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Floods are the natural hazard that causes the largest annual losses in the world Urban expansion and population
growth have made cities the most hazardous areas, mainly due to poor planning, occupation of the drainage
network and soil sealing. Santa Cruz de Tenerife is one of the many cities worldwide threatened by this phe-
nomenon. Its typically Mediterranean rainfall pattern, characterized by extreme precipitation events in short
periods of time, together with its orography of steep ravines, short length and width, as well as its disorderly
growth, make it a space prone to the occurrence of flash floods. In addition, the increase in torrential rainfall as a
consequence of climate change and the tendency towards greater irregularity in precipitation is considerably
intensifying the problem. This paper studies the characteristics of these episodes and the black spots inventoried
in its General Management Plan (PGO for its initials in Spanish). On the other hand, flood modeling is carried out
based on the rainfall characterization, whose maximum flows, in total, range between 500 and 1600 m3/s.
Finally, a methodology that allows integrating both analyses to obtain a detailed hazard map is proposed as an
alternative to the more traditional flood hazard analyses. A design storm of 288 mm is applied and the data is
validated against the largest rainfall event on record, March 31, 2002. It has been shown that in an urban
drainage network, the main watercourses and those that have disappeared due to urbanization represent areas
susceptible to flooding and are the sectors that should be emphasized during the implementation of risk
reduction measures. Finally, emphasis is placed on the need to integrate future climate projections of precipi-
tation to better define the maximum flood flows.

1. Introduction

Floods, on a global scale, are considered the most common and
devastating natural hazards [1]. These cause around 5000 fatalities and
significant material and economic damage each year [2]. In many
mountainous volcanic islands, the most frequent are flash floods, which,
due to the small capacity of the basins and the slope of the terrain, occur
suddenly, linked to runoff processes and in a short period of time.
Therefore, they are difficult to predict [3,4]. Furthermore, this type of
flooding is also typical of arid or semi-arid environments in coastal
areas, with nearby mountain systems, where small basins flow and the
riverbeds are dry most of the year, as is the case of the Mediterranean
coast, the southeastern USA or southern Brazil [5-8].

The linkage of floods with hydrometeorological phenomena, which
with a high level of confidence will continue to increase in intensity and
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magnitude in the current context of climate change [9], coupled with
increased exposure in areas of high susceptibility and hazard has greatly
aroused interest in analyzing the causes that may be raising the risk
against this type of hazard [10-15]. Indeed, the increase in heavy
rainfall may be one of the drivers. In fact, it is estimated that, over the
last decade, one in four precipitation records can be attributed to climate
change [16]. As with other hazards, there has been a considerable in-
crease in losses and damages caused by floods [17]. However, beyond
climate change, the most important factor in this trend is the increase in
exposure and vulnerability, even more so than the change in rainfall
patterns. The increase in population and urban growth in many sectors
of the planet have made thousands of people more vulnerable to this
hazard on a daily basis. In fact, there is a strong correlation between
urban sprawl and increased flood risk [18] mainly because increased soil
impermeability and decreased infiltration lead to more frequent and
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severe flooding [19]. Thus, the effects of drainage density and soil
sealing on localized runoff in urbanized areas have been extensively
studied [20-24]. Nonetheless, most of the studies that have undertaken
the characterization of flooding have focused on the parameterization
and modeling of the rainfall regime and its territorial specialization,
sometimes omitting aspects more closely related to other factors such as
exposure and vulnerability derived, for example, from urbanization
processes [25].

Urbanization exacerbates the territorial impacts caused by floods,
however, the specific causes that generate them still need to be inves-
tigated in depth [26,27]. Especially because, although there are parallels
between the places where they occur, there are always local factors, such
as slope, topography, types of settlements or hydraulic infrastructure
capacity, that need to be analyzed to improve risk management at these
scales.

In this sense, although in the analysis of flood hazard the estimation
in terms of intensity and spatial-temporal magnitude of the drivers are
key (intense rainfall, stream flooding, tropical storms, storms, melted
snow, etc.), the identification of prone areas play a huge role for risk
management. Therefore, informal urbanization processes or inadequate
planning are a clear example of factors involved in the dynamics of flood
hazard through the alteration of natural watercourses through which
water was previously evacuated with a lower probability of flooding
exposed elements.

In this context, this paper analyzes the causes involved in the flood
hazard in the city of Santa Cruz de Tenerife in the Canary Islands. A large
urban area in the context of the island region where it is located
(205,000 inhabitants), which suffered a flood disaster at the beginning
of the century (2002) that caused great economic losses and even the
loss of human lives, and where this type of phenomena shows a signif-
icant degree of recurrence [28]. The study analyzes flood susceptibility
for the entire urban area. Empirical-statistical models currently exist
that focus on considering and identifying black spots for susceptibility
analysis [29,30]. However, these do not go so far as to combine with the
widely developed physico-numerical models [31-33] as both method-
ologies are always developed separately [34]. For this purpose, this
study combines the use of a traditional model of hydraulic analysis of
flow behavior in the basins with an empirical model based on the history
of local impacts in order to detail and improve the identification of areas
prone to flash floods. This allows to identify the causes, which are not
always linked to the overflowing of watercourses, but are directly
related to processes of runoff and deficiencies on the urban drainage. In
total, more than 1000 damage points recorded during historical flood
events are analyzed and the causes that may be generating the high
susceptibility of these areas to flood hazards are established. The results
show that, in more than half of the cases, the impacts are related to
watercourse and stream overflows. It also points out that a significant
percentage of these impacts are related to urban drainage problems and
runoff processes. It should be noted that this work does not describe
other common and important factors in disaster risk reduction, such as
socioeconomic factors, because the objective is focused on analyzing
and developing a hazard map to identify areas susceptible to flooding
and not on conducting a complete risk analysis.

2. Study area

The selected study area has been defined according to the adminis-
trative limits of the municipality of Santa Cruz de Tenerife, since the
natural boundaries of the basins include other municipalities in which
there are no damage point records. The zone with the highest urban
density has been selected, excluding a large part of the municipal surface
that corresponds to an extensive protected natural area, which includes
small rural settlements that do not form part of the urban continuum of
the central city. To the southwest, the study area is circumscribed by the
administrative limits of the municipality and to the northeast the limi-
tation follows the border of the hydrographic basins that affect the urban
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continuum (Fig. 1).

This main urban area is located mostly to the SW on a moderately
slope formed by the accumulation of volcanic materials from the Pedro
Gil Rift through which the municipality’s large ravines run. To the NE,
the expansion of the city is limited by the Anaga Massif, a very abrupt
relief of greater geological antiquity. This area is home to small basins
with well embedded watercourses, whose lower sections contain urban
settlements that, together with the hillside neighborhoods, often suffer
damage during the flash flood events.

Santa Cruz de Tenerife is the municipality of the island most affected
by flooding episodes and, due to its high population and geographical
location, the most exposed to flooding. The Spanish Ministry of
Ecological Transition and Demographic Challenge [35] has centralized
the information prepared by the Spanish hydrographic basins related to
floods, according to the European Commission’s Flood Directive 2007/
60, delimiting flood zones. These are the areas with significant potential
risk of flooding (ARPSIs). In the case of the island of Tenerife, eight have
been detected. Of these, 3 are located in Santa Cruz de Tenerife, which
gives an idea of its high risk of flooding, which is also confirmed by the
fact that it concentrates the highest number of recorded events of this
type [36]. In recent decades, it has suffered several particularly serious
flooding episodes and has been directly affected by three of the most
important precipitation events of the 21st century: March 2002 and
February 2010 and October 2014. The rains of March 31, 2002 were the
episode with the highest hourly intensity (160 mm/h) and volume of
precipitation (232.6 mm) of the series. During the event there were
significant damages, 8 victims and the losses compensated by the In-
surance Compensation Consortium (Consorcio de Compensacion de
Seguros) amounted to 43 M€ [37].

2.1. Rainfall patterns and precipitation extremes

The rainfall patterns of the Canary Islands are similar to those of the
Mediterranean world. As such, it has a series of characteristics, the most
notable of which are, firstly, a marked seasonality, with maximum
rainfall concentrated in the cold months (from November to March) and
with a marked summer drought. Secondly, in general, precipitation is
scarce, but with large geographical differences, so that rainfall varies,
approximately, between 1500 mm per year in the rainiest sectors versus
100 in the driest ones [38]. Thirdly, one of the most defining features of
rainfall in this southeastern region of the North Atlantic is its great
rainfall irregularity, with coefficients of variation ranging between 30 %
and 70 %, the highest in Spain and probably among the highest in
Europe (Fig. 2). Finally, fourthly, as in all regions with Mediterranean
precipitation regimes, there is a high hourly intensity with a high tem-
poral and spatial concentration of rainfall. Therefore, the data for the
Canary Islands exceed 0.63 in the daily precipitation index (CI) designed
by Martin Vide in 2004 [39,40].

In the case of Santa Cruz de Tenerife, the average annual rainfall in
the city barely reaches 230 mm. The coefficient of variation is around
40 %, so that very dry years alternate with very rainy years, with oc-
casional episodes of torrential rainfall being common. The latter are the
ones that trigger flooding events that have caused significant human and
material damage. The estimated economic losses caused by floods in the
last 20 years amount to 122.3 million euros, and conform, throughout
the Canary Islands archipelago, as the second phenomenon of climatic
origin in damages, only surpassed by marine storms [37]. Since 1950,
the year in which data began to be collected quantitatively, more than
20 episodes of flooding have been recorded in Tenerife [41].

The rainfall pattern is not the only condition that favors the occur-
rence of floods. The municipality’s orographic conditions are key and
determining factors. In Santa Cruz de Tenerife there are three sectors
with distinct topographic, geological and morphohydrological charac-
teristics (Fig. 1). The northern sector of the old Anaga Massif, with small
basins (most of them smaller than 3 kmz), and where runoff, if it occurs
at all, suffers a certain delay with respect to precipitation due to the high
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drainage capacity and the absence of important population settlements.
On the other hand, in the southern sector of the same massif, the ravines
are characterized for being deep, short and with steep slopes. This sector
contains the largest and most developed basins (10-15 km?). Finally, the
south-western sector of the municipality comprises a much gentler relief
composed, for the most part, of a lava ramp, with ravines and incisions
of scarce entity arranged in parallel and with underdeveloped head-
waters due to its geological youth associated with the formation of the
Pedro Gil volcanic ridge.

3. Methodology and sources

This research develops a deductive quantitative methodology that
aims to delimit the areas of greatest susceptibility to flooding in the city
of Santa Cruz de Tenerife. Traditionally, flooding analysis of cities is
performed from hydraulic and hydrological modeling of the study area
[42] where, from the use of programs such as HEC-RAS or IBER, simu-
lations are performed showing floodable areas and water draughts
[43-45]. However, the level of urbanization and consequent impervi-
ousness of the soil in today’s cities leads to a limitation in the suscep-
tibility analysis when relying solely on the modeling of existing
watercourses. This is because these do not take into account the direct
runoff that occurs outside the channels themselves, as a consequence of
the lack of drainage, poor sewerage management, the occupation of old
channels, or even hillside runoff [46]. Therefore, to delimit the most
susceptible sectors in the city it is not only necessary to pay attention to
what happens in the watercourses themselves, but also in other locations
where, when high intensity hourly rainfall occurs, it is common to re-
cord incidences or problems [47-49].

This paper applies a methodology that integrates all these issues to
obtain a susceptibility model more appropriate to the geographic and
urban reality of this type of urban areas. For this purpose, a systematic
process that sequentially analyzes the causes that increase the suscep-
tibility to flooding has been carried out. This process is organized in five
stages.

3.1. Stage 1. Identification of historical modifications to the natural
drainage network

During urban expansion processes, the natural drainage network is
modified; watercourses are occupied with infrastructure and buildings,
streams are canceled and flow transfers are made from some water-
courses with no provision for extreme situations. This is especially the
case in frameworks where land-use planning policies only superficially
consider flood risk management, at least for implementation purposes.
This is the case of the urban expansion of Santa Cruz de Tenerife,
especially that which took place during the last century, as occurred in
many Spanish cities. The municipality suffered from a rather lax plan-
ning regarding flood risk management policies through land use plan-
ning. In fact, despite the succession of different land laws and
instruments that could exert control to curb the occupation of flood-
prone areas, it was necessary to wait until 2008. A true territorial
perspective is then applied to flood risk management policies
throughout the State. It was from the legislative transposition of the
European Directive 60/2007, when a binding flood risk mapping on land
use planning began to be developed [50]. Hence, the identification of
the original drainage network, prior to periods of major development of
the urban fabric in cities, is essential for a detailed and complete sus-
ceptibility analysis [51]. In fact, spaces where watercourses were
occupied or disappeared under the growth of cities continue to function
as watercourses and drainage lines during extreme episodes of precipi-
tation [52].

The identification of watercourses that have been buried or modified
by the urban fabric is an investigation that combines the analysis tech-
niques of Geography and History, especially when it is carried out on
past periods where the lack of accurate sources is a recurrent issue. Older
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cartography, aerial photographs and, in more recent times, satellite
remote sensing images can help to construct the original drainage
network of the space now occupied by a city [53]. In the case of this
paper, it was possible to obtain the hydrographic network that the city
had around the first half of the twentieth century. By then, the urban
fabric occupied 1/3 of the current space. The cartographic source that
has been used are the Minutes of the National Topographic Map of Spain
[54], which began to be made by photomechanical reproduction tech-
niques, from 1915 to 1960. This technical cartography was prepared at a
scale of 1:25,000 and is kept in the IGN Map Library [55].

Using the WMS 1.3.0 Service according to ISO 19128:2005, the
natural hydrographic network that functioned before the expansion of
the city after 1950 was digitalized.

3.2. Stage 2. Identification of damage incidents recorded in historical
flood episodes in the city

Inductive methods to analyze flood hazard in urban environments
include the identification of hot spots and areas of verified impact [56].
To meet this objective, an inventory of damage incident points produced
by historical flood event impacts was used in the risk study of the
General Management Plan of the city of Santa Cruz de Tenerife [57].
This study, among other events prior to the year of the drafting of the
plan, mainly included the impacts of the 2002 Santa Cruz de Tenerife
flood. In this risk study linked to the municipality’s management plan,
an exhaustive study was carried out to identify the hot spots by means of
a thorough territorial analysis of past events, drainage works and pre-
vious research, as well as surveys of the public administrations involved.

For this research, a process of digitalization of the points to a
geographic information system was carried out, transferring the classi-
fication of the impacts according to the PGO: (1) lack of or insufficient
drainage capacity, (2) incorporation of sediment, (3) obstruction of the
drainage network and (4) danger of overflowing. A basic statistical-
descriptive analysis was performed with these categories.

3.3. Stage 3. Relationship between recorded damage incidents and
historical modifications of the natural drainage network

In order to find relationships between recorded damage incidents
and historical modifications of the natural drainage network, a 100 m
buffer is generated from the watercourse bed to locate impacts that may
have some kind of link with the modification of the drainage network.
Next, a comparative analysis is carried out between the type of incident
located in the area of influence of the missing streams versus those
located near the current drainage network.

3.4. Stage 4. Hydraulic modeling based on precipitation and flow
extremes

Hydraulic modeling, as a method for flood risk analysis, is widely
used at a global scale [58]. It is usually presented as a sequential
methodology where it is necessary to identify precipitation extremes and
their respective return periods in order to subsequently calculate design
flows and model flood zones. The complexity of this phase of the
research is such that it is subdivided into 3 distinct and sequential sec-
tions: (1) calculation of return periods and estimation of IDF curves; (2)
estimation of flows for an extreme precipitation event; and (3) modeling
of the behavior of the basins for the estimated extreme precipitation
scenario.

3.4.1. Calculation of return periods and intensity-duration-frequency
curves (IDF)

The first step to perform a rainfall analysis of the city of Santa Cruz de
Tenerife entails obtaining the return periods and their respective IDF
curves [59]. In this case, the initial information used corresponds to the
ten-minute data recorded between 1996 and 2022 at the Santa Cruz de
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Fig. 3. Maximum annual precipitation in each time interval.

Tenerife station (C449C), belonging to the Spanish State Meteorological
Agency (AEMET for its initials in Spanish). From them, the maximum
annual precipitation is obtained for the following time intervals: 10, 20,
30, 60, 60, 120, 360 and 720 min (Fig. 3) and then, through Gumbel III,
the return periods (2, 5, 10, 25, 50, 50, 100, 250, 500 and 1000 years)
are calculated for each time window. Finally, the precipitation obtained
is converted to mm/h units to make the IDF curves.

3.4.2. Flow estimation

The unit hydrograph method proposed by the Soil Conservation
System (SCS) [60] is used for flow calculation. In this case, as a design
storm, an event of 2 h duration in a return period of 500 years (T500) has
been considered and the total precipitation for this duration in 20-min
intervals has been obtained from the IDF curves. In this sense, the
accumulated and produced precipitation in each interval (Fig. 4) is
obtained and subsequently, the latter is reorganized through the meth-
odology of alternating blocks [61] to obtain the hietogram.

The calculation of peak discharges (Qsgo) is performed by using HEC-
HMS (Hydrologic Modeling System), a software designed to simulate the
complete hydrological process of a basin. In order to obtain the flow
rates by the method used, it is necessary to know, in addition to the
precipitation hietogram, the Manning coefficient, the curve number and
the lag time of each of the basins to be analyzed. The first two variables
were obtained from the methodological guide for the development of
the National Flood Zone Mapping System (SNCZI for its initials in
Spanish) [62]. Here, Manning’s values are pre-established according to
the land uses recorded by the Corine Land Cover (Table 1). On the other
hand, the curve number is calculated as follows:

3

50 100

Time (min)

. Accumulated Interval

Fig. 4. Interval and accumulated precipitation for T500 in Santa Cruz
de Tenerife.
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Table 1

Initial parameters of the study basins.
Basin L (km) Sw (%) Tlag (min) CN Manning
Cueva Bermeja 3.20 29.38 23.07 80.00 0.03
Jagua 2.08 33.21 13.95 83.00 0.03
Las Huertas 5.78 15.03 61.85 74.00 0.04
Los Pocitos 4.50 37.05 23.68 84.00 0.07
Ofra 7.40 6.89 65.40 90.00 0.09
Santos 14.10 6.97 150.10 81.00 0.06
Tahodio 8.10 13.71 89.72 72.00 0.04
Valleseco 5.23 16.07 52.14 76.00 0.04
Bufadero 6.67 14.29 71.14 74.00 0.04
Cercado Andrés 4.91 19.04 46.80 75.00 0.04
Chorrillo 10.57 12.30 120.47 71.00 0.05
Muerto 11.80 17.23 82.92 81.00 0.06
Pilar 5.50 28.54 27.43 88.00 0.05
Grande 8.60 11.92 72.52 83.00 0.06
Barrio Nuevo 2.23 39.00 11.83 87.00 0.04
Anchieta 4.80 20.73 35.64 82.00 0.04

CN — 5000

Py +50

where Py is the runoff threshold (mm). This is obtained from the land
uses and soil types and slope of each basin (Fig. 5): the land uses have
been extracted from the Corine Land Cover (2018); the slope has been
calculated based on the 5 m Digital Elevation Model (DEM) available

a)Land use b) Soil groups
=) Py
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from the IGN (National Geographic Institute); and the soil type has been
assigned based on the permeability level indicated in the Soil Perme-
ability Map of Spain made by the Geological and Mining Institute of
Spain (IGME for its initials in Spanish) [63]. In this sense, soil type A
corresponds to very low permeability, and those with very high
permeability have been assigned to group D.)

In turn, the lag time is calculated as [60]:

0.7
0.8 [ 1000
i)

Tieg = —900505

where L is the length of the main watercourse and S, the average slope of
the basin. Table 1 shows the parameters for the calculations by basin
(Fig. 6).

3.4.3. Flood modeling

HEC-RAS software has been used worldwide in numerous case
studies to model and simulate natural watercourses and floods ([64-66],
among others). In addition, this software allows carrying out 2D models
with the minimum data requirement: the elevation model and the flow
[67]. In this sense, the used DEM has a resolution of 5 m and the flow
data come from those calculated in the previous section with the HEC-
HMS software. Apart from these, another parameter required by the
hydraulic model is the channel resistance corresponding to Manning’s
coefficient [68]. These were assigned according to the established by the

c) Slope

d) Initial abstraction

Land use Soil groups
Continuous urban fabric 1 Group A
Discontinuous urban fabric [l Group B

Insdustrial or comercial units Jll Group C
Roads and associated land Group D
Port areas

Airports

Slope (%
Mine, dump and construction pe (%)
sites e 100
Sport and leisure facilities
Arable land . o

Permanent crops
Initial abstraction

Pastures

Heterogeneous agricultural < 10 mm

areas 10 - 20 mm

Broad-leaved forest | 20 - 40 mm

Coniferous forest I 40 - 80 mm
B >80 mm

Mixed forest

D000 000 ECNEEN

Shrub and/or herbaceous
vegetation

[] Bare rock
[ sparsely vegetated areas

Fig. 5. Runoff threshold of the study area.
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Fig. 6. Basins used in the study.

SNCZI based on the land uses of the Corine Land Cover [62]. With all
these data, an unsteady flow analysis was performed, in which the
discharge hydrograph was inserted with a duration of 5 h and divided
into 20-min intervals.

3.5. Stage 5. Integration of the factors that characterize the hazard and
generation of flood susceptibility mapping

In cities with similar characteristics to those analyzed in this study,
the potential damages or impacts of flooding are not only related to
problems linked to the hydrographic network. Direct urban runoff also
has an enormous influence on the number and magnitude of incidents
that occur during an extreme precipitation event. This is related to the
high percentage of soil sealing and the poor conditions of water drainage
hydraulic infrastructures [69]. Therefore, a good susceptibility analysis
should not only pay attention to modeling around watercourses [70].
The analysis of impacts, their characterization and localization during
historical events, is key in this type of field to improve the accuracy and
quality of flood hazard maps. Thus, in this research, the results obtained
from the analysis of incidents and the hydraulic modeling of extreme
flows have been adapted in order to integrate both information related
to flood hazards.

First, a kernel analysis of the identified incidents is performed to
establish a classification of the city surface based on hotspot flooding
zones that is contained in a raster information layer [71]. The classifi-
cation is performed through the natural breaks method provided in
ArcGIS as a classification choice [72] as it is usually done to establish
different hazard levels in risk mitigation analyses [73-75]. This is a data
grouping method that seeks to find the best way to organize values into
different categories. To achieve this, an attempt is made to minimize the
average deviation of each category with respect to its own mean, while
maximizing the deviation of each category with respect to the means of
the other groups [76]. In this case, the reclassification values would be
those shown in Table 2, however, following the natural breaks criterion,
these may vary depending on the study area and the results obtained
from the kernel analysis. Subsequently, the results of the hydraulic
model are added to a raster dataset to which the hazard levels are
assigned using the same method to standardize them and allow them to
be aggregated with the data resulting from the kernel. Finally, through a
map algebra operation, the values of the results of both analyses are
added and the result is classified into intervals to form a final flood
susceptibility map.

Table 2
Numerical thresholds for reclassification using natural breaks method.

Analysis kernel reclassification

Threshold Hazard level

< 64.4
64.4-119.9
119.9-197.7
197.7-315.4
> 315.4

a s wWwN =

Hydrological model reclassification
<1

1-5

5-13

13-25

> 25

g b wWwN =

Final classification
0-1
1-2
2-4
4-5
>5

ua b wnN =

4. Results

The results obtained are presented below in two sections. The first
section relates the damage history with its possible causes (methodo-
logical stages 1 to 3); the second section presents the results of the hy-
draulic modeling of the extreme flow scenario and the integration of the
information to obtain the flood susceptibility map of the study area
(methodological stages 4 to 5).

4.1. Relationship between recorded damage incidents and their possible
causes (stage 1 to 3)

In the process of identifying historical modifications to the natural
drainage network, a total of 153 watercourses were inventoried, of
which 119 are preserved to a greater or lesser extent and 34 have dis-
appeared as a result of urbanization. Of the former, 14 of them are
considered main watercourses, with Strahler order of 3—4 and the rest
are lower order tributaries (Fig. 7). Among the eliminated 34, two
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Fig. 7. Damage points identified in the PGO of Santa Cruz de Tenerife classified according to their problematic nature.

groups can be distinguished. On the one hand, there are watercourses
that have completely or partially disappeared as a result of urbanization,
located in the southwestern and central sectors of the city. Important
sections of its suppressed route stand out here, in some cases exceeding
one kilometer in length. On the other hand, there are ravines whose
course has been altered or diverted, although they have not disappeared.
This is the case of the ravines that originate in the interior of the Anaga
Massif, which have seen the course of their meanders and/or the interior
of their original course altered, being occupied, especially in the sector
closest to the mouth.

Regarding the identification of incident points, the study area shows
a total of 1023 produced by flooding heterogeneously distributed
throughout the municipality. After classification and analysis, two
different situations can be observed:

Areas of impact located in the small basins of the former Anaga
Massif. In this zone the watercourses are characterized by being well
excavated and well defined, where the problem areas are concentrated
in the lower section of the basins and on the bed of the watercourse and
in the areas near its mouth. These sectors account for 43 % of the
incidents.

Areas of impact in the compact urban fabric: where watercourses are
much shallower, less marked and defined, and are constrained by the
urban fabric. The areas of incidence have a more random and dispersed
pattern here. A total of 57 % of the incidents were located in these areas.

These two sectors, mainly due to their high degree of urbanization,
are the ones that host important flooding episodes and/or incidents. The
high building pressure, together with deficient planning, has resulted in
the failure to adequately integrate urban planning into the physical
environment. In this way, the construction density, in many cases
informal, is the cause of the dismantling and occupation of the afore-
mentioned watercourses. In the southwest, where the hydrographic
network was hardly noticeable, it has been completely dismantled; in
the south of Anaga, we find entire neighborhoods occupying the space of
the watercourses. Moreover, the lack of sufficient drainage

infrastructures to solve the deficiencies caused by urbanization and soil
sealing resulting from the implementation of road networks and other
urban infrastructures has considerably increased the risk of flooding.

For both areas, the most common problem that generates flooding is
the lack or insufficient drainage capacity (62.5 %), followed, at a
considerable distance, by the incorporation of sediment (20.3 %)
(Table 3).

Taking into account both results, a comparative analysis could be
made between watercourses and incidents (Fig. 7) which allowed us to
characterize the origin of the flood impact. First, it should be noted that
80 % (817) of the incidents are located within the zone of influence (100
m) of the existing drainage network in 1950 (Table 4). 57.2 % are
located near watercourses that persist today, in main watercourses,
while 24.6 % are closely located to watercourses that have disappeared.
Therefore, only 10.6 % are located near secondary tributaries, corre-
sponding mostly to the highest altitudes of the Anaga massif. It is
noteworthy that the other 20 % (206) of the incidents identified are
located far from the drainage network, proving the considerable
importance of urban runoff.

A more detailed analysis reveals the importance or weight of the
missing watercourses in causing flooding problems in the urban sectors
of the cities. Of the 119 conserved watercourses, only 53.8 % are linked
to some incident, while 94.1 % of the watercourses that have dis-
appeared today are linked to one or more incidents. The mean number of
incidents per type of watercourse is 7.7 in the former and 9.4 in the

Table 3

Types and frequency of problems recorded in the study area.
Description Total %
Lack of drainage capacity 639 62.5
Incorporation of carriage 208 20.3
Drainage network obstruction 96 9.4
Danger of overflow 80 7.8
Total 1023
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Table 4
Location of damage points with regard to the drainage network.
No. Percentage  Total Percentage
Main 506  57.18
Zone of ‘watercourses
influence Disappeared 217 2452 817 79.86
(100 m) watercourses
Tributaries 94 10.62
Ol.lt of zone of 206 20.14
influence
Total 1023 100.00

latter, with a mean of 1 and 5, respectively (Table 5). That said, it is
important to mention that 100 % of the 14 main watercourses have
complications of some kind. Regarding the type of problems encoun-
tered in each type of watercourse, it appears that there is no significant
difference between those conserved and those eliminated. In both cases,
the most relevant factor is the lack of or insufficient drainage capacity,
followed by the incorporation of sediment and the danger of overflowing
in last place. However, the problem related to the lack of drainage is 5 %
greater in the areas that used to occupy the watercourses that have now
disappeared.

4.2. Hydraulic modeling of the extreme flow scenario and integration of
the information to obtain the flood susceptibility map (stages 4 to 5)

4.2.1. Numerical flow modeling for an extreme precipitation scenario

Analyzing the calculated return periods, the maximum expected
precipitation in 500 years is 43.21 mm in 10 min and 258.33 mmin 12 h
(Table 6). If we convert mm to mm/h, the resulting IDF curves show how
precipitation intensity behaves; the highest intensities are 259.23 mm/h
in 500 years and progressively decreases to around 20 mm/h at 12 h. It
appears that after 360 min there is a break in the line of the IDF curve
and the intensity gradually decreases.

The resulting storm hyetograph for 500 years, produced from the IDF
curves, shows a 120-min storm in which the maximum precipitation is
reached in the first hour of the storm (62.02 mm) (Fig. 8). With a total
rainfall of 212.8 mm in the design storm the maximum precipitation is
located in the center of the storm with 62.02 mm. Following the
methodology of alternating blocks, the rest of the values are alternated
in descending order on either side of that maximum. Therefore, it is
evident that the most critical moment of the storm is between the first 50
and 90 min, where up to a total of 186 mm could be accumulated. The
characteristics of the drainage network in the study area hardly delay
the peak flow during the storm. This is around 200-210 min, and the
permeability of the soil causes the flow to last up to 10 h after the
beginning of the storm. The maximum peak flows are between 30 and
70 m3/s and 480 m3/s (Fig. 9). The former corresponds to small ravines
with a small area (1-3 km?) and very small watercourse lengths. In

Table 5
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addition, their degree of urbanization is lower than in other sectors and,
therefore, their curve numbers are also lower (Table 1).

The Barranco de Santos (Santos Ravine), located right in the urban
core of the city, and being the largest watershed in the municipality (41
km?) reaches its Q500 at 483.9 m3/s, similar to what can be reached by
some ephemeral watercourses in the Mediterranean [77-79]. Thus, this
basin has caused major problems throughout the history of the city,
leading to several historical floods [28]. However, its large size is not the
only cause of these disasters, since its watercourse has also been con-
stricted as a result of the city’s urban growth and expansion. The second
basin in terms of flow rate is the Barranco del Muerto (Ravine of the
Dead), with a Q500 of 293.6 m®/s. This is located in the southwestern
sector of the municipality, also in a highly urbanized area. Finally, in
third place is the Barranco del Bufadero (Bufadero Ravine), which has a
Q500 of 238.1 m/s. This is another of the watercourses whose problems
appear repeatedly when there are significant precipitation episodes.
Precisely this watercourse, together with the barranco de Tahodio
(Tahodio Ravine), is the one with the highest number of damage points,
with a total of 114.

The results of the flood modeling (Fig. 10) show a total of 172 ha
with flood hazard, corresponding to 2 % of the area studied. The
extension is greater, precisely in the basins with a higher level of ur-
banization. The Barranco Grande (Grande Ravine or Big Ravine), with
35.1 ha and 4.79 % of its surface area threaten, is the basin with the
largest area occupied by floodable zones. Closely behind it is the Bar-
ranco del Muerto ravine, with 33 ha occupied by flood hazard. However,
it is distributed heterogeneously, affecting small isolated sectors scat-
tered throughout the area, as is the case in several areas of the southwest
sector. On the other hand, in the center and southeast of the study area,
the main flood zones are located mainly at the mouth of the

300
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Fig. 8. Santa Cruz de Tenerife IDF curve for a 500-year return period.

Summary statistics of watercourses and damage points. It should be noted that several identified points are located within the zone of influence of several watercourses.

Watercourses information

Incidents statistics

Watercourse No. of No. of watercourses % of watercourses with  Sum  Mean  Maximum  Minimum  Variance  Standard Median
type watercourses with incidents incidents deviation
Current 119 64 53.8 600 7.7 99.0 0.0 215.0 14.7 1.0
old 34 32 94.1 217 9.4 35.0 0.0 82.4 9.1 5.0
Main 14 14 100 506 36.1 99.0 7.0 625.2 25.0 345
Table 6
Estimated precipitation for a 500-year return period (mm).
Minutes 10 20 30 60 120 360 720
T500 43.21 71.99 101.42 171.18 238.08 284.67 288.33
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Fig. 9. Hietogram and hydrographs of the studied basins.

watercourses, so that, although they cover a smaller area relative to the
basin, the surface area they cover affects more concentrated and highly
urbanized sectors.

Of the total number of incidents presented above, only 566 are
located within the simulated sectors and of these, 37 % (263) are located
in floodable zones. The rest of the points are located outside the defined
watercourses of the basins, demonstrating the existence of a clear urban
drainage problem. Therefore, the creation of a detailed flood suscepti-
bility map that integrates both variables analyzed in this paper can
improve the hazard analysis of the city and the chosen method can serve
as an example for other urban areas with similar climatic characteristics.
In this sense, the integration of the two variables shows that the areas
with the highest hazard are located in the center and southeast of the
city (Ofra, Santos, Tahodio and Bufadero Ravines), especially at the
mouths (Fig. 11). Incorporating both analyses, the territory susceptible
to flooding events is around 16.5 %. Of this percentage 289 ha (19 %)
correspond to moderate-high hazard and 314 ha (22.3 %) have a low
hazard. In the remaining 57 % of the flooding area, the hazard is very
low.

5. Discussion

In urban areas with semi-arid climates, where growth has been
exponential, and without territorial planning, it is common for the wa-
tercourses of ravines, normally dry, to be occupied [80]. Hence, in-
ventorying and analyzing trouble spots related to flash floods is an issue
that has been addressed on numerous occasions [81,82]. The lack or
insufficient drainage capacity due to the inadequate construction of
drainage works for the maximum flood flow is one of the qualities
pointed out for this type of cities [83] that is also identified in Santa Cruz
de Tenerife. On the other hand, the incorporation of sediments or solid
materials from the slopes, in this case from Anaga, is not only a problem
for the drainage network but also for the buildings and infrastructures
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located at the foot of the slopes. The obstruction of the drainage network
is usually related to both natural objects (roots or rocks) and artificial
ones, known as heterometric solids. In addition to all of the above, the
implementation of elements in the watercourse itself, such as houses or
infrastructures, contribute to the overflowing of the watercourses in the
most extreme rainfall events. Considering the importance of these
problems in the generation of flood zones, the selection of criteria for the
analysis of local factors to improve flood risk management should be
related to this. In each of the sectors analyzed, it is necessary to thor-
oughly investigate the circumstances that have given rise to these
problems, in order to identify the factors that are generating them. For
example, in this case: the lack of drainage capacity is related to the
conditions of the hydraulic infrastructure; the incorporation of carryings
and obstruction of the network, with the slope and materials of the
basins; and the danger of overflowing, due to the narrowing of the
channels by the urban occupation of the basin. Therefore, in order to
carry out good actions related to disaster risk reduction, it will not only
be necessary to tackle the problems themselves, but also to address those
factors that have been identified as the primary causes of the problem.

Currently, there is a multitude of papers aimed at mapping and
analyzing flood zones by spatially modeling their expansion, draft and,
in some cases, even speed based on different return periods [84-88].
However, to understand and identify areas prone to be affected by flash
floods, especially in highly urbanized areas, one must go beyond the
analysis of watercourse runoff. A methodology is needed to identify
points or sectors with problems and flood zones in order to subsequently
carry out the pertinent hazard analyses. Although, as mentioned above,
in some cases the problems that cause them have been raised, the
complexity of the territory and its temporal dynamism make it necessary
to look beyond the current motives.

This study has shown that in urban areas, those prone to flash floods
are (1) the ones located in missing watercourses and/or (2) those where
a section of the watercourse has been partially modified. In the former,
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Fig. 11. Flood susceptibility map in Santa Cruz de Tenerife.

as mentioned above, the watercourses eliminated from the drainage
network are a key problem and their identification makes it possible to
locate risk areas. The location of their trajectories, through images, old
maps, or field work, is essential and necessary. However, these are often
overlooked and flood susceptibility analyses focus on existing water-
courses [89-91]. As for the latter, the watercourse is narrowed and
occupied by buildings and infrastructure as a result of urban pressure
and the absence of land use planning. In urban areas where growth has
been very rapid and unplanned, self-construction around the water-
courses of ravines is common, especially among the city’s lower pur-
chasing power classes [10]. This is the case of the Barrancos de Maria
Jiménez and Valleseco (Maria Jiménez and Valleseco Ravines) in the
geographical area analyzed. Therefore, these two typologies of zones
should be incorporated into flood risk analyses aimed at planning and
disaster risk reduction.

On the other hand, as mentioned above, the identification of prob-
lems is complemented with the modeling of flood zones in locations
close to the watercourses. In the study area the flow of the ravine de-
pends almost entirely on a precipitation event, since the watercourses
are hydrologically disconnected from the aquifers. In the study area,
flows are intermittent and remain during long dry periods, similar to
what happens in the Mediterranean basin or other semi-arid environ-
ments [92]. Similarly, the maximum flows obtained are comparable to
those recorded in these environments [93]. In them, the peak discharge
flowis reached in a very short time interval and the flow rates range from
0 to 100-400 m3/s, subsequently recovering its initial base flow. In this
sense, high intensity hourly rainfall and consequent flash floods have

12

historically generated numerous disasters, especially in highly urban-
ized sectors [94-97].

As stated by Refsgaard and Hendriksen [98] each hydrological model
should be calibrated and validated with datasets representative of the
intended domain of applicability. However, the data available for the
basins analyzed are extremely limited. Although there are ten-minute
rainfall data since 1996, there is still no record of flood flows, not
even for extreme events. Therefore, it is impossible to validate the
hydrographs obtained with data from historical events. The most useful
information available to verify that the hydrological model developed is
consistent can be found in the Flood Defence Plan of Tenerife (herein-
after FDC) [99]. Within this plan, an application is developed to calcu-
late the flow of each of the basins for different return periods using the
Clark unit hydrograph method [100]. For basins of less than 1km2, the
rational method is used [101]. Although the values obtained by both
studies are not fully comparable due to methodological differences and
the fact that the design storm used in the FDC does not have the same
duration nor the same temporal distribution pattern - given that in this
one the Huff method is used to obtain the hietogram [102] -, it is
possible to make an approximate comparison to assess the validity and
applicability of the results. As shown in.

Table 7, the flow rates simulated in the present study are close to
those simulated in the FDC. When compared using the coefficient of
variation, it is observed that the average difference between the two is
only 22.2 % and in no case exceeds 45 %. Considering that, in some
cases, the discrepancy between the methods used can be as high as 84 %
[103], it can be concluded that the model developed is valid and
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Table 7
Flow peak discharge simulated and FDC simulation values (CV = coefficient of
variation).

Simulated FDC (9%
Santos 483,9 401 13,25
Anchieta 110 70 31,43
Barranco Grande 160,3 125,1 17,44
Barrio Nuevo 31,7 21,3 27,75
Bufadero 238,1 198 13,00
Cercado Andrés 201,8 156,8 17,75
Chorrillo 115,6 140 13,50
Cueva Bermeja 56,3 34,1 34,73

Simulated FDC (9%
Jagua 72 38,4 43,04
Las Huertas 167,1 148,3 8,43
Los Pocitos 50,8 35,7 24,69
Muerto 293,6 193 29,24
Ofra 157 101 30,70
Pilar 77,7 59,4 18,88
Tahodio 178,7 163 6,50
Valleseco 93,3 64,1 26,24

consistent.

Moreover, the highest precipitation event recorded in Santa Cruz de
Tenerife took place on March 31, 2002, when 232 mm fell in just two
and a half hours, which corresponds to the average annual precipitation
in the city. In addition, within the first 120 min of the storm, 188.4 mm
had already been recorded (Table 8). It was an event that completely
brought the city to a halt, leaving 8 victims, the collapse of basic services
(water, electricity and telephone) and substantial economic losses
valued at around 200 million euros [37]. Following the calculation of
return periods, the data in this paper record a precipitation slightly
higher than the one that occurred on that day (280 mm in total), which
shows the validity of the return periods and the design storm. When
simulating the expected behavior of the watercourses and integrating all
the problem areas, the results show a significant relationship with the
events of that day in Santa Cruz de Tenerife.

Finally, extraordinary rains with high hourly intensity are, despite
their great interannual irregularity, recurrent phenomena in Santa Cruz
de Tenerife and, in general, throughout the Canary archipelago [104]. It
is important to point out that in the current context of climate change,
extreme rainfall events may occur that could modify the level of danger
and risk of floods, especially due to the increased risk of the arrival of
tropical disturbances [104]. In that sense, globally and from a flood risk
management perspective, precipitation intensity on a sub-daily scale is
increasing faster than on a daily scale [105]. Given that flash floods are
linked to short-duration events it is likely and expected that climate
change will have a significant impact on them [106,107]. Santa Cruz de
Tenerife is not immune to this phenomenon, and currently there are
already studies that confirm the trend of daily concentration of precip-
itation, increased torrentiality and greater irregularity [108,38]. This
would result in an increase in the maximum peak discharge flow and,
consequently, in flood zones.

6. Conclusions

Like many cities in the world, Santa Cruz de Tenerife, used as a mere
example of methodological application, presents important problems
related to urban flooding. As this paper has shown, there are 1023
damage points scattered throughout the city. Lack of or insufficient

Table 8

Accumulated precipitation on March 31, 2002. Source: AEMET.
Minutes 10 20 30 60 120 360 720
Precipitation (mm) 27.1 52 75 129.9 188.4 231.2 231.4
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drainage capacity is the most repeated issue. This is related to the con-
struction of insufficient drainage works to evacuate maximum flood
flows, highlighting the clear need to combine non-structural quality
measures, such as hazard analysis (calculation of return periods and
maximum flows), and structural measures (i.e. the construction of
drainage works) based on scientific criteria.

On the other hand, the rapid growth of the city, as well as urban
planning with many shortcomings, has led to the emergence of settle-
ments in hazardous areas. Using the analyzed case study, the critical role
played by urbanization in increasing flood hazards has been confirmed,
not only by occupying flood-prone zones, but also by decreasing the
runoff threshold due to soil sealing. In this respect, there are two types of
sectors in an urban drainage network that are of particular interest from
the point of view of flood risk: (1) the main watercourses, since they
have peak flows higher than their tributaries; and (2) occupied or
dismantled watercourses, since they lack a marked drainage route, and
represent sectors with high exposure and vulnerability. This highlights
the impact that poor planning or the lack of it has on the occurrence of
floods. Not only does it increase exposure and vulnerability to flooding,
but it also modifies and amplifies the hazard by creating new sectors
susceptible to flooding. For this reason, optimum conservation of wa-
tercourses is an important aspect to be taken into account if the risk is to
be reduced.

On the other hand, the need for quality data to develop accurate and
reliable hydrological models has been emphasized. The lack of data
related to floods (precipitation, recorded flows, previously affected
areas, etc.) affects the accuracy of predictions and, therefore, risk miti-
gation strategies based on scientific-technical analyses. Thus, in order to
improve the capacity of the models, it would be necessary to establish a
consistent and quality monitoring network, at least during those events
of a more extraordinary nature, which would provide a good record of
data.

In the context of urban flooding, it is of vital interest to know which
areas are susceptible in order to ensure the necessary prevention and
protection measures for both the population and the territory. Thus,
although hydraulic modeling is important, problematic points within
the urban fabric must be integrated into the modeling. This is why, in
this paper, an integrated susceptibility map has been proposed as a
comprehensive alternative to the more traditional flood hazard ana-
lyses. This method serves as a first approximation to identify specific
zones of interest for more in-depth analyses aimed at disaster risk
reduction. In addition, the suggested methodology can be adapted and
applied to other urban areas, providing a useful tool for territorial
planning.

It should be noted that climate change is expected to accentuate
heavy rainfall events, thus increasing the risk of flooding. Therefore,
future studies should include climate projections of precipitation to
better define maximum flood flows in order to design efficient drainage
infrastructures and take appropriate actions to reduce the risk of flood
disasters. Finally, this study allows for the possibility of developing new
works that incorporate data related to vulnerability and exposure, in
order to carry out a complete risk calculation, and to detail the areas at
risk in the analyzed area.
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