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ABSTRACT. Ephemeral streams, which are more extended than expected, entail a significant flood risk.
Historically they have been underestimated due to their intermittent flow and the lack of knowledge on their hydro-
geomorphology. Currently, European legislation recognizes their associated risk and supports research into them,
adapting the scale and methodology to their characteristics. Based on the compilation of various works carried out
in four Valencian catchments (Eastern Spain), this paper approaches the key questions of rainfall-runoff
conversion and flood generation in ephemeral streams, taking into account their hydro-geomorphological
specificity. Moreover, the consequences which derive from current environmental changes are addressed in the
wider scale of Jucar River Water Authority.

The study is based on 5-minute data, registered by the SAIH-Jicar network (Authomatic Hydrological Information
System). The investigation has been conducted in two phases. Firstly, key issues determining flash-flood
generation at basin scale have been addressed, based on the study of 138 floods, registered between 1989 and
2018, in four Valencian ephemeral streams (Barranc del Carraixet, Rambla de Poyo, Riu Vernissa and Rambla de
Gallinera). Secondly, concerning a broader scale (Jiicar River Water Authority), the evolution of 698 rain episodes
(1989-2007) has been analysed. Finally, the consequences that environmental changes (climatic, anthropogenic
and morphogenetic) might mean for flash-flood generation have been discussed.

The results show how environmental changes point towards an increase in risk to the detriment of resource. Rain
episodes tend to increase in intensity and decrease accumulated precipitation. As a consequence, hydrological
connectivity will become more dependent on rain intensity, thus reducing runoff thresholds and basin response
times. Anthropic changes enhance this behaviour, reducing infiltration and increasing surface runoff and erosion,
while accelerating the hydrological cycle. An increase in process-form disequilibrium in Mediterranean
catchments can be expected due to the increase in morphogenetic phases (because of the intensification of events)
and a decrease in the efficiency of low-magnitude recovery episodes.

Consequently, the behaviour of ephemeral-streams under current climate change conditions points firstly to an
increase in intense flash-flood events, which will be difficult to manage with the current flood control measures,
and secondly an increase in the general aridity conditions of catchments.

Las avenidas subitas en ramblas en un contexto de cambio climatico

RESUMEN. Las ramblas mediterraneas, mas extendidas espacialmente de lo que pudiera parecer, implican un
riesgo de inundacion significativo, historicamente subestimado debido a su flujo intermitente y al desconocimiento
generalizado sobre su funcionamiento hidrogeomorfoldgico. Actualmente, sin embargo, la legislacion europea
reconoce la especificidad de estos sistemas, asi como el riesgo que entrafian y aboga por profundizar en su
conocimiento, adaptando la escala y la metodologia a sus particularidades. Basado en la recopilacion de varios
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trabajos realizados sobre la zona de estudio, el presente articulo aborda cuestiones clave de la conversion lluvia-
caudal y generacion de crecidas en ramblas, asi como su evolucion en el contexto actual de cambio ambiental.

El estudio se basa en datos originales cincominutales, registrados por la red SATH-Jucar (Sistema de informacion
hidroldgica automatica) y se realizo en dos fases. En primer lugar, se abordaron cuestiones clave que determinan
la generacion de crecidas a escala de cuenca, a partir de 138 eventos, registrados entre 1989 y 2018, en cuatro
ramblas valencianas (Barranc del Carraixet, Rambla de Poyo, Riu Vernissa y Rambla de Gallinera). En segundo
lugar, a una escala mas general, se ha analizado la evolucion de 698 episodios de lluvia en el territorio de la
Demarcacion Hidrografica del Jucar, entre 1989 y 2016, con objeto de inferir qué consecuencias podrian suponer
los cambios ambientales para la formacion de inundaciones en ramblas. Los resultados muestran como estos
cambios sugieren aumento del riesgo y disminucion del recurso. Los episodios tienden a aumentar su intensidad y
a disminuir la precipitacion acumulada. Como consecuencia, la conectividad hidrologica se vuelve cada vez mas
dependiente de la intensidad de la lluvia, reduciendo asi los umbrales de escorrentia y los tiempos de respuesta de
la cuenca. Los cambios antrdpicos potencian este efecto, porque reducen la infiltracién y aumentan la escorrentia
superficial y la erosion, al tiempo que aceleran el ciclo hidrolégico. Por tanto, se anuncia un aumento en el
desequilibrio proceso-forma debido al aumento de las fases morfogenéticas (por intensificacion de los eventos) y
a una disminucién en la eficiencia de los episodios restauradores de baja magnitud. En consecuencia, el
comportamiento de las ramblas bajo condiciones de cambio climatico apunta, en primer lugar, hacia un incremento
de las flash-floods intensas, cada vez mas dificiles de gestionar con los instrumentos habituales de control de
avenidas y, en segundo lugar, hacia una progresiva aridificacion de estas cuencas mediterraneas.
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1. Introduction

Ephemeral streams are more frequent than assumed since, globally, more than 50% of the river
network is intermittent (Skoulikidis et al., 2017). In the case of Europe, the Mediterranean strip is the
most affected, with percentages that can vary from 20% in the case of France (Snelder, 2013) to more
than 90% in Sardinia and Sicily (Petrakis et al., 2012). Gémez et al. (2005) estimate that more than 70%
of fluvial systems are ephemeral streams in the south-east of Spain. An increase in this percentage is to
be expected over the next century, because as a consequence of climate change, drylands are predicted
to expand approximately by 10% before the 22nd century (Feng and Fu, 2013).

In the Mediterranean region, ephemeral streams exhibit certain climatic, geomorphological and
anthropic characteristics which condition the hydro-geomorphological processes of runoff generation.
Climatically, seasonal rainfall regime is very irregular as it is subject to severe summer droughts and
autumn episodes of high intensity (Camarasa-Belmonte and Soriano, 2014). From the geomorphological
point of view, basins are small and steep with permeable lithology and wide channels (hydrologically
disconnected from the aquifers). Headwater used to be covered by species adapted to water stress and
poorly developed soils (Gomez et al., 2005). However, floodplains are very fertile and have suffered
from intense human occupation for over 8000 years (Butzer, 2005). Regardless, the Mediterranean
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environment, often described as highly degraded, has been able to develop strong ecological and human
resilience to degradation (Butzer, 2005).

However, the current important changes, both environmental and anthropic, are threatening the
precarious balance between water resources and flood risk (Barredo and Engelen, 2010; Duran et al.,
2014; Camarasa et al., 2020). On the one hand, climate change on a global scale has accelerated the
hydrological cycle with the result that episodes of catastrophic floods have increased and intensified
(Olcina et al., 2017). On a regional scale, according to all indicators (European Environment Agency,
2019), the Mediterranean region will suffer the greatest impact in Europe, since it is a transitional area
which is more exposed to extreme events. On the other hand, on a basin scale, changes in land use are
affecting the ephemeral stream environments, in particular due to the degradation of headwaters as well
as the indiscriminate occupation of floodplains (Canton et al., 2011; Calsamiglia et al., 2018). Flood
risk is exponentially increasing but, paradoxically, this fact is being underestimated because of the
intermittence of flow.

The estimation and adaptation to flood risk in ephemeral streams, under a context of climate
change, goes through two phases: firstly, understanding and recognizing the specificity of
Mediterranean hydrology (as a morphoclimatic transition between humid and arid environments) and
secondly, analyzing what may be the reaction of these fluvial systems to the evolution of intense rainfall
episodes.

The first part requires focusing the analysis on empirical flash flood case studies (Shannon et
al., 2002), which is not easy given the lack of sufficient and detailed hydrological information
(Zoccatelli et al., 2019). The lack of flow data is partly due to the low economic interest that ephemeral
streams have long generated. Precisely due to their intermittency they have not been considered as a
water resource. Furthermore, even in the case of the availability of information, data were of poor quality
and not sufficiently detailed regarding flash-flood times. The information was generally recorded every
day, whereas a sub-daily time scale (hourly or even minute scale) was needed in order not to mask the
processes (Camarasa-Belmonte, 2016).

However, this situation regarding the lack of knowledge has begun to change. This change has
been driven by the European legislative framework (EU Floods Directive2007/60/EC), which
recognizes the significant risk caused by flash-floods generated in intermittent Mediterranean ephemeral
streams. Thus, the hydrological specificity of these fluvial systems is highlighted, as well as the need
for developing methodology and to adjust data set to small catchment scale. In this sense, it is worth
noting the effort made in recent years by the scientific community to analyse cases of flash flooding and
associated risks. The second part, related to the evolution of these floods under the climate change
conditions, is currently crucial for Spain because, as stated in the report on Floods and Climate Change
prepared by the Ministry for Ecology Transition (2018), “an increase in flash floods in most of the basins
in Spain has been observed” (MINECO, 2018).

The present study addresses both phases: that of flash flood generation, and its trend under the
current context of climate change in a wide area of the Spanish Mediterranean coast. This paper is based
on previous studies carried out in the territory of Jucar River Authority from detailed data provided
every five minutes by the Automatic Hydrological Information System (SAIH) network. The
investigation was conducted in two phases and addressed two work scales.

The first part of the study approaches the key issues of flash-flood generation in ephemeral
streams, based on the analysis of 138 events registered in four gauged pilot sub-basins (ranging from 25
to 185 km?) from 1989 to 2018. During the second phase, a more general scale of study has been
addressed, concerning the entire territory of Jucar Water Authority (42,989 km?). Climate, anthropic
and geomorphic changes have been described in order to analyse how trends in environmental changes
can affect flash-floods. In summary, this research aims to provide a dynamic framework to integrate
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both scales, those of basin and climate, as well as their interaction under conditions of environmental
change.

2. Study area

The study area involves two spatial scales: (i) the basin scale, to study flood hydrology processes
in ephemeral streams, and (ii) a more general scale, to frame the evolution of environmental changes

(Fig. 1).
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Figure 1. Study area.
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The basin scale includes four Valencian ephemeral streams, monitored by the SAIH network.
The hydrological analysis was carried out in the gauged sub-basins of the following watersheds: Barranc
del Carraixet; Rambla de Poyo; Rambla de Gallinera and Riu Vernissa, whose main characteristics are
listed in Table 1. Areas range from 27 Km? in Gallinera (gauged at headwater) to 187 km? in Poyo.
Slope of catchments is high, varying from 33% in Gallinera to 17% in Poyo. Runoff thresholds, also
known as initial abstraction, have been calculated from the physical features of the basin according to
the SCS method (1972), which was adapted to Spain by Témez (1978). The average threshold for pilot
catchments is 64 mm (from 56 to 72 mm).

Table 1. Gauged sub-basins features.

Catchment Surface (km?) Slope (%) Initial abstraction (mm)
Carraixet 125 21 70.8
Poyo 185 17 57.8
Gallinera 27 33 56.6
Vernissa 102 25 72

The broader scale involves the territory of Jicar Water Authority (42,989 km?), in the east of
Spain. The climate is typical Mediterranean, with 500 mm of average annual precipitation (from 800
mm in the north to 300 mm in the south). Intense rainfall episodes concentrate in autumn-winter and
spring.

The study area is quite heterogeneous and shows a marked inland-coast dichotomy. Inland is
mountainous and includes the headwaters whereas on the coast, flood-plain and other sedimentary forms
have been developed. Regarding extreme episode distribution, intense rainfall in the littoral is five times
higher than inland (Morrell and Pérez-Cueva, 2000). Camarasa-Belmonte and Soriano (2014), using 5-
min detailed data, checked that higher rainfall intensities were registered close to the sea, whereas lower
rainfall intensities affected the inland area. From a human perspective, water resources are generated
and stored inland (where dams and broad aquifers are located) while flood risks are expected on the
coast (where larger urban centres are placed).

3. Methods and materials

Several studies of both topics, the generation of floods in ephemeral streams (Camarasa-
Belmonte, 2016) and trends in rain episodes (Estrela et al., 2016; Marcos-Garcia and Pulido-Veldzquez,
2017; Camarasa-Belmonte et al., 2020), have been carried out in the study area. This paper combines
the main results previously obtained by Camarasa-Belmonte with new analysis of recent episodes to
illustrate the key issues of flash-floods. The aim is to discuss how ephemeral streams could behave under
the current trend in climate change.

Original data were recorded by the SAIH network every five minutes from 147 rain gauges and
4 streamflow (one in each pilot catchment) between 1989 and 2018. For the hydrological study at
catchment scale, 137 flash-flood events were analysed (16 in Carraixet, 38 in Poyo, 38 in Gallinera and
45 in Vernissa) between 1989 and 2007 (Camarasa-Belmonte, 2016). A multi-peak flood event (October
2018 in Vernissa) has been added to the study. The events were selected because the data were reliably
collected and they covered a representative range of floods including the most damaging.

The following hydrological indicators have been estimated for each flood event (using data
provided by 16 rain-gauges and 4 stream-gauges, which covered sub-basins):

a) Spatial averaged rainfall inputs (Thiessen polygons were used to average point data):

— Hyetograph of areal intensity (mm/h).
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— Accumulated areal rainfall during the event (mm)
b) Water balance:

— Runoff threshold (P,) (mm): amount of precipitation needed to generate runoff, empirically
estimated for each event, from Curve Number method (SCS, 1972), adapted to Spain by
Témez (1978).

— Runoff coefficient (%): discharge as a percentage of total precipitation.

—  Runoff deficit (mm or hm?): The difference between precipitation and flow discharge.
¢) Discharge:

—  Flood volume (mm or hm?)

—  Peak flow (m?/s) and specific peak flow (I/s/km?)

Regarding the study of rainfall episode trend at the broader scale of River Jucar Water Authority,
results obtained by Camarasa-Belmonte et al. (2020) have been used. According to this paper, 698
rainfall episodes were selected (1989-2016), following the criteria proposed by Camarasa and Lopez-
Garcia (2006). The authors developed a method, based on thresholds of daily accumulated rainfall and
intensity, to detect hydrologically significant episodes, that is, those episodes able to generate runoff, at
least in a part of the basin. Selected episodes were characterised by indicators of accumulated
precipitation, maximum intensity, reduced averaged intensity and persistence. These indicators were
defined in the following way:

1. Accumulated precipitation: spatial mean accumulated rainfall in the episode.

ii. Maximum instantaneous intensity: absolute maximum 5-min intensity, registered in any of the
gauges.

iii. Reduced average intensity: spatial averaged intensity (considering only the intervals with
rainfall in each rain-gauge).

iv. Persistence: spatial mean of the persistence, that is, the probability of rain occurring during
two consecutive 5-min intervals.

Taking into account these characteristics, rainfall episodes were classified by a cluster analysis
into three types. Trends in frequency, accumulated rainfall and intensity were estimated for all of events
and for each type of episode (Camarasa-Belmonte et al., 2020). From a geomorphic point of view,
efficiency of episodes was estimated by dividing the water contribution with the number of episodes.
Distinction between inland and coast episode trend were also traced.

4. Results and discussion
4.1. Floods in ephemeral-streams: key issues

Mediterranean environments, located between humid and arid climates, show an intermediate
semi-arid hydrological behaviour dominated by extreme events (Brakenridge, 1988, Bracken and
Crocke, 2007). Hydrological processes and flood generation in ephemeral-streams are conditioned by
two key issues: the intermittence of flow and the magnitude of rainfall episode. On the one hand, most
of the year the channels remain dry because they are hydrologically disconnected from the aquifer. On
the other, as the discharge depends almost exclusively on the rainfall, floods are determined by the
episode characteristics.
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4.1.1. Hydrological connectivity and intermittence of flow

Ephemeral streams show two factors of discontinuity: (1) the basin geomorphological
configuration, which favours surface flow transfers to groundwater and, (2) the storm spatio-temporal
variability. Bracken and Croke (2007) described static connectivity, referring to spatial patterns
(physical features of catchment) and dynamic connectivity, referring to long-term landscape evolution,
as well as variations in inputs of rainfall. Therefore, the intermittence of water flow can be addressed
from both spatial and temporal points of view.

From a spatial perspective, hydrological connectivity, at a detailed scale, depends on the
connection between patches with different hydrological soil behaviour (Yair and Kossovsky, 2002;
Bracken and Croke, 2007; Wainwright et al., 2011; Bracken et al., 2013). Thus, local heterogeneity of
the territory can cause discontinuity in runoff (Cammerat, 2004; Canton et al., 2011).

Additionally, at basin scale, hydrological connectivity can be interrupted because runoff
becomes re-infiltrated in certain sectors of the basin. The geomorphological configuration of ephemeral
streams is used to show three main sectors (Camarasa-Belmonte, 2016): (i) the steep headwaters sector;
(i1) an intermediate sector, which connects headwaters to alluvial plain, where slope suddenly decreases
and transitional sedimentary forms (alluvial fans, glacis, piedmonts) are developed, and (iii) the
floodplain. Hydrologically, headwaters produce runoff quickly, but flow can be reabsorbed (run-on) at
intermediate sectors by the permeable sedimentary forms. Streambank morphology and coarse texture
of dry channels also decrease direct flow because they favour transmission losses to groundwater (Bull,
1997; Beven, 2002; Bull and Kirdby, 2002; Costa ef al., 2013; Segura-Beltran and Sanchis-Ibor, 2013;
Zoccatelli et al., 2019).

From a time perspective, direct runoff depends almost entirely on rainfall events. As a
consequence, these systems remain dry most of the year. However, the mere occurrence of a rain episode
does not guarantee the connectivity of the basin. Only events of certain magnitude ensure the flow
reaches the outlet. The influence of antecedent soil moisture is relevant to the catchment connectivity
(Yair and Kossovsky, 2002; Borga et al., 2014; Zoccatelli et al., 2019). Thus, both soil water reserve
(on a monthly scale) and catchment moisture on an event scale (considering rain from the 5 days before
the episode) should be taken into account.

Figure 2 illustrates these questions related to intermittency of flow by comparing two multi-
peak floods which were registered at Vernissa catchment in October 2018 (16-20) and December 2004
(3-16). Both hydrographs exhibit the strong dependence on the rainfall structure. The main difference
between them derives from the intermittency of flow in October 2018 compared to the continuity of
flow in December 2004. The reason for this is the total accumulated precipitation during the episode
(since the intensity is similar) and water resources stored in the system since the summer. In both cases
the antecedent moisture condition was dry (AMC 1).

In the October 2018 event 82 mm of accumulated rainfall was recorded, while in December
2004 precipitation reached 376 mm (Table 2). Furthermore, in December 2004 the basin had received
96 mm from the summer, whereas in October 2018 this was only 79 mm. Therefore, the water stored in
the catchment was greater in December 2004 than in October 2018. Thus, during a December 2004
event a base-flow of 10 m*/s was generated. Although in both events peaks of the hydrograph reproduce
the rainfall structure, the accumulated and persistent precipitation of December 2004 makes the
hydrological connectivity possible, similar to those of perennial fluvial systems.
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Figure 2. Comparison between two multi-peak floods registered at Vernissa catchment.

Table 2. General hydrological characteristics of multipeak floods registered at Vernissa basin (December 2004

and October 2018).
Event Accum. | Absolu. | Averag. Flood Runoff | Runoff | Runoff | Maximum
rain max. max. volume coeff. | deficit | threshold | peak-flow
(mm) | intensity | intensity | (hm?®) (%) (hm?) (mm) (m’/s)
(mm/h) | (mm/h)
December 2004 376 57 33 8.87 22 31 72 60
October 2018 82 139 37 0.08 1 8 10 13

4.1.2. Magnitude of episodes: the importance of single events

One of the most important nonlinearity factors for hydrological connectivity is linked to storms:
magnitude, spatial location (Zoccatelli e al., 2011) and temporal evolution (Camarasa-Belmonte, 2016).

As mentioned, flood events are due to single rainfall episodes which are large enough to
generate direct quick-flow. Thus, approaching flood analysis from monthly or annual averaged rainfall
data makes no sense in the Mediterranean environment, since it is dominated by extreme events (Graff,
1988; Camarasa-Belmonte and Soriano, 2014; Borga et al., 2008). On the contrary, in these basins the
study should be focussed on single specific episodes of a certain magnitude, registered at a detailed scale
(Zoccatelli, 2011; Zoccatelli et al., 2019).
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Yair and Raz-Yassif (2004) carried out a study in the Negev Desert (Israel) concerning runoff
generation at different scales and concluded that only high episodes guaranteed the hydrological
connectivity at basin scale. The importance of high magnitude events has been corroborated by, among
others, Bull ef al. (1999), Lopez-Bermudez et al. (2002) and Cammeraat (2004), when looking at
catchments in southeast Spain.

The question is how to define what high magnitude episode means for a Mediterranean
environment and which rainfall indicators should be used. Camarasa-Belmonte (2016) revealed how
episodes, which are considered of high magnitude in relation to both indicators, accumulated rainfall
and intensity, could generate runoff, floods and inundations. According to this author, accumulated
rainfall influenced water balance, hydrograph volume and peak-flow, while intensity conditioned the
speed of processes and the time of basin response.

4.1.2.1. Large episodes regarding accumulated rainfall: the influence on water balance and
discharge peaks

Accumulated rainfall is a crucial indicator of an episode's magnitude in semi-arid environments
(Yair and Raz-Yassif, 2004; Bracken et al., 2008). Zoccatelli et al. (2019) analysed rainfall-runoff
processes at catchment scale in 13 ephemeral streams located in the eastern Mediterranean region. They
concluded that rainfall depth and antecedent conditions were the most important properties to flood
response. Similar results were obtained in south-east Spain (Bull et al., 1999; Conesa, 2005; Bracken et
al., 2008).

Regarding Valencian ephemeral streams, Camarasa-Belmonte (2016) confirmed the influence
of accumulated rainfall on water balance parameters (runoff threshold, runoff coefficient and runoff
deficit), with runoff deficit being the most strongly correlated indicator. Thus, basin storage processes
are favoured by large magnitude episodes. The flood volume and the peak flow are also significantly
conditioned by accumulated rainfall. Figure 3 and Table 3 show these dependence relationships.
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Figure 3. Influence of accumulated rainfall on water balance parameters and peak flow.
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Table 3. Correlation (¥*) between accumulated precipitation and flood indicators.

BASIN Water Balance Indicators Discharge indicators
Runoff thresholds Runoff Deficit Flood volume Peak flow
Carraixet 0.61 0.98 0.69 0.86
Poyo 0.57 0.97 0.83 0.78
Vernissa 0.67 0.97 0.65 0.61
Gallinera 0.81 0.98 0.12 0.14

Despite all basins having the same trend, the relationships were particular for each catchment,
according to their physical characteristics. For example, in Gallinera, the influence of rainfall on
discharge indicators was very low because the dataset was registered in headwaters. The gauged sub-
basin is small and permeable showing considerable run-on processes at the slope base.

Figure 2 also shows this behaviour in Vernissa basin, comparing floods of October 2018 and
December 2004. Although the systems remained drier in October 2018 than in December 2004, runoff
threshold in October is 10 mm while in December it is 72 mm. Also, runoff deficit is higher in December
(31 hm®) than in October (8 hm®) because of the accumulated rainfall.

Generally, only 6% of rainfall is converted to runoff (from runoff thresholds around 62 mm), in
Valencian ephemeral streams (Camarasa-Belmonte, 2016). However, in large episodes values multiply,
especially concerning small and permeable catchments (Table 4). The event of October 2000 is an
example for all the basins. Gallinera is very representative because during the event it showed a runoff
threshold of 327 mm, whose value when averaged is 92 mm.

Table 4. Comparison between averaged and extreme values (October 2000 event) of accumulated rainfall and
water balance indicators.

Accumulated Runoff threshold. Runoff deficit Runoff Coefficient
. precipitation (mm) Py (mm) (mm) (%)
Basin
Averaged October Averaged October Averaged October Averaged October
2000 event 2000 event 2000 event 2000 event
Carraixet 76.81 231.73 45.41 92.8 70.13 198.64 5.25 25
Poyo 62.96 353.42 35.74 91.92 50.08 258.81 6.47 27
Gallinera 142 514.79 92.8 327.05 135.26 505.7 7.74 56
Vernissa 116.95 389.34 57.68 174.41 107.79 363.8 10.71 42
Average 99.53 34487 62.7 172.5 93.61 311.56 6.31 31

In summary, high magnitude episodes (in terms of accumulated rainfall) show ambivalence

towards resource and risk. On the one hand, they are the main water resource for semi-arid environments
because they provide slope runoff and channel flow in addition to transferring water to the aquifer and
other basin storage forms. They ensure the hydrological connectivity by making the behaviour of humid
and Mediterranean fluvial systems act in a more similar way. On the other hand, they produce large
discharges and peak-flows, generating important flood.

4.1.2.2. Intense episodes: influence on basin response times

Along with the accumulated rain, the intensity constitutes the other crucial indicator of episode
magnitude. According to Camarasa-Belmonte and Soriano (2014), torrential rainfall and flood events
are characterized more by “how it rains” than “how much it rains”, because high intensities can control
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rainfall-runoff conversion processes by reducing significantly the initial infiltration soil capacity and
generating runoff, even in unsaturated soils.

As the environment becomes more arid, intensity is more important than accumulated rainfall
to generate runoff. Tarolli ef al. (2012) found no correlation at all between runoff coefficient and rain
depth for extreme events, suggesting that rain intensity had a stronger influence than accumulated rain
on runoff generation. Zoccatelli ef al. (2019) verified this idea and highlighted the role of the aridity, by
contrasting flood generation in desert and Mediterranean catchments.

Camarasa-Belmonte (2016) found a significant correlation between rain intensity indicators and
the basin response times, especially lag time. As maximum intensity increased, lag time decreased (Fig.
4). Duration of lag time showed a clear seasonal behaviour, being shorter in summer and early autumn,
when rainfall episodes were more intense.

However, besides the magnitude of rainfall intensity, the flood generation is conditioned by the
moment, at the beginning or the end of the storm, by which time the maximum intensity is reached
(Dunkerley, 2012). The influence of rainfall structure on the hydrograph shape can be observed in Figure
5, by comparing accumulation curves of rainfall and discharge in two events registered in Carraixet
basin (September 1990 and December 2007) (Camarasa-Belmonte, 2016).

In the event of September 1990, maximum intensity (80 mm/h) occurred at the beginning. The
catchment barely had time to react and hydrograph reproduced the shape of hyetograh (lag time 1.6 h).
In December 2007 maximum intensity was lower (11.5 mm/h) and took place at the end of the storm.
Rainfall-runoff processes were influenced by the operation of the basin and, in consequence, the
accumulated curves of rain and flow differed greatly. Lag time was longer (11.5 h).
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Figure 4. Influence of maximum intensity and MMI on lag time.
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September 1990 and December 2007).

In order to analyse the influence of the intensity structure on the hydrograph, Camarasa-
Belmonte (1016) developed the Momentum of Maximum Intensity Index (MMI). The MMI was applied
to different flash floods registered at Carraixet basin under dry antecedent moisture condition (AMC I),
and concluded that two types of event could be distinguished:

(1)

(i)

Events where higher intensities occurred, concentrated at the beginning of the episode
(high values of MMI). Hydrographs reproduced the shape of the hyetographs (showing
very similar rain and discharge accumulation curves), because the catchment did not
have time to intervene in rainfall-runoff conversion processes. Runoff thresholds were
low and the response times of the catchment were very short (lag time of around 1h). In
these cases, the hydrological connectivity was due to high intensity and peak flow which
used to be high and fast (time to peak, around lh). These types of episode generate the
most dangerous flash-floods, from the point of view of risk, because a high flow peak
can be quickly reached, leaving the population with no time to react.

Events where higher intensities occurred at the end of the episode (low values of MMI).
In these cases, hyetographs and hydrographs did not show the same structure, because
the catchment influenced the outputs (infiltration and other rainfall-runoff conversion
processes modified the inputs’s shape). Runoff thresholds were greater (as well as peak
flow) and hydrological connectivity was due to accumulated precipitation. The response
times of the basin were longer, so the population had more time to react and risk could
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be prevented. Even though the hydrograph showed a sharp peak, these types of episode
could be interpreted as resource because they provided water to the fluvial system
(filling either, surface and subsurface storages).

In summary, when maximum intensities occurred at the beginning of the episode, lag times were
reduced and the structure of inputs (rain) and outputs (discharge) were very similar. Flash-flood was
quickly generated and transferred along the channel network, creating a very risky situation for the
population. However, when intensities occurred at the end of the episode, the model changed. The basin
influence was higher, as well as water storage, that is runoff thresholds increased and runoff coefficients
decreased. Lag time was longer and so was the time to react to risk. Thus, in this type of episodes
resources increased and risk decreased. Camarasa-Belmonte (2016) also observed certain seasonality of
events. The most dangerous flash-floods tended to be generated in summer and early autumn (caused
by powerful convective cells), while those associated with the resource tended to be produced in spring
and winter (associated with frontal rains).

Concerning the October 2018 event registered in Vernissa (Fig. 2), the first, second and final
flow-peaks will be analysed. The first one (59 m?/s) was caused by the highest intensity (33.4 mm/h)
which occurred at the beginning of the storm. The catchment reacted quickly (lag time Sh 30'). The
second peak was lower (36.7 m?/s) due to reduced intensity (20.17 mm/h). Thus, even though there was
base flow with a consequent decrease in the channel friction, the lag time increased (7 h). The final peak
(17.49 m*/s) was produced by low rainfall intensity (14.34 mm/h), but after several floods the channel
travel time was reduced (lag time 5h 20").

4.2. Flash flood evolution under environmental change conditions

Once the specificity of ephemeral stream hydrology has been highlighted, an analysis of future
trends of these systems under current environmental change condition proceeds. Climate change is
destabilizing natural systems. However, the anthropic pressure, far from alleviating the situation,
contributes to disturbing the morphogenetic balance of ephemeral streams. Obviously, this synergy
implies a significant increase in flash-flood risk in systems which, due to the intermittence of flow, are
not perceived as areas at risk, thereby increasing their vulnerability.

4.2.1. Climate change: rainfall event trends

Nowadays, it is unquestionable that the climate is changing. According to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, an increase in the average temperature of
the planet is expected until 2100, between 0.3° and 1.7° for the best-case scenarios and, between 2.6 and
4.8° for the worst-case scenarios. The effects on precipitation and flow are not clear, because of the
considerable variability of rainfall, especially in transition environments such as Mediterranean areas.
However, there is consensus about the increase intense events in the world (Xoplaki ez al., 2012; Romera
et al., 2017). Under a general climate change, arid and semi-arid zones will suffer the worst impact due
to its precarious water balance.

In Spain, even though general tendencies cannot be entirely confirmed, the studies point to a
decrease in average precipitation during winter, spring and summer, and an increase in intensity in
Alicante and Murcia (Valdés-Abellan et al., 2017). According to most indicators the Mediterranean side
will experience the greatest impact because of a marked decrease in Atlantic rains, which mainly affect
inland areas, between the spring and summer transition (Mir6 et al., 2015; Marcos-Garcia and Pulido-
Velazquez, 2017). Gonzalez-Herrero and Bech (2017), in their study on rainfall episodes in Spain (1805-
2014), found that the frequency of heavy rains increased (especially on the Mediterranean coast), while
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accumulated precipitation remained stable. Olcina (2017) also verified an increase in flood events due
to heavy rains in Alicante between 1977 and 2016.

Camarasa-Belmonte et al. (2020) carried out a study on rainfall evolution between 1989 and
2016 in the territory of Jucar Water Authority where 698 episodes were selected and characterised
according to their indicators of accumulated rainfall, intensity and persistence. Using an objective cluster
analysis, episodes were classified into three types:

1.  Episodes of high frequency and low magnitude; interpreted as limited resource free of risk.

2. Episodes of low frequency and high magnitude, that bring abundant water resources to the
system, but which can also involve risk; described as high resource not risk free.

3. Episodes of intermediate frequency and heavy intensity clearly interpreted as high risk and
low resource.

The analysis of event tendency showed an increase in intensity and a decrease in accumulated
precipitation for the three types of episode (which means greater risk and less resource). Figure 6 shows
this trend for episodes type 2 (high resource not risk free). Heavy rainfall involves associated risks
concerning daily life disruptions (traffic congestion, overflow of urban pipes, etc.) provoked by intense
rainfall in situ. In other words, Mediterranean events are becoming increasingly dangerous.
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Figure 6. Trend of accumulated precipitation and maximum intensity in episodes type 2 (high resource not
risk free), between 1989-2016, in the Jucar River Water Authority.
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Consequences of climate change to Mediterranean ephemeral streams are very uncertain and
controversial (Zoccatelli et al., 2019). Yair and Kossovsky (2002) suggest “the possibility that the same
regional climatic change might have different, or even opposite, effects on the hydrological regime”.
According to these authors, in semi-arid areas the shift to drier and warmer conditions could increase
connectivity because the expected loss of vegetation would reduce infiltration and increase both runoff
and soil erosion. Conversely, in arid areas connectivity would decrease, being limited to very extreme
events. Yair and Raz-Yassif (2004) highlight the role of the scale. Thus, at headwaters runoff could
increase due to the very low rain threshold required to produce flow in rocky areas (supposing erosion
had removed soil and sediments). However, at a basin scale, water losses could increase because of
channel transmission and other sedimentary forms, so connectivity would depend on antecedent
moisture and rainfall intensity.

In summary, expected changes in ephemeral streams, derived from the increase in rainfall
intensity and decrease of accumulated rainfall, apparently point to the idea of an increase of risk. At
basin scale, connectivity will be determined by the intensity rather than by the accumulated rain, thereby
making the flow response and the generation of flash-flood more impulsive. Consequently, lag time will
be reduced, as well as the reaction time of the population to floods, which increases the risk. At the same
time, water resources would be reduced due to fast drainage of surface flow. The “lack of time” for
water to infiltrate will hinder water storage in natural reservoirs of basin (channel, piedmonts, sediments,
flood-plain...).

4.2.2. Anthropic change: degrading natural systems and accelerating the water cycle

Despite the intermittency of surface resources, the Mediterranean environments have supported
a strong agricultural use for more than 8,000 years. Historically, sustainable exploitation was achieved
through soil conservation, water use and control of flood and erosion risks. According to Butzer (2005),
the Mediterranean environment, often described as highly degraded, has been able to develop strong
ecological and human resilience against degradation. However, recent changes in land use are
dangerously compromising these precarious balance resources/risks (Barredo and Engelen, 2010; Duran
etal., 2014).

Changes mainly affect two basic aspects: (1) the rain-runoff conversion processes and (2) the
way ephemeral-streams operate as drainage systems. The anthropic action causes alterations in the
runoff generation (essentially through changes in land use) and in drainage through engineering
interventions on river beds and areas of flooding.

4.2.2.1. Runoff generation and soil losses

Camarasa-Belmonte et al. (2018) analysed the effects of land use changes (1956-2011) on
runoff generation and soil loss at Carraixet basin (Fig. 7). Only 26% of basin area maintained the same
use, while 74% showed different changes, mainly a decrease in dry land (32%) due to the citrus increase
(15%) and a lost in forest mass (23%) in favour of scrub and artificial cover (13%).
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Figure 7. Combined evolution of erosion and runoff balances in Carraixet basin between 1956 and 2011
(Source, Camarasa et al., 2018, modified).

The natural system reacted by adapting the erosive dynamics and runoff generation processes
to new uses. According to this study, runoff production processes reacted faster and more intensively
than soil loss. Thus, while erosive changes affected 33% of basin surface, changes in runoff production,
which were much more dynamic, affected 62%. The whole area has been affected by both the runoff
process and the soil loss process, with only 36% of the basin remaining stable. 64% of the area
simultaneously presented alterations to both the erosion and runoff processes, showing negative
synergies towards degradation (20%) and positive synergies towards improvement (6%).

In summary, anthropic land use modifications are significantly altering the resource-risk
balance, increasing the erosion and flood risk, and decreasing water and soil resources.

4.2.2.2. Decreasing water basin storage and accelerating drainage

As mentioned before, the rainfall intensity increase can unbalance rainfall-runoff processes,
generating runoff in soils which are not saturated. Therefore, discharge concentrates rapidly, generating
flash floods which are very dangerous from the point of view of risk. The water cycle accelerates because
infiltration is reduced. Artificializating and sealing the soil increases the process. The water that should
be stored in soils, terraces and other sedimentary forms is drained into the sea, in a few hours, without
having filled the different natural reservoirs of the basin. From the point of view of resources, this means
significant losses for both natural ecosystems and human activity.

Given this scenario most structural flood control measures contribute to reducing the time
permanence of water in the system. Anthropic interventions in which river beds are shortened and
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straightened, especially those that meander, are very frequent. Engineering works increase drainage
speed by rectifying and widening the channels, decreasing friction and increasing their slopes. Along
with the evacuation speed, the erosive power of the waters accelerates. As a consequence, the channel
loses the hydrological connectivity with the adjacent geomorphological units (terraces, plains, etc.) and
drains the excess water into the sea quickly as there is insufficient time and space to transfer water to
the aquifers.

According to Camarasa-Belmonte (2020) “high energy events must have time and space to be
regulated. Anthropogenic intervention should not contribute to draining resources from the basin as soon
as possible, but rather to storing them naturally, because otherwise we are contributing to an increase in
risk, a decrease in the resource and a destabilization of the system”. In this sense, new green-blue
adaptive initiatives are becoming increasingly common, compared to the usual grey flood control
infrastructures (Alves et al., 2019). The aim is to restore water balance in headwaters (runoff-producing
areas) while maintaining maximum hydrological connectivity in the whole basin. In terms of river
restoration, geomorphological strategies are being used which respect the so called “Territory of River
Mobility” (channel, river corridor and part of the floodplain used by the river for energy readjustments)
(Ollero, 2015). Thus, floods are laminated, the peak flow is reduced, part of the water is transferred to
the aquifers, and the amount of resource which is discarded into the sea is delayed and reduced.

4.2.3. Geomorphic change: morphogenetic disequilibrium process-form

The geomorphological evolution of semi-arid fluvial systems occurs because of the
morphogenetic action of extreme events (Brakenridge, 1988). According to Graff (1988) in
Mediterranean environments, processes control forms in episodes of great magnitude, while forms
control processes in those of low magnitude. Therefore, the magnitude of episodes is crucial for
landscape changes. In this sense, according to Bull (1997), ephemeral streams are morphogenetic
systems which are continuously imbalanced, since during high energy events, channels and floodplains
adapt to large peak flows, while for the rest of the time, the channels begin to be filled with sediments
and vegetation in order to adapt the forms to low discharge or even an absence of flow.

Wolman and Gerson (1977) introduce the concepts of effectiveness and recovery period to
assess the geomorphic work done by individual events in a particular morpho-climatic environment.
Thus, the effectiveness is “the ability of an event or combination of events to affect the shape or form
of the landscape”, while recovery period is “the time required for a landform to recover the form existing
prior to the event”. According to these authors, large low-frequency events make up the landscape
whereas restorative processes act during episodes of high frequency and low energy, to recover original
morphology. This equilibrium is closely linked to morphoclimatic environments. Thus, after
extraordinary events, channels of humid environments could take between a few months and a few years
to recover their shape those of semi-arid environments could require several decades, and those of arid
environments could take hundreds of years, or in fact might never recover their initial form (Wolman
and Gerson, 1978).

At this point the question is how environmental changes would affect the morphogenetic activity
in ephemeral streams. Figure 8 illustrates trends for episodes registered at the Jucar Water Authority
from 1989 to 2016. Figure 8a shows an increase in high intense episodes, while Figure 8b reveals how
the efficiency of frequent low magnitude events is decreasing. Due to climate change, morphogenetic
phases could intensify in the long term because of the intense episode augmentation with high erosive
efficiency. At the same time, the system restoration capacity would be reduced because the efficiency
of low magnitude episodes is decreasing, thereby increasing recovery times. These trends contribute to
the destabilization of Mediterranean fluvial systems and again point to the increase in risk and the
reduction of resources.
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Figure 8. Evolution of episodes in the Jucar River Water Authority (1989-2016). a) Frequency of intense
episodes; b) Efficiency of low magnitude recovery episodes (Source: Camarasa-Belmonte, 2020 modified).

5. Conclusions

Mediterranean ephemeral streams are intermittent flow river systems which involve a greater
risk of flooding than initially expected. Environmental planning and land use legislation are increasingly
aware of their hydro-geomorphological specificities. That is how the European Flood Directive supports
the analysis of this type of basin, on a detailed scale and adapting the methodology to its characteristics.
The present work, based on the compilation of previous studies carried out in eastern Spain, highlights
the key issues that define Mediterranean hydrology and its foreseeable evolution in a context of
environmental change.

Two basic characteristics are crucial for flood generation in ephemeral streams: the
intermittency of flow and the magnitude of episodes (which makes flow continuity towards the mouth
possible). Due to the catchment hydro-geomorphological configuration, channels are disconnected from
the aquifers, and flow depends exclusively on the rain. However, not all episodes generate runoff. Only
major events ensure sufficient connectivity between the different elements of the basin (especially
sedimentary transitional forms) in order to generate flow.
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The magnitude of episodes can be described by the volume of accumulated water as well as by
the intensity of rainfall. The accumulated precipitation mainly determines the volume of the hydrograph
and the peak flow through its influence on the water balances (significant correlation between
accumulated rainfall and the deficits and runoff thresholds have been found). Maximum intensities
determine the response times of basins, evidenced by the significant negative correlation between
maximum intensity and catchment lag time. Furthermore, not only are maximum intensity values
important, but also the moment at which they occur, namely either at the beginning or at the end of the
storm. When the highest intensities occur at the beginning of the storm, catchment lag time is reduced
and a great similarity between rain and discharge can be observed. The basin hardly has time to intervene
in rainfall-runoff conversion processes, thus runoff thresholds drop and runoff coefficients rise.
Conversely, when maximum intensities occur at the end, the basin influence is evident, water transfers
to the aquifer augment, runoff coefficient and peak flow decrease, and lag time increases. Consequently,
events with high intensities at the onset of rainstorm entail a significant risk, whereas if the maximum
intensities are lower and recorded at the end, they constitute a resource.

The trend in Mediterranean episodes is towards increasing intensity and decreasing accumulated
rainfall. As a consequence, hydrological connectivity will become more dependent on rain intensity,
thus reducing runoff thresholds (less water storage) and basin response times. Anthropic changes
enhance this behaviour, by reducing infiltration and increasing surface runoff and erosion while
accelerating the hydrological cycle.

Focusing on the current context of environmental change, the evolution of ephemeral streams
hydrology points to a clear increase in risk to the detriment of the resource. This behaviour, which is
more pronounced inland than on the coast, makes it difficult to store resources in headwaters (which are
mostly located inland), and at the same time it increases risk downstream in more populated floodplains
on the coast. Conversely, from an anthropic point of view, changes in land use and flood control
structural measures, far from alleviating the problem, accelerate the drainage of water into the sea,
making it difficult to store the resource in the basin's natural reservoirs (soils, terraces, aquifers). As a
consequence, in the long term an increase of process-form disequilibrium in Mediterranean ephemeral
streams can be expected, as well as a progressive aridification of these fluvial systems.

Reversing this trend implies adaptation strategies based on flexibility. We must be aware that a
large part of flood control, mitigation and management measures of the 20" century have become
obsolete today because they are too narrow and rigid. We cannot forget that we are in a context of
change, and natural systems need time and space to adapt. In this sense, conservationist approaches to
the environment should prevail because reducing risk involves developing resilient systems compatible
with natural dynamics. Therefore, increasing knowledge of ephemeral stream hydro-geomorphology is
essential to developing 21st century solutions to the problems of the current and following centuries.
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