 0 and 100 is the area, A, under the curve,
and 5,000-A is the area compressed by the curve, Y = X, and X = 100, lets name S. Then Cl is
defined as:

CI = $/5000  (2)

The CI measures the relative separation of the exponential curve from the Y = X line. Note that
the separation is greater (or Cl is higher), when the weight of a few days, the rainiest ones, in the
total is higher (Martin-Vide, 2004; Cortesi et al., 2012; Benhamrouche et al., 2015). The Cl is
similar to the well-known Gini index.
Figure 2 shows the exponential curves of two contrasting locations in the 1950-2012 period. La
Corufia (Figure 2 a) is located in the northwest Iberian Peninsula, a rainy region, where the daily

amounts are quite similar. Valencia (Figure 2 b) is located in the eastern IP, where some torrential



rainfalls occur almost every year. In this region, a few rainy days accumulate most of the total
annual precipitation. The differences in the annual exponential curves in each location help in
understanding the precipitation regimes.

The Cl index was calculated for all the 20,242 points of the grid by using the R package precintcon
(Venezian and Teixeira, 2016) for the three geographical units (IP, Balearic Islands, and Canary
Islands). The CI was applied, as originally described (Martin-Vide, 2004), to the complete series
(Clc) from 1950 to 2012 in each grid point. Additionally, the Cl was computed at each grid point
individually for each year to complete a wider description of the precipitation concentration in
Spain. We calculated both versions (complete and annual series) to make a comparison of
conventional works (complete series) and this new and comprehensive approach (annual series).
Then, the average (CIm), the coefficient of variation (Clcv), and the 5™ and 95" percentiles
(Clp05 and Clp95, respectively) of the annual CI values for each grid point were calculated as a
set of descriptors of centrality, variability, and extreme characterisation of precipitation
concentration across the study area.

Finally, a trend analysis was also performed to evaluate the temporal evolution of the Cl in Spain
throughout the 1950-2012 period. The magnitude of trends was estimated using the Sen’s slope
(Sen, 1968) and represented as a percentage of change with respect to the decadal Cl mean in the
1950-2012 period. Significance of trends was calculated using the Mann-Kendall test (Mann,
1945; Kendall, 1948), considering trends as significant when p-value<0.05. The obtained indices
and trends were mapped to examine the spatial distribution of the Cl means, variability, extreme

values, and trends.

3. Results

3.1. Spatial distribution of Cl across Spain

The spatial distribution of CI computed with complete series (Clc) (Figure 3 a) is similar to that
obtained by averaging the annual CI indices (Clm) (Figure 3 b). Overall, the values of CIm are

slightly lower in magnitude and variability than those of Clc (Figure 4 a). Despite the differences



found between the two methods of calculation, acommon spatial pattern of Cl in the IP was found
(Figure 4 b).

The highest values are distributed in the Canary Islands and in a latitudinal band in the east of IP,
coinciding with the Mediterranean fringe, that gains access in the Ebro Valley and the Pyrenees.
Cl is also relatively high, overall, in elevated areas and in the Cantabrian Range, while the
Southern Plateau and the continental northwest IP had the lowest values. Altogether, the
coastlines show higher values than the inner areas. The global distribution shows that highest CI
values are along the coast with mountain ranges that are parallel to them. In those areas where
this mountain ranges are disrupted (i.e. the Ebro or Guadalquivir valleys), the Cl progresses
inland. The Central Range, perpendicularly orientated to the Atlantic coast, represents the
exception, with high CI values that are explained by the absence of high mountain barriers in the

western IP.

3.2. Temporal variability of Cl across Spain

The spatial distribution of the coefficient of variation of annual CI (Clcv) (Figure 5), shows
different patterns than those observed for Clc and CIm (Figure 3). The highest values are observed
in the southern IP and in the southern part of the Canary Islands. The Clcv shows also higher
values in the southern half of the Mediterranean coast, coinciding with the area with the least total
precipitation in peninsular Spain (Figure 1 ¢), as well as the southern side of the Canary Islands.
Overall, the spatial pattern shows a clear northwest—southeast gradient. The south-eastern IP
shows a high variability and high averaged precipitation concentrations, while the Ebro Valley
and the Pyrenees show high values of CI but lower variability. The Northern Plateau and the
Cantabric coast reach the lowest variability in Spain and very high values of Cl, and the southwest
IP shows regular values of average precipitation concentrations with high variability.

The Mediterranean coast, the Ebro Valley, and the Cantabric coast always show higher
precipitation concentrations (Clp05 is always over 0.5) than the rest of the IP (Figure 6). In

contrast, the southern half of the IP shows the lowest CI values, even reaching under 0.4 in a large



part of the territory. On the other hand, the extreme values of concentration occur in the
Mediterranean sector, where in some years the Cl values exceed 0.75. These high values (over
0.7) are also reached in the interior of the Ebro Valley, and in highest elevations of the eastern
Pyrenees. On the contrary, the maximum values of concentration exceeding 0.6 are rare and only
occur in flat areas of Northern and Southern Plateaus, and in the interior of northwest IP.
The spatial and temporal variability of precipitation concentration across Spain can be divided
into four geographical regions:
i) the Mediterranean coast reaches the highest values of the index, shows a high inter-
annual variability, and has extreme values that exceed 0.75 in some years;
i) the southwestern IP has moderately low values of the index, but the area is highly
variable between years. The precipitation concentration can be very low some years
(Cl<0.4), and very high (CI1>0.7) in others;
iii) the northern sector, comprising the Pyrenees, the Ebro Valley, and especially the
Cantabric coast, has Cl values close to the average with low inter-annual variability.
The precipitation concentration usually ranges between 0.5 and 0.7;
iv) the Northern and Southern Plateaus have the lowest mean precipitation concentration
and a low variability, which means that the CI values differ over a short range from

a minimum of around 0.55 to a maximum not greater than 0.65.

3.3. Spatial distribution of CI trends

Cl trends over the 1950-2012 period indicate a global increase in precipitation concentration in
Spain (Table 1), with most of the territory in the IP showing a positive significant trend (57.3%),
as well as in the Balearic Islands (50.2%). Negative and significant trends in these two areas are
minimal (3.8 and 0.5%, respectively). The Canary Islands show mostly non-significant trends
(81.5%), dominating positive trends in significant areas (14.2%).

The spatial distribution in the IP shows a global SW-NE trend, especially in the areas

corresponding to the Central Range, the east and west sides of the Guadalquivir Valley, and the



southwest part of the IP, where the maximum positive values are concentrated (Figure 7). The
northern half of the IP has a concentration of more negative trends, but the magnitudes of the
values are lower than the positive ones. Most of the territory in the Balearic Islands shows positive
significant trends, while the spatial pattern in the Canary Islands is different. The eastern islands
show non-significant trends over most of their area, while negative trends prevail in the western
islands.

The Mediterranean coast (including the Balearic Islands) is dominated by positive trends, which
are especially intense (>4%/decade) in the areas coinciding with higher inter-annual variability.
However, the central (high concentration and low variability) and southern (mid concentration
and high variability) sectors do not show significant trends in general. The southwestern area of
the IP shows the highest positive trend values, from the south coast to the Central Range, where
the trends are intense mainly on its western side. All of this area is dominated by large inter-
annual variability of precipitation concentration, reaching the lowest CI in some years. The
regions of the northern sector are very different from each other. For instance, the Pyrenees show
high positive trend values except in the central sector, just like the Ebro Valley, that shows only
a few areas with significant trends, most of them with negative values. The Cantabric coast shows
mean values of positive trends (between 1% and 3%) except in the central sector with non-
significant trends, or small areas with negative values. Finally, the Northern and Southern
Plateaus show a different range of trend values. The first one is dominated by mid—low positive
trends with wide extents of non-significant trends, and the southern one, with more variability,
shows the highest values of positive trends, exceeding 4% in its central sector.

There is a clear connection between the Cl variability and the intensity of the trends. Those areas
with a high inter-annual variability (Clcv) and with the lowest values of annual CI (CIp05), are
prone to change towards a more intense precipitation concentration (Figure 8). Although not all
of Spain fulfils this statement (the southwestern extreme of the IP and the southern Canary
Islands, for instance, have high variability but non-significant trends), the premise is valid for

almost all the territory.



4. Discussion

The Cl is a proper index which can be used to describe the daily concentration of precipitation.
Furthermore, its annual calculation allows the evaluation of the daily concentration distribution
from a dynamic point of view by including the analysis of its variability, extremes, and trends.
Within this context, Spain is a territory where the precipitation dynamics represent a key
environmental factor from different perspectives (economic, ecological risks, etc.). Many studies
have characterised the precipitation regime, distributions, and means, but most of them were
based on descriptors or indices computed at a monthly or annual scale (Esteban-Parra et al., 1998;
Rodriguez-Puebla, 1998; Gonzalez-Hidalgo et al., 2011; Cortesi et al., 2014). Still, the changes
in Spanish precipitation over the most recent decades have been thoroughly analysed through the
study of trends, showing, overall, a shortening of the wet season, an increase of precipitation in
October, a decrease in March (Gonzélez-Hidalgo et al., 2011), and a general reduction of
precipitation amounts from winter to summer (De Luis et al., 2010b). Also, the concentration of
precipitation was analysed through the Precipitation Concentration Index (PCI) at the monthly
scale (De Luis et al., 2011, period 1946-2005), showing increases in the central Pyrenees and
Ebro basin, the interior of central Mediterranean fringe, and in the southwestern IP. However,
precipitation trends present a great uncertainty due to the use of different datasets, periods and
regions (Bladé and Castro-Diez, 2010).

This uncertainly is exacerbated when analysing trends in precipitation indices (as Cl) that needs
a daily resolution for its calculation. The existing daily datasets comprise a limited number of
complete observatories, and the extrapolation of their information to a wider territory is a complex
task that can lead to non-trivial uncertainties (Martin-Vide, 2004). Moreover, available daily
precipitation gridded datasets are rare in comparison with others available for precipitation totals
calculated at monthly, seasonal or annual resolution making difficult to stablish comparisons and

evaluate the uncertainty of CI trends.



In this respect, only two additional daily precipitation gridded datasets are available for Spain
(SPAINO2: Herrera et al., 2016; SAFRAN: Quintana-Segui et al., 2017) and both of them are
based on a quite different conception in their construction when compared with SPREAD
(Serrano-Notivoli et al., 2017a). While both SPAIN02 as SAFRAN are able to reproduce
successfully different mean characteristics of precipitation across Spain, both products
overestimate the number of precipitation days and underestimate the magnitude of high
precipitation events (Quintana-Segui et al., 2017). Interpolation methods as applied to construct
both SPAINO2 as SAFRAN demonstrate to be useful and suitable to validate regional climate
models in terms of means and variability but induces several bias in describing the structural
characteristics of daily precipitation in relation on its concentration.

SPREAD, by contrast, was specifically designed to reproduce for each grid point the structural
characteristics of nearest observations in terms of their totals but also in the frequency of dry/wet
days and extreme precipitation magnitudes (Serrano-Notivoli et al., 2017a, 2017c). The potential
of SPREAD to be compared or to validate regional climate models needs still to be tested.
However, given its close reproduction of the observational precipitation values in terms of
frequency of dry/wet days and extreme precipitation magnitudes, SPREAD and the methodology
used for its construction represent a new suitable approach to evaluate the evolution of the
precipitation concentration as described by the CI (Martin-Vide, 2004).

Thus, this work represents the first attempt to describe comprehensively the dynamic
characteristics of daily concentration of precipitation, contributing to the understanding of this
process and building upon the previous works focusing on CI in Spain (Martin-Vide, 2004;
Cortesi et al., 2014; Mayer and Marzol, 2014; Meseguer-Ruiz et al., 2014). The annual approach,
used to analyse variability and trends, has been previously used in some other areas in the world
(e.g. Italy: Coscarelli and Caloiero, 2012; New Zealand: Caloiero, 2014; China: Shi et al., 2015).
However, this is the first time that the Cl has been applied to a complex territory such as Spain,
where the risks related to the changes in precipitation concentration are especially relevant.

Although a direct comparison with previous stations-based works is not able due to the mismatch



of the locations of the observatories and SPREAD grid points, the observed CI values for these
ones are similar in precipitation concentration magnitude to those described in previous research
in IP using observational stations (de Luis et al., 1996; Martin-Vide, 2004), which confirms the
feasibility of this dataset for the study of daily precipitation indices.

The study of the distribution patterns of precipitation concentration in Spain allows general areas
with different behaviours to be identified. In each one of these areas the concentration is caused
by different atmospheric dynamics and has different consequences for environmental risks:

i) The Mediterranean coast shows a very high mean concentration and a high inter-annual
variability (especially in the southern IP). In some years the maximum values can exceed 0.75,
with values under 0.5 being infrequent. The overall trend is positive, which indicates an increase
in concentration and, consequently, an increase in associated risks. This pattern has already been
described in Martin-Vide (2004). The eastern area of the IP is strongly influenced by the
Mediterranean atmospheric dynamics (Martin-Vide and Ldpez-Bustins, 2006) with frequent
convective processes that represent most of the annual precipitation (Alvarez et al., 2011). The
presence of unstable, wet and warm air masses produced by a warmer sea, especially at the end
of the summer, are responsible of most of these situations. The orographic barriers parallel to the
coastline emphasise the importance of these Mediterranean-based events and prevent the arrival
of Atlantic fronts, producing a lower number of precipitation days (especially in winter and
spring). As a consequence of these premises, the Mediterranean coast is configured as an area
where torrentiality is a key environmental risk factor, which may lead to an increase of erosivity
or floods processes if current positive trends of concentration continue.

ii) The southwestern IP has low to moderate Cl and high inter-annual variability. The trends in
this area are positive and strong, showing a clear SW—NE pattern, as well as the CI distribution,
following the direction of the Guadalquivir River. The annual precipitation in this area is
characterised by its irregularity, mainly due to the complex relief of this part of the IP, but also to
its position between two continents and water bodies of contrasting characteristics (Garcia-Barron

et al., 2011). The wet Atlantic fronts penetrating into the Guadalquivir Valley produce the high



Cl values at the elevated areas of its right margin. Martin-Vide (2004) showed in this area a very
different and smoothed W-E pattern from highest (0.6) to lowest (0.56) values, probably due to
the lack of information in elevated areas. Although the precipitation concentration does not reach
very high values, the trends indicate that it has been increasing since the second half of the 20™"
Century. If this temporal pattern continues, the Guadalquivir Basin could see an increase in the
frequency of floods caused by extreme events.

iii) The Ebro Valley and Pyrenees comprise the transition sector from the Mediterranean fringe
to the Atlantic influence. The absence of inner mountain barriers allows the Mediterranean
precipitation to penetrate to the continental area, while the convective and torrential
Mediterranean influence contributes to high CI values with a lower variability due to the influence
of the Atlantic fronts and cut-off lows in winter. However, the maximum and minimum values of
Cl are already high (while they are lower than in the Mediterranean) and the trends are also
positive, albeit with slightly lower magnitudes. The spatial patterns in this area were not so clearly
described in Martin-Vide (2004). The main consequences of the precipitation concentration in
this northern sector are the risks related to a water-scarcity scenario, and soil erosivity in farming
areas in the Ebro Valley. Additionally, recurrent flood events in the Pyrenees are a frequent type
of risk that are usually due to high amounts of precipitation over a few days (or hours) draining
into lower sectors of the Ebro Valley and producing extraordinary socioeconomic losses every
year.

The Cantabric coast shows high values of Cl with a lower variability, which contributes to more
predictable extremes. The trends are overall positive but moderate, which indicates a slower
increase of concentration, coinciding with a high regularity of precipitation throughout the year.
Again, the orographic effect of the Cantabric range produces high concentrations of precipitation
near to the coast by blocking the Atlantic fronts. Floods and erosivity in headwaters of the
hydrographic basins are the major risks here.

iv) The Northern and Southern Plateaus, located in the interior of the IP, show similar behaviour

to each other. However, the former shows a lower variability and significant trends. Both areas



are flat and elevated sectors (average 700 and 500 m.a.s.l., respectively) flanked by mountain
barriers that separate them from the coast, stalling the progress of high precipitation events. They
are isolated by the Central Range, which holds the highest precipitation intensities in Spain
(Serrano-Notivoli et al., 2017a). This context contributes to low and regular inter-annual
precipitation amounts with a lower frequency of extreme events, resulting in low concentration
values and, therefore, a lower level of risk.

In addition to these four global sectors, the Balearic and Canary Islands show different behaviour.
The former reach average moderate values of concentration, being higher in the southern islands
and high elevations on the central island, where the maximum values and positive significant
trends are intensified. This area is completely included in the Mediterranean atmospheric
dynamics, and extreme events are very frequent. This is an overpopulated area because of tourism,
and most of the flooding risks are focused in urban areas. The precipitation regime in the Canary
Islands is highly irregular, encouraging high concentrations, maximum values, and variability,
especially on the southern side of the islands where the total amounts are lower. The trends do
not indicate a clear pattern, which may be due to this extremely high irregularity, with less than
30 precipitation days per year (Serrano-Notivoli et al., 2017a). Overall, there is no link between
the spatial distribution of trends and the climate types. Trends values are spatially distributed in
very different precipitation regimes and they are better explained based on geographical factors.
The CI values in Spain vary over a small range between 0.50 and 0.70, with the minimum being
slightly higher (0.55) in previous studies in Peninsular Spain (Martin-Vide, 2004; Behamrouche
and Martin-Vide, 2012; Meseguer-Ruiz et al., 2014) probably due to the use of a low number of
stations (<32), which were not representative of all of the precipitation regimes in the IP. These
precipitation concentration values are similar to the rest of Europe (0.51-0.72) (Cortesi et al.,
2012), Italy (0.43-0.63) (Coscarelli and Caloiero, 2012), and other regions in the world such as
Algeria (0.47-0.70) (Benhamrouche et al., 2015) and New Zealand (0.47-0.70) (Caloiero, 2014).
However, it is higher than Malaysia (0.42—0.58) (Suhaila and Jemain, 2012) and Peru (0.44-0.56)

(Zubieta et al., 2016); lower than Iran (0.59-0.73) (Alijani et al., 2008) and Chile (0.52-0.74)



(Sarricolea and Martin-Vide, 2014), and very much lower than southern China (0.74-0.80)
(Zhang et al., 2009; Fu et al., 2012). A recent study of precipitation concentration around the
world, by Monjo and Martin-Vide (2016), found values from 0.38 to 0.87 for the entire land area,
whereas Spain obtained a range of 0.66-0.87. Although the concentration values were not
according to the rest of the previous (or present) works (mainly due to the low spatial resolution),
the comparison with the rest of the world in relative terms shows that the maximum concentration
in Spain (in the eastern IP and Canary Islands) are comparable with the maximums in the Middle
West, southern South America, or eastern continental Asia. Overall, the spatial pattern in the 1P
show the highest concentrations at orographic barriers near to the coast, and lowest values in inner
continental lands flanked by mountains, is reproduced (with the exception of desert areas in
Middle West) at a global scale, being very similar in South America, southern North America,
Australia, Eurasia, and eastern Africa.

Most of the previous works of precipitation trends in Spain indicated a decrease in winter and
spring precipitations and an increase in autumn (De Luis et al., 2010b; Rodriguez-Puebla et al.,
2010; Gonzélez-Hidalgo et al., 2011). These changes in the seasonality can be related with the
widespread increasing pattern showed in CI trends, due to the decrease of precipitations in lower
torrentiality periods and the increase when the extreme events are more frequent (Fernandez-
Montes et al., 2014). However, the CI trends showed a high spatial variability that, considering
that the Cl is an index based on extreme precipitation, it can be highly influenced by local factors
and by the irregular distribution in space and time of these high precipitation events (Merino et
al., 2016). These situations can be reflected in the ClI trends spatial distribution, showing isolated
areas with different sign and magnitude that are mainly due to: i) the high spatial resolution of the
gridded dataset and ii) the high number of stations used to build it. Both premises reflect the local
character of precipitation at each individual point. The use of individual models for each location
and day to estimate daily precipitation produces that the local effects, as orography or specific

atmospheric situations (always depending on surrounding observations), have more influence in



the precipitation estimation. The final data series for each point are more realistic and more
influenced by extremes, which can change the sign and significance of trends in small areas.

These premises, related with the representativeness of the gridded dataset, can also explain that
most of the highest significant trends coincides with high inter-annual irregularity (Clcv) areas
(Figure 8). The spatial distribution of this relationship, that prevails in the eastern IP with some
exceptions like the Central Range, and its potential causes, such as a warming of the water in the
Mediterranean Basin and other atmospheric or geographical factors, will be investigated in further

research.

5. Conclusions

This study of the daily precipitation concentration index (CI) in Spain gives, for the first time, a
comprehensive description of its mean values, variability, extremes, and trends. The results are
available due to the high spatial resolution of the climatic database and its creation based on more
than 12,000 daily precipitation series. The maximum concentration values of precipitation in
Spain are higher than those shown in previous studies, and they are mainly located in the eastern
IP and in the Canary Islands. The study of trends showed a general significant increasing trend,
intensified in those areas with higher inter-annual variability, and the presence of orographic
barriers near to the coast are shown as a key factor to explain the spatial distribution of the highest
concentration values. Spain is a heterogeneous area in respect of its precipitation distribution,
regimes, trends, extreme events frequency, and its daily precipitation concentration. The increase
in precipitation concentration from the mid-20" Century also means an increase in many
environmental risks such as erosivity, floods, and extreme events, amongst others.

The CI index has a great potential to assess daily precipitation risks, and it is complementary to
other indices such as the Precipitation Concentration Index (PCI) that evaluate the concentration
at different scales. The results obtained from the application of CI are of key importance to

regional planning and for decision-making policies related to environmental risks.
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Figure 1. (a) Geographical references of the study area; (b) location of the observatories used to
build the gridded data set; (c) average annual precipitation (1950-2012), and (d) average number
of wet (precipitation>0 mm) days (NWD) (1950-2012).



100

f 100
o N
' La Coruna R_Rmvé a)

(2208

75 T /»J“’J 75

SN

Cl:0.574

Annual mean CI: 0.579
Standard deviation: 0.023
Annual maximum: 0.637
50 Annual minimum: 0.537

SP%

50

S P%

25

Cl: 0.690

Annual mean CI: 0.688
Standard deviation: 0.046
Annual maximum: 0.810

Annual minimum: 0.580

0 25 50

75 100

Sn%

25

50 75 100

Sn%

Figure 2. Cumulative percentage of rainy days (3ni%) versus the cumulative percentage of
rainfall amounts (3 Pi%) in (a) La Corufia and (b) Valencia. Black dots with red lines are the
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Figure 4. (a) CI bias (Clc—CIm) spatial distribution and (b) scatterplot of averaged annual Cl
values (Clm) versus the Cl computed with complete series (Clc). Dots represent the grid points
covering Spain, the black line shows the optimal t where both variables give the same values, and
histograms show the frequencies of values.
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Figure 5. Coefficient of variation of annual CI values (Clcv).



43°N

40°N

a) 5'" percentile

46°N.

43°N

40°N

9
; ' ."’&y@‘fg

18"W 16w 14°W

b) 95" percentile

Concentration Index Values

0.40 043 046 049 052 055 0.58 0.61 0.64 067 070 073 076

Figure 6. (a) Fifth and (b) 95th percentile of annual CI values.



46°N

43°N

40°N

A

Decadal trend (%) -
& 8 2

0 1 2 3 4
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