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All the rivers run into the sea,
yet the sea is not full.

To the place where the rivers flow,
there they flow again.

Ecclesiastes 1:7
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Abstract

The city of Turrialba is located in the lower part of the Turrialba Basin, a fluvial
erosional system dominated by powerful rivers coming down from the steep slopes
of the Turrialba Volcano. This dynamic geography, together with the heavy rain-
falls common to the Caribbean zone of Costa Rica, are determining factors for the
flooding occurrence in the city. Frequent flash floods are caused by peak discharges
of Colorado River, Gamboa Stream and some smaller watercourses. Also, intense
riverbank erosion occurs along the margins of the major rivers. The uncontrolled
urban expansion next to these river courses has narrowed their channels and their
discharge capacity has been drastically reduced. As a consequence, the amount of
rainfall needed for a flood has decreased during the last decades and several serious
floods have occurred, causing severe damages.

A geomorphological description of the study area is provided, mainly on the
basis of photo-interpretation at different scales. Subsequently, a different degree
of flood hazard is assigned to each geomorphological unit, depending on slope,
drainage pattern, grain size and permeability, and considering information gath-
ered in the field with respect to the characteristics of bottlenecks and critical points.
In this way it is demonstrated that Turrialba City is located in an area with high to
medium flood hazard. The areas affected by riverbank erosion are also identified,
this time by field mapping and photo-interpretation.

A floodwater depth map of the 1996 flood event (50-year return period scenario)
and an attribute map of the elements at risk (cadastral database) of the study area
are generated after a detailed field survey. Scenarios for other hypothetic events
are derived from the 1996 one as well.

A GIS-based method for flood vulnerability assessment is proposed. It involves
a combination of the cadastral map and flood scenarios for different return periods,
through the application of loss functions. These functions relate floodwater depth
and degree of damage to each type of elements at risk. Vulnerability to riverbank
erosion is considered to depend directly on the distance between the element and
the river.

The distribution of the floodwater within Turrialba City, and consequently, of
the most hazardous areas within it, is mainly determined by the existence, location
and behaviour of bottlenecks and critical points during a specific discharge. The
areas with high flood vulnerability and risk seem to be also directly related to these
problematic sites.

Methods for valuation of the elements at risk, damage calculation and risk as-
sessment are also developed and although these are valid and applicable in other
parts of Costa Rica and elsewhere, the results obtained from their application in
this work are based on hypothetical costs. But, in general, damages due to river-
bank erosion in Turrialba City tend to be much higher than damages caused by
flooding. This implies that more attention should be paid to this situation, in order
to reduce such frequent and important economical losses.

Keywords
Flood, geomorphology, hazard, vulnerability, valuation, damage, risk, Turrialba,
Costa Rica

v



Abstract

vi



Resumen

La ciudad de Turrialba se encuentra localizada en la parte baja de la cuenca
del Rı́o Turrialba, la cual corresponde con un sistema fluvial erosivo dominado por
poderosos rı́os que corren por las empinadas laderas del Volcán Turrialba. Esta
dinámica geografı́a , junto con las fuertes lluvias comunes en el Caribe costar-
ricense, son los factores determinantes para la ocurrencia de inundaciones en la
ciudad. Frecuentes avenidas torrenciales son causadas por el Rı́o Colorado, la Que-
brada Gamboa y otros cursos menores de agua. Además, las riberas de los rı́os
principales son afectadas por una intensa erosión lateral. Debido al descontrolado
crecimiento urbano a lo largo de los cauces de los rı́os, estos se han ido estrechando
paulatinamente y su capacidad de descarga se ha visto reducida. Como consecuen-
cia, la cantidad de precipitación necesaria para causar una inundación ha decaı́do
en las últimas décadas y varias inundaciones importantes han ocurrido, causando
severos daños.

El área de estudio se describe desde un punto de vista geomorfológico, con base
en foto-interpretación a diferentes escalas. Luego, un grado diferente de amenaza
de inundación es asignado a cada unidad geomorfológica, dependiendo de su pen-
diente, patrón de drenaje, granulometrı́a y permeabilidad, y tomando en consid-
eración lo observado en el campo con respecto a las caracterı́sticas de los cuellos de
botella y puntos crı́ticos. De esta manera se establece que la ciudad de Turrialba
se ubica dentro de áreas con una amenaza de inundación alta a media. Las riberas
afectadas por erosión también son identificadas, en este caso por medio de mapeo
de campo y fotointerpretación.

Después de un detallado trabajo de campo en el área de estudio, se generan un
mapa de profundidades para la inundación de 1996 (escenario para un perı́odo de
retorno de 50 años) y un mapa de atributos de los elementos en riesgo (base de datos
catastral). A su vez, otros escenarios hipotéticos fueron derivados a partir de este
evento de 1996.

Se propone un método para la evaluación de la vulnerabilidad por inundación,
basada en técnicas de SIG. Éste implica la combinación del mapa catastral y los
escenarios de inundación para diferentes perı́odos de retorno, a través de curvas de
vulnerabilidad. Estas curvas relacionan la profundidad del agua y el porcentaje de
daño para un determinado tipo de elementos en riesgo. Por otro lado, se considera
que la vulnerabilidad por erosión en riberas de rı́os es directamente dependiente de
la distancia entre el rı́o y el elemento.

La distribución de las inundaciones dentro de la ciudad y por lo tanto, de las
áreas más amenazadas, es determinada principalmente por la posición y compor-
tamiento de los cuellos de botellas y puntos crı́ticos ante un determinado caudal.
La ubicación de las zonas más vulnerables y las de más riesgo parece estar también
relacionada con estos puntos.

Finalmente, se desarrollan métodos para valorar los elementos en riesgo, el
cálculo de daños y la evaluación del riesgo. Estos son válidos y aplicables en otros
lugares, pero los resultados obtenidos a partir de su aplicacı́on en este estudio están
basados en valores hipotéticos. A pesar de esto, los daños en la ciudad de Turrialba
parecen, en general, ser mayores cuando son causados por erosión en las riberas de
rı́os que por inundación. Esto implica que se deberı́a prestar más atención a este
problema, para ası́ reducir las frecuentes y cuantiosas pérdidad económicas.
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Chapter 1

Introduction

The definition of the problem and the objectives that guide the present research
as well as the method to be followed, constitute the body of this chapter.

1.1 Description of the problem

The city of Turrialba is located in the lower part of the Turrialba Basin, at the
foot of the steep slopes of the Turrialba Volcano. This situation, combined with
the heavy rainfalls common in the Caribbean zone of Costa Rica, makes this
city to be frequently affected by flash floods of the Colorado River, the Gam-
boa Stream and some other small watercourses. Also, an intense erosion of
the riverbanks occurs along the margins of the Turrialba and Colorado rivers.
The uncontrolled urban expansion along these river courses has narrowed their
channels and their capacity of discharge has been drastically reduced. In con-
sequence, the amount of rainfall that is necessary to cause a flood has been
decreasing during the last decades and several serious floods have occurred,
causing a lot of damage.

Both situations, flooding and riverbank erosion, represent large economical
losses because of the damages to the infrastructure and residential areas. Al-
though some research on this topic has been already developed, little has been
done to mitigate the impact of nature on the city.

1.2 Objectives

The main objective of this research is to assess the flood hazard that affects
Turrialba City and to construct flood scenarios based on past events, in order to
develop a basis for further vulnerability and risk analysis.

In addition, some secondary but not less important objectives had to be
reached:

• To describe the study area from a geomorphological, meteorological and
urban point of view.

• To determine the causes of the flooding problems in Turrialba City.

1



1.3. Methodology

• To identify the presence of bottlenecks or critical areas along the rivers
and to describe their influence on the behaviour and distribution of the
floodwater.

• To generate a complete map of elements at risk and their attributes.

• To develop a method for vulnerability assessment based on the available
data resources.

• To propose a method for valuation of the elements at risk and assessment
of damage and risk, which takes into account the socio-economical frame-
work present in the study area.

• To formulate possible solutions for the flood and riverbank erosion prob-
lems of the city.

1.3 Methodology

The steps followed to reach the proposed goals are given below (see Figure 1.1):

• The causes of the flooding problems in Turrialba City were identified after
the analysis of the fieldwork data (geomorphological mapping, interviews)
and previous researches carried out in the Turrialba Basin.

• Maps of flood hazard zonation and riverbank erosion hazard of the study
area were made based on photo-interpretation and fieldwork observations.

• The scenario for the 1996 flood event was created based on fieldwork data
(interviews and field observations) and its return period was obtained
from precipitation data.

• In addition, with these field data, the already existing cadastral data base
of the city was checked and completed.

• Vulnerability functions for the different elements at risk or groups of these
elements were formulated after a detailed study of publications, web sites
and books related to the topic, but mainly based on field observations and
personal criteria of the author.

• The vulnerability functions were applied to the flood scenarios, obtaining
vulnerability values for the whole area.

• Hypothetic cost values were assigned to the different classes of elements
at risk, in order to obtain preliminary damage and risk maps.

• A combined analysis of flood causes, location of critical points across the
city, past flood patterns and risk zonation was done before the formulation
of possible solutions for the problem.

For a detailed description of the methodology, the reader is referred to the
concerned chapters.

2



Chapter 1. Introduction

Figure 1.1: Summarised method followed in this research

1.4 Available data

The data used during the development of the present research comprises GIS
data and bibliographic information, as explained below:

• Digital elevation contours of the entire Turrialba Basin. From them, it
was possible to generate a digital elevation model (DEM) and slope maps.

• Digital Landsat TM image (bands 1–6 and panchromatic) from January,
2001. An anaglyph image was generated using it and the DEM.

• Cadastral map of the study area and attribute table of the elements. This
table contained information related to the type of element, age, material,
number of floors, and in some cases, hazards (natural and man-induced).

• Different digital thematic maps of the Turrialba Basin provided by the
Tropical Agronomic Centre of Research and Education (CATIE) and the
Integrated Management Plan of the basin of the Reventazón River, of the
Costa Rican Institute of Electricity (ICE).

3



1.5. Limitations of the research

• Meteorological data obtained from CATIE and the National Meteorologi-
cal Institute of Costa Rica (IMN).

• Aerial photographs at scale 1:40,000 (colour photos), 1:20,000 and 1:5,000
(black and white).

• Topographical maps at scale 1:50,000 (Tucurrique, Istarú, Carrillo and
Bonilla sheets) of the National Geographic Institute.

• Bibliographical material related to the study area or to flood hazard, vul-
nerability and risk assessment in general.

1.5 Limitations of the research

An initial objective of this research was to gather, through interviews in the
field, as much information as possible related to different past flood events. Un-
fortunately, this objective had to be changed. During the fieldwork it was found
that citizens do not remember the dates of the events or even the occurrence of
the events themselves, they can no longer give any specific details about them or
they have just moved to the city, so they ignored everything about the flooding
problems in the area. Most of the time, they only remember the last important
flooding that affected the city, which is the flood event of February 1996. For
this reason, the author decided to carry out a detailed analysis focussed on this
specific event.

Because there is no data available related to the river discharges during this
flooding, in order to determine its return period the author was forced to do an
estimation based on precipitation data. Of course, by using this method, it had
to be assumed that the rivers that caused this flooding will react in the same
way to the influence of a specific precipitation; that means they will generate
flood events with the same return period of the precipitation that triggered
them, in spite of the size differences between the basins.

Due to lack of time during the fieldwork, no information related to vulner-
ability of structures to floodwater and to costs of content items, structures or
land was collected. Consequently, even though the proposed methodologies for
vulnerability and risk assessment are totally valid and applicable in other parts
of Costa Rica and elsewhere, the results obtained from their application can not
be taken as definitive, because they were derived from hypothetical values.

4



Chapter 2

Description of the study area
and its flooding problems

Turrialba City is located inside a dynamic system: the basin of the Turrialba
River. Therefore, it is logical to consider that each of the elements and charac-
teristics of this basin play a certain role in the flooding problems that affect the
city. For this reason, this chapter intends to give a detailed description of the
Turrialba Basin as a system and of the study area, as a part of it, in order to be
able, after this, to identify the causes of the problem.

2.1 Characteristics of the Turrialba Basin

2.1.1 Location

The Turrialba Basin is located in the Province of Cartago, central part of Costa
Rica (see Figure 2.1), and comprises parts of the Cantons Jiménez, Alvarado
and Turrialba (Cardona et al., 2000). It is delimited by the Lambert Coordi-
nates 207162–222423 North and 555076–574629 East, of the Tucurrique and
Istarú topographic sheets, scale 1:50,000 of the National Geographic Institute
of Costa Rica (see Figure 2.2).

2.1.2 Subdivision

The Turrialba Basin has been subdivided mainly in two different ways in
previous researches. The difference lies basically in the inclusion or not of the
Aquiares and Azul Rivers within the basin. Therefore, in the first case we have
a basin with an area of 115.3 km2 and subdivided in five sub-basins (Cardona
et al., 2000). This is the subdivision adopted for the present study (see Table 2.1
and Figure 2.2).

For the second option we have a basin of 74.7 km2 that comprises six sub-
basins: Coliblanco (6.2 km2), Playas (18.6 km2), Jesus Maria (15.4 km2), Esmer-
alda (11.5 km2), Roncha (11.7 km2) y Colorado (11.3 km2) (Solı́s et al., 1993).

On the other hand, another common way of dividing the Turrialba Basin is
based on the altitude (Aparicio, 1999), as can be seen in Table 2.2.
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Figure 2.1: Location of the study area in the central part of Costa Rica

2.1.3 Climatological conditions

The climate in the Turrialba Basin is quite complex because it is influenced
by micro-climatic variables. The meteorological conditions in the area cause
heavy rainfalls related to humid winds coming from the Caribbean Sea through
the Reventazón River’s valley. The rainfall occurs mostly on the middle basin,
but when the rainfalls are related to special meteorological phenomena (e.g.
hurricanes in the Caribbean Sea), they reach also the upper basin (Calvo, 1993).

The rainfall regime is very variable from one year to the other, without a
well-defined dry season. There is only a decrease in the precipitation between
February and April. The maximum levels occur during December and June

Table 2.1: Subdivision and characteristics of the Turrialba Basin (Cardona et al., 2000)

Name Area Maximum Minimum Length of the river
(km2) Elevation (m) (m)

Turrialba 63.65 2500 640 17200
Colorado 10.38 1220 645 6700
Gamboa 1.67 960 620 2500
Aquiares 22.93 2500 635 11300

Azul 4.76 1040 600 3800
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Chapter 2. Description of the study area and its flooding problems

Figure 2.2: Subdivision of the Turrialba Basin and definition of the study area within it. The
location of towns and meteorological stations is also shown

(Cardona et al., 2000). The 82% of the total annual precipitation is registered
from May to December. The annual average rainfall for the whole basin is
2289.5 mm. It increases from the upper and lower parts of the basin to the
middle ones (see Table 2.3), with a peak in the village of Aquiares, due to the
influence of the winds coming from the Reventazón River’s valley (Calvo, 1993).

The temperatures recorded from 1968 to 1986 in the CATIE station (rep-
resentative for the lower basin) show an average value of 26.44◦C with a min-
imum of 25◦C during January and a maximum of 27.6◦C on May. In general,
monthly variations are smaller than 2◦C and daily variations are of 8◦C (Car-
dona et al., 2000). The annual average temperature in the middle and upper
basins is 16.9◦C and 8◦C, respectively (Calvo, 1993).

Table 2.2: Subdivision of the Turrialba Basin based on altitudes (Aparicio, 1999)

Categories Altitude (m.a.s.l.) %
Cuenca alta 1053 to 1320 65

Cuenca Media 791 to 1053 28
Cuenca Baja 660 to 791 7
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Table 2.3: Average monthly precipitation in the Turrialba Basin (Calvo, 1993). The data come
from stations located outside the basin, but close enough to be considered as representative
for each zone

Average precipitation for different stations (mm)
Month CATIE Pacayas Irazú

(lower basin) (middle basin) (upper basin)
January 174.5 169.1 86.2
February 132.5 81.5 57.2

March 81.2 65.4 32.6
April 122.2 98.9 96.8
May 220.8 181.8 207.7
June 280.5 220.4 222.6
July 275.6 222.5 171.3

August 241.2 198.9 206.2
September 250.6 235.5 229.1

October 247.4 278.0 274.8
November 274.8 236.8 281.2
December 305.7 245.4 161.7

Annual average 217.1 190.4 173.8

The average relative humidity is 87.6%, with minimum monthly values of
85% in March and maximum values of 89.5% during November (Cardona et al.,
2000).

2.1.4 Soils and landuse

A characterisation of the Turrialba Basin was done by Solı́s et al. (1993) based
on the map of potential use of soils of the Ministry of Agriculture of Costa Rica:

• Upper Turrialba Basin: two potential uses are identified in this unit. The
first one is related with areas for a very extensive use with soils with a
very low production capacity per hectare, corresponding with steep slopes
located above 2800 m of altitude, not recommended for agricultural activ-
ities. The second potential use comprises optimal areas for forest conser-
vation, which do not have any aptitude for agricultural purposes.

• Middle Turrialba Basin: characterised by soils of intensive use that are
found in the undulated areas of the volcanic slopes. These soils are recom-
mended for permanent crops and grasslands for intensive use for milk
production.

• Lower Turrialba Basin: soils for intensive use located in the flat areas of
alluvial origin. They are good for permanent crops and intensive cattle
raising. These soils need improvement of their drainage conditions, when
used for agricultural purposes.

The lack of knowledge of people about these potential uses of soils and the
absence of institutional planning, has led into the wrong distribution of the
human activities within this basin. According to Cardona et al. (2000), the
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predominant landuse in the upper catchment is grasslands dedicated to cattle
raising for milk production. These grasslands are combined with forest and, in
a smaller scale, with small crops of vegetables. In the middle basin, the most
common land covers are grasslands, coffee plantations, forest and sugar cane.
The first urban areas are identified in this area. Finally, in the lower basin,
coffee, sugar cane, grasslands and urban area (Turrialba City and neighbouring
villages) are found. The percentages of the different landuse activities found in
the Turrialba Basin (Aparicio, 1999) are shown in Table 2.4.

Table 2.4: Percentages of the different types of landuse in the Turrialba Basin (Aparicio, 1999)

Landuse %
Coffee 41.52

Sugar cane 21.80
Forest 12.61

Grass lands 11.78
Crops 6.88
Urban 4.39
Mixed 0.56
Others 0.46

2.1.5 Morphological features

The morphology of the Turrialba Basin is mainly characterised by steep slopes
and very abrupt changes in slope angles. The Turrialba River runs, in only
17.2 km (Cardona et al., 2000), from the top of the Turrialba Volcano, at 3330
metres above the see level, until the alluvial plains located at an altitude of 580
m (Calvo, 1993). It implies a change from slopes of 40–60% in the upper part
of the basin, to an average slope of 3–4% in the area between Turrialba City
and the junction of the Turrialba and Colorado Rivers (Solı́s et al., 1994) (see
Figure 2.3).

Garcia (1990) calculated some morphometric relations for the Turrialba and
the Colorado sub-basins (see Table 2.5).

Some of the conclusions obtained from this analysis are explained as follows:

• The Compacity Coefficient and the Shape Factor Index show that both
basins are elongated, while the fluvial indexes (bifurcation, length and
area ratios) indicate that both basins correspond to a fluvial erosional sys-
tem.

• The Turrialba Basin has had a non-uniform development, due to the
influence of a variety of processes and continuous geological activity (e.g.
faults, volcanic activity, and landslides). These processes have distorted
the drainage network behaviour and the relief evolution. It can be said
that parts of this basin rejuvenate more frequently than others, leading
to a spatially discontinuous evolution. On the other hand, the Colorado
Basin appears as a more homogeneous unit.
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Figure 2.3: Digital elevation model and slope map of the Turrialba Basin. Altitudes are given
in metres above the sea level and slopes in percentages

• Basins and riverbeds are relatively young and can be considered within a
juvenile to early-mature stage. Steep slopes and deep valleys manifest
this situation.

• The low values of drainage density indicate that only a small part of the
water remains on the surface, due to the presence of hard rock covered by
permeable materials.

• The difference in the values of drainage frequency between both basins
shows that the superficial materials in the Colorado basin are, in average,
softer or less pervious than the materials in the Turrialba Basin.

• The Turrialba River has a very dynamic channel that suffers frequent
vertical and horizontal changes, according to its necessity of adapting its
equilibrium profile to the variable hydrologic conditions of the basin. The
horizontal changes are related to the variations of the river bends and the
vertical ones consider the changes in the micro relief of the riverbed.

2.2 Definition and characterisation of the study area

This study focuses on Turrialba City, located in the lower part of the Turrialba
Basin (see Figure 2.2), and situated on top of the alluvial fans of the Turrialba
and Colorado rivers. The special interest in this city lies in the fact that it
is a very important urban area constantly threatened by floods. The flooding
problems of the city, as it is going to be explained further on (see Section 2.3),
are not only due to its location just in the convergence point of several important
rivers, but also because of an inadequate urban expansion on the alluvial fan
and alluvial plains.

10



Chapter 2. Description of the study area and its flooding problems

Table 2.5: Morphometric coefficients for two sub-basins of the Turrialba Basin (Garcı́a, 1990)

Coefficient Formula Turrialba Basin Colorado Basin

Compacity coefficient K = P
A

0.44 1.16

Shape Factor index FF = Aw
L2 0.25 0.18

Average slope in % 19.66 33.99

Bifurcation ratio Rb = Nu
Nu+1

3.75 3.30

Length ratio Rl = Lu
Lu−1

2.06 2.05

Drainage density Dd = Lt
A

2.84 3.53

Drainage frequency Df = C
A

2.62 4.56

P = Perimeter of the basin, A = Area of the basin,
Aw = Average width of the basin, L = length of the basin,
Nu = Number of river segments of order u,
Lu = Average length of the river segments of order u,
Lt = Total length of river segments within the basin (km),
C = Amount of river segments within the basin

2.2.1 Location of the study area

Turrialba City is located in the coordinates 9◦54′24′′ North and 83◦41′06′′ West,
at 640 metres above the sea level. It forms part of the Turrialba District, which
belongs to the canton of the same name. The population of Turrialba Canton,
by 2000, was 68510 inhabitants, with 46.7% of them (32004 inhabitants, 50.1%
women, 49.9% men) living in Turrialba District (INEC, 2001).

Specifically, the study area has a square shape that is defined by the Lam-
bert coordinates 20716–222423 N and 555076–74629 E of the Tucurrique to-
pographical sheet, scale 1:50,000, of the National Geographical Institute of
Costa Rica. It includes the centre of Turrialba City, as well as some surround-
ing neighbourhoods, such as Campabadal, Las Americas, Nochebuena, San
Cayetano, Poro, La Margot and La Guaria (see Figure 3.1).

The rivers found within this area are: Turrialba, Aquiares, Azul and Col-
orado, as well as the Gamboa Stream with its tributary Túnel Stream. In addi-
tion, the streams Poro, Puente Vigas and Barahona can be cited as tributaries
of the Colorado. As can be seen in Figure 2.4, there are several minor water-
courses that do not have a name. Also, some sections of the Gamboa Stream,
the Colorado River and one of its small tributaries run underground through
culverts.

2.2.2 Geomorphology of the study area

Six major geomorphological units were identified in the study area (see Fig-
ure 2.5) using photo-interpretation and fieldwork observations.

11



2.2. Definition and characterisation of the study area

Figure 2.4: Map of the rivers included within the study area. A differentiation is given between
rivers, streams and underground sections

They are described as follows:

• Denudational hills

Located in the southwest and northeast corners of the study area. They
consist of very steep slopes (30–60%, according to (Calvo, 1993)) on lavas
(southwest hills) and pyroclastic rocks (northeast hills) strongly affected
by river incision and mass movements. The top of these hills has been
intensely weathered, originating a thick soil layer of fine texture.

• Debris avalanche

Present in the north-central and northwest parts of the area. This unit
is characterised by an irregular topography with slopes ranging from 3%
to 20% (Calvo, 1993) and numerous rounded hills separated by depres-
sions. Huge lava blocks form these hills. Another important feature is
the absence of a superficial drainage network, due to the large amount of
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Figure 2.5: Geomorphological map of the study area

fractures that allow the water to flow underground. The soil cover of this
unit is really scarce and coarse-grained.

• Lahar plains

Found only in the southeast sector. It is represented by a flat (slopes
of 1–3%) and regular area with a very deficient drainage. Therefore, its
drainage pattern is not well defined and constantly affected by human
modifications. It consists of fine to medium-grained materials of volcanic
origin.

• Colluvial slopes

Present in some sectors at the foot slopes of the denudational hills, pre-
dominantly in the northeast corner of the study area. This unit shows
slopes of 10–20% and a moderately developed drainage network. Coarse
materials coming from the hills, with a poor developed soil profile, form it.

• Alluvial fan

Covers the central and south-central parts of the area and it was formed
from the deposition of material coming mainly from the Turrialba and
Colorado rivers, but also from the Gamboa Stream and tributaries. This
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alluvial fan is currently subjected to intense vertical and lateral erosion
particularly caused by the Turrialba and Colorado rivers. It is divided
in three parts, upper, middle and lower fans, which can be differentiated
based on grain size and slope angle.

– The upper fan is characterised by slopes of approximately 10–15%
and coarse to very coarse materials (blocky texture).

– The middle fan shows slopes of 5-10% and medium to coarse materi-
als (sands and gravels). The original good drainage conditions of the
upper and middle fans, due to their coarse texture, have been altered
by the urban development on top of them.

– Finally, the lower fan is nearly flat (3-5%), with fine to medium sized
materials (sands and silts) of low permeability. It represents a slope
transition to the lahar deposits. The combination of these two factors
(slope and permeability) causes the drainage of this unit to be more
deficient.

• Alluvial plains: defined as narrow stripes along the main rivers that
come together as one unit near to their confluence. Small terraces that
can not be mapped separately because of the scale, are included within
this landform. This unit consists of nearly flat areas of heterogeneous
compositions, which ranges from gravel to silt. Exceptionally, clays can
be found, as it is the case of the plain located at the confluence of the
Colorado River and the Poro Stream. These areas are subjected to lateral
erosion on the river margins and they are periodically flooded.

In general, the rivers within the study area are typical from a fluvial ero-
sional system (see Section 2.1.5). They have straight rocky channels coming
down from the denudational hills, and the water runs along them with very
high velocities and a very strong erosive potential. Regardless of the predom-
inance of this erosive regime, the abrupt slope change suffered by the rivers
when they reach the flat areas, makes some sectors to behave slightly as an in-
termediate depositional level, before they start again running downhill towards
the Caribbean Sea. This is the case of the alluvial terrace on the Turrialba
River, located close to its confluence with the Colorado.

2.3 Flood problems in the city of Turrialba and their
causes

Turrialba City is frequently affected by flash floods of the Colorado and Poro
rivers, the Gamboa, Barahona and Túnel streams and some other small water-
courses coming from the mountains located to the west and southwest of the
city. The city centre and surroundings are the areas most commonly affected by
flooding.

The large rivers of the study area (Turrialba, Aquiares and Azul) have not
caused any floods, at least since 1891 (see Section 3.2). This is mainly due
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to two reasons: first, they have more discharge capacity and second, their
recharge areas are located in the upper Turrialba Basin while the rainfalls
occur mostly in the lower and middle parts. The Turrialba River can deal with
peak discharges with a return period of 100 years without overflowing (Solı́s
et al., 1993).

Another important problem in the area is the riverbank erosion mainly
along the Turrialba and Colorado rivers. Both situations (flooding and erosion)
represent large economical losses because of the damages to the infrastructure
and residential areas. The erosion of the riverbanks also represents an increase
of the possibilities of overflowing in certain points. To understand these phe-
nomena is necessary to know their causes and in this way, it is easier to develop
plans to mitigate the events and the damages caused by them.

The flooding problem in Turrialba has not only natural causes, but they are
also due to factors related to the location of population settlements and their
behaviour. At least, three different types of flood causes have been identified
for the study area: meteorological, geomorphological and urban factors. The
precipitation is considered by Aparicio (1999) as the principal flood cause in
Turrialba, together with the urban expansion in hazardous areas.

2.3.1 Meteorological causes

The climate in the Turrialba Basin is very complex because it is influenced
by micro-climatic variables. The meteorological conditions in the area induce
torrential rainfalls caused by the humid winds coming from the Caribbean Sea
through the Reventazón River’s valley (Calvo, 1993). Once the winds reach the
Turrialba Basin, they can follow two different ways: they can go to the northern
part of the basin or continue a bit more through the Reventazón River and enter
the Turrialba Basin by its south part.

If the winds go to the north, it rains mostly on the area of Aquiares and
surroundings. In this case, the runoff drains straight to the Turrialba River,
causing peak discharges in this river. If the humidity enters through the south,
the precipitation takes place especially in the Colorado Basin. Therefore, peak
discharges can cause flooding of this river. Finally, when the air masses are big
enough, the extreme rainfalls may reach even the upper part of the Turrialba
Basin, producing not moderate events, as in the previous cases, but catastrophic
events (Garcı́a, 1990).

The discharges of the Turrialba and Colorado Rivers tend to behave accord-
ing to this pluviometrical regime ruled by micro-climatic factors. These dis-
charges are characterised by very low averages, but with occasional extremely
high peaks (Garcı́a, 1990). No relationship was found between the flood oc-
currence in Turrialba and regional meteorological events such as large tropical
storms, hurricanes and tropical depressions (Aparicio, 1999).

As it is going to be explained in detail in Section 3.2, December is the
most hazardous month of the year for Turrialba City. It is because December
is the month with the highest total monthly precipitation, with maximum peak
discharges and also when the largest number of floods have occurred (Aparicio,
1999). This situation has a meteorological explanation. During this specific
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month, the cloudiness is mainly located between 1200 and 1500 metres above
the sea level, corresponding with the upper Colorado Basin, and this causes an
increase in the precipitation in this specific area. In addition, because of the
Foehn effect, a high precipitation zone occurs between 600 and 1200 m.a.s.l.,
covering almost the whole Colorado Basin (Garcı́a, 1990).

February, in spite of being a dry month, also sticks out for the presence
of important peak discharges and high monthly precipitations and because it
follows December in the occurrence of flood events (Aparicio, 1999). But in this
case, no explanation has been found for this behaviour, but maybe these flash
floods have been caused by isolated torrential rains or by storms with a certain
intensity or direction.

2.3.2 Geomorphological causes of flooding and riverbank ero-
sion

The location of Turrialba City at the lower part of the Turrialba Basin, has
contributed to the flood problems. It is built just at the foot slopes, on top of the
alluvial fan, where there is an abrupt change in the slope angle. Therefore the
rivers come with a very high velocity and energy from high in the mountains.
The city covers a large part of the alluvial fan and the alluvial plains, and
sometimes even on the riverbeds (see Figure 2.5), areas that are naturally
flooded during peak events of the rivers.

This situation is aggravated by the presence of very tight curves in the river
channels and a very high sediment load due to landslides occurring upstream
during the rainfalls (Madrigal, 1996).

The lithology plays also an important role. The rivers that cause the floods
come from mountains formed by very weathered lavas. These lavas are covered
by a thick layer of clayey soils, which are very impervious. For this reason, the
infiltration in these mountains is quite reduced and an important amount of
rainfall is drained downslope through small watercourses.

In relation to the problem of riverbank erosion, the geomorphology plays
also a role. The Turrialba River has a very dynamic channel that suffers fre-
quent vertical and horizontal changes. It happens according to its necessity of
adapting its equilibrium profile to the hydrologic conditions of the basin. The
most problematic and dangerous sector of the river is where it crosses the city.
The horizontal changes are related to the variations of the river bends and the
vertical ones consider the changes in the micro relief of the riverbed. So, it can
be said that there is an interesting relationship between the morphology of the
riverbed and the behaviour of the river during the peak events (Garcı́a, 1990).

2.3.3 Urban expansion and landuse change and their relation
with the flooding problem

Turrialba City has experienced a large population growth in the last decades.
This situation, combined with wrong policies in urban and landuse planning,
has intensified the flood problems in the study area.
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In 1918, the District of Turrialba had a population of 5391 inhabitants
(Aparicio, 1999), while in 2000 it had 32004 (INEC, 2001). At the level of the
Canton of Turrialba, it can be seeing that the population increased from 9216
inhabitants in 1918 (Aparicio, 1999) to 68510 in 2000 (INEC, 2001). Turrialba
District is now the most populated within the Canton, with 46.7% of the inhab-
itants.

But the problem is not only that the city has grown up, but also that the ur-
ban area has expanded to hazardous areas on the flood plains of the rivers (see
Figure 2.6). In addition, the large cover of buildings and asphalt has reduced
the natural high capacity of infiltration of the alluvial fan deposits to almost
zero. Now, the runoff water has to invade the city roads in its way to the rivers,
increasing the possibility of damage to houses and infrastructure.

Figure 2.6: Urbanised areas of Turrialba City and their expansion between 1988 and 1998

A comparative analysis between population growth and precipitation was
carried out by Aparicio (1999). It shows that since 1949, the amount of rainfall
that is necessary to cause a flood has been decreasing, in general, according
to the increase in the population of Turrialba City. The only exception that
can be done is the 1996 flood event, which showed the largest 2-days mean
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precipitation (see Secetion 3.2) in 50 years (242 mm). But is interesting to
point out that only half of this precipitation would have been enough to cause
a flood (the 1991 event was caused by a rainfall of 120 mm) and that in 1923 a
similar precipitation was recorded, with no flood generated. The precipitation
necessary to generate a flood during the first half of the 20th century was more
or less 180 mm. Now, it is considered that a maximum daily precipitation of 100
mm is enough to trigger a flooding. Furthermore, an increase in the frequency
of flood events was detected since 1970.

In addition, there has been a change in the landuse, from forest to grass-
lands or agricultural areas, especially in the upper Turrialba Basin. It has led
to the increase of the peak discharges, the erosion, contamination and decrease
of soil fertility.
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Chapter 3

Previous studies on the
Turrialba Basin

Several researches concerning to the flooding problems in Turrialba City have
been carried out in the last twelve years, especially by experts of the Tropical
Agronomic Centre of Research and Education (CATIE) and the School of Civil
Engineering of the University of Costa Rica (UCR). Because the main threat to
the area comes from the Turrialba and the Colorado rivers, these studies are
focussed mostly in these two sub-basins (see Figures 2.2 and 2.4).

3.1 Hydrological analysis of precipitation data and
river discharges

The most common approach to the analysis of the rivers has always been the
hydrologic modeling, using the software package HEC-1 (from the Hydrologic
Engineering Centre of the U.S. Army Corps of Engineers). With this hydrologic
modeling, they calculate peak discharges for different return periods (e.g. 5,
10, 25, 50 and 100 years (Rojas, 2000)). Finally, the discharge value for the
100-year return period is used as design discharge for a hydraulic modeling
applying another software, HEC-2, in order to obtain the water levels the river
may reach during this specific event. Once they model the water level, they can
design and propose what structural solutions should be applied and where they
should be undertaken.

Even though the same method is applied in the different studies, not the
same results are obtained. This fact is due to the variations found between
studies in relation with the input data that have been used or the exact area
where the model was applied.

Rojas (2000) applied the HEC-1 model using precipitation data from two
pluviometrical stations (Rosemont and Pacayas), two pluviographical stations
(CATIE and San Antonio) and information on discharges obtained from the Tur-
rialba station (see location in Figure 2.2). The peak discharges for the different
return periods were calculated for the exact point where the Colorado River
flows into the Turrialba River. This was done because the flood events occur
upstream from this confluence and because the Turrialba station is located just
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after this point.
The peak discharge for a 100-year return period obtained from this hydro-

logic modeling was 932.14 m3/s and it was confirmed through a statistical anal-
ysis using a Log-Pearson III distribution (938.21 m3/s). The results of this
statistics are shown in Table 3.1. This author did not undertake any hydraulic
modeling.

Table 3.1: Design discharge for different return periods calculated by Log-Pearson III distribu-
tion for the Turrialba and Colorado sub-basins (Rojas, 2000)

Return period Discharge
(yrs) ( m3/s)

2 155.39
5 259.57
10 360.41
25 536.72
50 713.14

100 938.21

Solı́s et al. (1993) used HEC-1 with the same input data as Rojas (2000),
but adding rainfall information obtained from the Irazú station (outside the
Turrialba Basin, in the Irazú Volcano). First, they obtained a peak discharge
of 844.62 m3/s for a 100-year return period in the whole Turrialba Basin (in-
cluding six sub-basins, as explained in Section 2.1.2). This value is very similar
to the one they calculated (886.36 m3/s) by making a statistical analysis of the
discharge data from the Turrialba station (see Table 3.2).

Table 3.2: Design discharge for different return periods calculated by statistical analysis for
the Turrialba Basin (Soĺıs et al., 1993)

Return period Discharge
(yrs) ( m3/s)

2 195.03
5 393.05
10 497.27
20 591.07
25 655.34
50 775.19
75 839.46

100 886.36

After, a design discharge of 690 m3/s was established for the Turrialba River
(before its confluence with the Colorado River) and this was used as input value
for the hydraulic modeling with HEC-2. From this, they finally determined that
the Turrialba River has enough capacity for a peak discharge with a return
period of 100 years.

Solı́s et al. (1994) applied the same HEC-1 modeling at different points
along the Colorado River and its tributaries. As input data, they used the pre-
cipitation records of the Rosemont and CATIE stations (see Figure 2.2) for the
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periods 1968–1992 and 1949–1992, respectively. The peak discharges for a 100-
year return period obtained from this modeling are shown in Table 3.3.

Table 3.3: Design discharges for different return periods modeled with HEC-1 for different
sections along the Colorado River (Soĺıs et al., 1994)

Section of river or stream Discharge ( m3/s)
Poró until confluence with Colorado 36.5

Colorado until confluence with Puente Vigas 112.0
Colorado until confluence with Barahona 168.0

Barahona 29.1

Once these design discharges were obtained, the hydraulic modeling was
carried out. Then, it was possible to determine that four of the bridges on the
Colorado River (Panamá, 2nd Street, Independency and Railway bridges) are in-
sufficient for a peak discharge with a return period of 100 years (see Figure 3.1).

A different and less complex hydrologic analysis was carried out by Cardona
et al. (2000). They used precipitation data from the Pacayas and CATIE sta-
tions (see Figure 2.2) to calculate peak discharges for different return periods
in the individual sub-basins (see Section 2.1.2). In order to reach this, they
applied the following formula:

Q = 0.28× C × I ×A

where:
Q = discharge in m3/s
C = runoff coefficient
I = precipitation intensity in mm/h

A = area of the catchment in km2

The results obtained from this process are summarised in Table 3.4.
They also determined the transversal area of five possible bottlenecks

along the Gamboa Stream and the Turrialba and Colorado Rivers and com-
pare them with the computed discharges. In this way, they establish that the
Turrialba River has enough capacity for a 100-year return period discharge,
while the Gamboa Stream and the Colorado River may overflow once every one
or ten years, respectively.

3.2 Analysis of historical flood events and their rela-
tion with meteorological conditions

The most complete historical record of flood events in Turrialba City was found
in Garcia (1990). The description made by this author about each event is given
below (floods from 1737 to 1990) and it was complemented with data from other
sources (Zúñiga & Arce, 1990; Aparicio, 1999; Cardona et al., 2000). For the
location of the places that are mentioned, see Figure 3.1

It is important to point out that, even though in most of the events the Tur-
rialba River caused heavy damages along its margins, no report of overflowing
of this river is mentioned since 1891. In some cases related to the Colorado
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Figure 3.1: Location of the bridges and neighbourhoods of the study area

River, the creation of a flood extent map for a specific event was considered as
a possibility because a detailed description of the flooded areas was given. But
it could not be done because most of the cited places do not exist anymore, so it
is impossible to locate them.

• September 18th, 1737: there is a report for this date of a river flood in the
village of Turrialba that was caused by a rainfall that lasted three days.

• October 23rd, 1891: a storm that lasted four or five days, with heavy and
continuous rainfalls, caused one of the largest peaks in the history of the
Sarapiquı́ River, in the Caribbean part of Costa Rica. The Turrialba and
Colorado rivers overflowed too (Aparicio, 1999).

• December 20th, 1908: a storm started this day and it continued for five or
six days more. Because of this, in the city of Turrialba the Colorado River
destroyed two bridges and two houses and the Turrialba River destroyed
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Table 3.4: Return periods and discharge values for the different sub-basins within the Turrialba
Basin (Cardona et al., 2000)

River Return period Area Runoff coefficient Intensity (I) Discharge
yrs km2 C mm/hr m3/s

Turrialba 1 63.65 0.4 20 143
5 63.65 0.4 39 278

10 63.65 0.413 43 317
25 63.65 0.452 47 379
50 63.65 0.484 51 440

100 63.65 0.5 55 490
Colorado 1 10.38 0.4 37 43

5 10.38 0.4 55 64
10 10.38 0.413 73 88
25 10.38 0.452 81 106
50 10.38 0.484 87 122

100 10.38 0.5 93 135
Gamboa 1 1.67 0.4 62 12

5 1.67 0.4 100 19
10 1.67 0.413 108 21
25 1.67 0.452 118 25
50 1.67 0.484 126 29
100 1.67 0.5 134 31

Aquiares 1 22.93 0.4 35 90
5 22.93 0.4 53 136

10 22.93 0.413 71 188
25 22.93 0.452 79 229
50 22.93 0.484 85 264

100 22.93 0.5 91 292
Azul 1 4.76 0.4 45 24

5 4.76 0.4 84 45
10 4.76 0.413 92 51
25 4.76 0.452 104 63
50 4.76 0.484 112 72
100 4.76 0.5 120 80

the railway. Garcia (1990) does not say anything about flooding caused by
these rivers in this occasion.

• November, 1923: according to Zúniga and Arce (1990), on this month there
was a peak event in the Turrialba River caused by a rainfall that lasted
four days.

• November 22nd–25th, 1928: this time, most of the rivers in the Central
and Caribbean region of Costa Rica overflowed. There is a report that
the Colorado River destroyed the slaughterhouse and surrounding farms,
some houses and the bridge of the hospital. The Turrialba River damaged
the Black Bridge.

• November 10th–13th, 1933: a storm that affected Central and Caribbean
regions of the country caused a peak discharge in the Turrialba River and
because of this, the Black Bridge was damaged.
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• November 25th–29th, 1936: Costa Rica was affected by a storm that causes
the Colorado River to flood the city. In addition, the Turrialba River dam-
aged a bridge that Garcia (1990) refers to as the bridge near La Margot.
here, it is assumed that this author is referring to the White Bridge.

• December 4th, 1949: the storm that caused this flooding started the day
before and lasted 30 hours (Garcı́a, 1990). The flooding continued during
three days (Zúñiga & Arce, 1990). This event is considered as the highest
peak of the Turrialba River. The Colorado River overflowed in the centre
of the city and the Turrialba River destroyed completely the Black Bridge
and the bridge of La Margot (White Bridge?). A total of 96 houses were
destroyed in different parts of the city. There were no casualties because
the people were alerted by a smaller event that preceded the main peak
(Garcı́a, 1990), but anyway, 500 people were directly affected (Zúñiga &
Arce, 1990). After this event, some dikes were built along the Turrialba
River (Zúñiga & Arce, 1990).

• February 23rd-25th, 1966: a cold front entered the country through the
Caribbean Region, reaching the Irazú and Turrialba volcanoes and caus-
ing heavy rainfalls. It rained 400 mm in three days, with a maximum of
248 mm in 24 hours on the 24th. The Colorado River and the Barahona
Stream overflowed on the 25th and flooded part of the city. The Balneario
Bridge, two pedestrian bridges and 20 houses were destroyed. The Inde-
pendence Bridge was damaged (Garcı́a, 1990) and the dikes built in 1949
were almost completely destroyed. Because of this, the Ministry of Public
Works built a 800 m-long dike in the North of the city, which has been
exposed to a severe erosion since then (Zúñiga & Arce, 1990).

• December 4th-6th, 1970: a small stream close to the cemetery forced three
families to be evacuated and Las Americas neighbourhood was flooded by
40 cm of water. The Colorado River overflowed too (Aparicio, 1999) and
the Turrialba River caused no damages.

• September 2nd, 1983: the Turrialba River destroyed part of La Dominica
Park, where it eroded almost five metres from its margins, without over-
flowing. The Colorado River flooded the centre of the city and destroyed
some shops located on its margins (Garcı́a, 1990). There are reports of
damages in La Margot and La Guaria (Cardona et al., 2000).

• December 21st, 1987: this event was caused by a storm that started three
days before. The Turrialba River destroyed some houses located on its
margins, part of La Dominica Park and the dikes that were on this area.
The Colorado River overflowed in San Rafael.

• May 27th, 1990: the Turrialba River destroyed, in La Margot, two houses
located on its margins (Zúñiga & Arce, 1990). The Colorado River over-
flowed in La Guaria and flooded part of the city centre, affecting the bus
station (Garcı́a, 1990).

24



Chapter 3. Previous studies on the Turrialba Basin

• August 12th, 1991 and February 12th, 1996: Aparicio (1999) refers to flood
events that occured on these two dates, not giving any description about
them. For a detailed information related to the 1996 flooding, see Sec-
tion 4.2.3.

Based on these historical data, Aparicio (1999) carried out an analysis of
possible relationships between the occurrence of these events and the amount
and temporal distribution of precipitation in the Turrialba Basin. She used
records of daily precipitation and maximum daily precipitation per month (in
mm), for the period 1949–1998, from the CATIE station, and maximum and
average monthly precipitation, for the period 1923–1998, from CATIE and La
Dominica stations. From this comparative analysis, she came into interesting
conclusions, which are described below. For an explanation of the meteorologi-
cal causes of the floods in the Turrialba Basin, see Section 2.3.1.

Relationship between flood occurrence and daily precipitation
For each of the 8 flood events reported since 1949, the precipitation of
the day of the flood and the day before was determined and then, the
cumulative or 2-days average precipitation was calculated (see Table 3.5).
This value consists simply on the value of the precipitation of the day the
flood happened, add up with the value of the day before and divided by
two. Its purpose is to extend the analysis range and like this, be able to
cover a precipitation period of 24 hours. The 1983 and 1990 events were
excluded because they seem to be out of the general tendency, possibly due
to an error in the measurements.

Table 3.5: Average 2-days precipitation for the the flood events of the period 1949–1996
(Aparicio, 1999)

Year Month Dates Precipitation Average 2-days
mm precipitation (mm)

1949 December 3 & 4 64.5 & 288.3 176.4
1966 February 24 & 25 247.5 & 119.8 183.7
1970 December 3 & 4 248.8 & 107.1 178.0
1983 September 1 & 2 61.3 & 0.0 30.65
1987 December 20 & 21 120.3 & 67.0 93.7
1990 May 26 & 27 36.1 & 26.9 31.5
1991 August 11 & 12 118.1 & 120.4 119.3
1996 February 12 & 13 170.0 & 314.0 242.0

It was established that the average rainfall for the day the flood occurs
is 143,4 mm and the 2-days average precipitation showed a mean value of
131.8 mm. The general tendency is that it rains at least 100 mm during
the day of the flood or the day before.

Relationship between flood occurrence and time of the year
It was found that the month with the largest flooding occurrence is De-
cember with 37% (3 of 8 events), followed by February with 25% (2 of 8
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events) and finally, September, May and August with 12% each (1 event).
In addition, the flood events that happened on February show the largest
values of 2-days average precipitation, with 183,7 mm in 1966 and 242
mm in 1996.
Furthermore, the months that present more total precipitation in the
period 1923–1998 are, in descendent order: December, July, June and
November, followed by October, August, September and May. It leads to
the establishment of January to April as the dry season in the area. If
this is compared with the dates of the flood events, it can be seen that,
except for the events that occurred on February, the rest of the floods have
happened during the rainy season.
Finally, it was determined that years presenting flood events do not coin-
cide necessarily with the largest annual or monthly precipitation records.

Analysis of the maximum daily precipitation per month
After the analysis of the maximum daily precipitation for the period 1949–
1998, December appeared as the month with the largest amount of peak
events, followed by February. The later is the only month that, in spite of
being one of the driest months of the year, has the second place in number
of flood events and of peak daily precipitation.
A Fourier analysis was applied to these peak daily precipitation values
and the absence of a cyclic behaviour was determined. It made very dif-
ficult to establish for them a clear return period, so their occurrence was
considered as unpredictable.

3.3 Statistical analysis of precipitation data

For the present research, precipitation information from the CATIE station (see
Table 3.6) was obtained (Aparicio, 1999) and a simple statistical approach was
used to calculate the probabilities of occurrence for the different records. It
is important to notice in this table that the highest daily precipitation in this
station, since 1949, was registered the day of the flood of February 1996 (314
mm).

The method followed for the calculation of the return periods (Gumbel
method (Viessman et al., 1989)) is summarised below, and the results obtained
can be seen in Table 3.7:

• The precipitation records have to be sorted from lowest to highest.

• A rank value (J) is assigned to the records, starting with a value 1 for the
lowest record, until a value n (= number of records) for the highest one.

• The probability of not-being exceded is calculated with the formula P =
J

n+1 , and the return period with R = 1
1−P .

• In order to graph the results, a plotting position Y (= −ln(−ln(P ))) is
calculated and then the precipitations are plotted against it. After this, a
line of best fit is constructed (see Figure 3.2).
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Table 3.6: Record of annual maximum 24-hour precipitations for the CATIE station from 1949
until 1998

Year Precipitation (mm) Year Precipitation (mm)
1949 288 1974 154
1950 96 1975 152
1951 104 1976 126
1952 83 1977 84
1953 140 1978 85
1954 78 1979 65
1955 109 1980 148
1956 109 1981 150
1957 106 1982 115
1958 65 1983 107
1959 102 1984 166
1960 109 1985 91
1961 85 1986 176
1962 96 1987 120
1963 110 1988 241
1964 61 1989 100
1965 82 1990 67
1966 248 1991 120
1967 102 1992 131
1968 131 1993 220
1969 107 1994 96
1970 288 1995 78
1971 86 1996 314
1972 127 1997 235
1973 124 1998 121

• From this graph the value Y for different precipitations can be read and
the return period can be simply calculated with the formula P = e−e−Y . P
is then substituted in the formula of R given above.

Table 3.7: Return period of different precipitations obtained by the Gumbel Method (Viess-
man et al., 1989)

Return Period (yrs) Plotting Position Y Precipitation (m)
50 3.9 300
25 3.2 265
10 2.3 220
5 1.5 180
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Figure 3.2: Precipitation (mm) vrs. Plotting Position Y and the concerned line of best fit used
to calculate the precipitation for different return periods. Gumbel Method (Viessman et al.,
1989)
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Chapter 4

Flood hazard assessment in
Turrialba City

A natural hazard is the probability of occurrence, within a specified period of
time and within a given area, of a potentially damaging phenomenon (UNDRO,
1982, in (Alexander, 1993)). It is a physical event that can have an impact
on human beings and their environment and, unless this conjunction occurs,
there will be no damage or disaster. The hazard involves the human population
placing itself at risk from geophysical events (Alexander, 1993).

This specific combination of factors happens in Turrialba City, where an
important urban settlement has grown, and continues growing, in an area nat-
urally affected by floods, landslides, earthquakes and volcanic activity. This
city is frequently affected by flash floods of the small rivers that come from the
mountains located to the west and southwest (Colorado, Poró, Gamboa, Bara-
hona, Túnel and some other small watercourses). The large rivers of the study
area (Turrialba, Aquiares and Azul) do not cause any floods mainly because
they have more discharge capacity (see Section 2.3).

As mentioned in Chapter 1, this research intends to assess the flood haz-
ard that affects Turrialba City and to construct flood scenarios based on past
events, in order to develop a basis for further vulnerability and risk analysis.
An initial objective was to gather, through interviews in the field, as much in-
formation as possible related to different past flood events. Unfortunately, this
objective had to be changed. During the fieldwork it was found that citizens
do not remember the dates of the events or even the occurrence of the events
themselves, they are no longer able to give any specific details about them or
they have just moved to the city, so they ignored everything about the flooding
problems in the area. Most of the time, they only remember the last important
flooding that affected the city, which is the flood event of February 1996. For
this reason, the author decided to focuss the analysis on a single scenario: the
1996 flood event.

This chapter presents a detailed description of the method followed for this
flood hazard assessment, as well as an analysis of the results.
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4.1 Proposed approach for this assessment

After a detailed review of previous researches related to flooding in Turrialba
City (see Chapter 3), it was possible to establish a key aspect for this research.
Floods in Turrialba have always been studied from a hydrological or meteoro-
logical point of view, while geomorphology has played little or no role in most
of them. In addition, floods have been related almost only to the magnitude
of the peak discharges or the amount of rainfall. But large scale features like
detailed topography of the city, structure of the city with respect to spacing of
houses and streets, distribution of the water inside the city, presence of bottle-
necks along the rivers and location of the most affected neighbourhoods, have
been hardly taken into account.

For this reason, the present assessment will be done using a geomorpho-
logical approach, basing the hazard zonation on a combination of image inter-
pretation and field observations. The construction of flood scenarios and the
identification and analysis of critical areas will be mainly based on field survey.

Hopefully, this new approach to study an old problem will provide fresh
ideas to the authorities involved in hazard mitigation and prevention in the
city of Turrialba and the rest of the country.

4.2 The hazard assessment process

Three main stages can be identified within the method applied during this part
of the research: data collection, data processing, and analysis of results. These
stages are described below.

4.2.1 Data collection

The main data set, which an important part of this thesis is based on, is the
cadastral database of the study area. It includes several attributes for each
parcel or plot inside the area and it is linked to a polygon map that shows the
location and boundaries of these elements (see Figure 4.1). As parcel or plot
we understand any spatial element with a specific landuse, that can be repre-
sented by a polygon. It can be a house, a building, industry or an agricultural or
recreational field. The scale played an important role in the mapping process.
For example, the residential plots inside the urban area comprised the house
and its surrounding green area. In the rural area it was sometimes possible to
separate both elements as two different plots.

The attributes included in the database are: landuse, number of floors, age,
building material, and others related to hazards and damage caused by specific
disasters (see Section 4.2.2). A detailed description of the first four attributes
will be given in Section 5.2.1.

This cadastral mapping and attribute compilation was done in three differ-
ent stages, by different groups of professionals, as it is explained in Table 4.1.

Besides the updating and improvement of the database, Stage 3 comprised
also the identification of bottlenecks and flow patterns, as well as the obser-
vation of large-scale geomorphological features that may influence them.
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Figure 4.1: Attribute polygon map of the elements at risk showing the different landuse types
observed in the study area

Finally, a bibliographic compilation was carried out in the libraries of the
University of Costa Rica (UCR), the Tropical Agronomical Centre of Research
and Education (CATIE) and the National Institute of Statistics and Census
(INEC), and visiting the Costa Rican Institute of Electricity and Telecommuni-
cations (ICE) and the National Emergency Commission (CNE).

4.2.2 Data management and processing

From all the data described above, several maps were generated, applying a
series of GIS tools using the software ILWIS 3.0, as it is shown in Figure 4.3
and explained below. The resulting maps and their analysis are presented in
Section 4.3.

First, during the different field surveys (see Section 4.2.1), a unique code
was assigned to every single parcel within the study area and an attribute ta-
ble was made with all the information collected. At the same time, the elements
were spatially located on a colour aerial orthophoto at scale 1:5,000, using coded
points. Obviously, a code consistency exists between the attribute table and the
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Table 4.1: Stages in the creation of the cadastral database of the study area and their
characteristics

Stage Group Date Area sur-
veyed

Data obtained

1 ITC-UNESCO
group (Car-
dona et al.,
2000) from
Central Amer-
ica and the
Caribbean

June
2000

Most of
the urban
sectors of
Turrialba
City

Attributes of the physical part of the ele-
ments (landuse, number of floors, age, ma-
terials). Scarce and general information
about hazards (natural and man-induced)
and damages, without pointing out the spe-
cific event that cause them

2 ITC group of
international
students
(China, Pak-
istan, Nepal,
Malawi, Costa
Rica, Mexico
and Italy),
including the
author

June
2001

Mostly
outside
the urban
areas, fo-
cussing on
the agri-
cultural
sectors

The database for the entire study area was
completed. The group was divided in four
teams of three people. Again, the hazard
and damage aspects were not included in
most of the cases

3 Author July
2001

Area
flooded
by Col-
orado River,
Gamboa
and Túnel
streams and
other wa-
tercourses,
on 02/96
(Figure 4.2)

Attributes and boundaries of the elements
were checked and modified. The landuse,
age, number of floors and material was
determined by visual inspection (see Sec-
tion refsubsec:elem). Special interest was
given to information related to flooding and
riverbank erosion. These data were ac-
quired through interviews with the own-
ers or inhabitants of the buildings. The in-
terviews were done, at least, every 4 or 5
buildings.

point map. In addition, a segment map was created with all the boundaries
of the elements. Once having this segment map related to an attribute table
through a point map, it was possible to generate an attribute polygon map of
the study area (see Figure 4.3).

As it was explained in Section 4.2.1, after the first stage of the mapping pro-
cess, the segment and point maps only covered the urban part of the study area.
It became totally covered only after the second stage. During the third stage
the segments and points of a specific part of the study area (see Figure 4.2) were
checked, and in many cases, modified. All these changes forced the polygon map
to be updated several times (see Figure 4.3).

After Stages 1 and 2, the attribute table included essentially four attributes
for each element: landuse, age, building material and number of floors (see Sec-
tion 5.2.1). During Stage 3, more attributes were added to include information
about the 1996 flood event and about problems related to riverbank erosion
(FloodArea96, FloodDepth, RivErHazZon and RivErDam). An explanation of
these attributes and their records is given in Table 4.2.

From the attribute point map showing the water depths during the 1996
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Figure 4.2: Area surveyed by the author during the fieldwork. The map shows also the areas
that were flooded by the Colorado River, the Gamboa Stream and their tributaries during
the 1996 flood event. It includes as well bottlenecks and other critical points identified in the
field

flooding, it was possible to do a visual interpolation and digitise by hand, con-
tours for three different maximum depth values: 0, 10 and 50 cm. No depths
greater than 1 m were found inside the study area. After this, an interpolation
of contours using ILWIS was done and a raster map of maximum flood depths
for the 1996 event was obtained. This map will be used as scenario for the
further vulnerability and risk assessments (see Chapters 5 and 6).

A parallel process was also undertaken. A geomorphological interpreta-
tion was done using colour and black and white aerial photographs at three dif-
ferent scales and dates (1:5,000, unknown date; 1:20,000, 1988; and 1:40,000,
1998), none of them taken during a flood event, and the anaglyph image cre-
ated using the DEM and the panchromatic Landsat-TM image of January 2001.
Complementing this geomorphological map (see Figure 2.5) with field observa-
tions done by the author, the flood hazard map of the study area was produced
assigning a different degree of hazard to each geomorphological unit, based on
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Figure 4.3: Flow chart describing the method followed during the flood hazard assessment

its characteristics.
In order to consider this hazard zonation within the database, an attribute

called Flood Hazard Zonation (FloodHazZon) was added to the table (see Ta-
ble 4.2). Also, the attribute RivErHazZon was updated with this geomorpholog-
ical information.

4.2.3 Analysis of the 1996 flood event

For reasons that have been already explained above and in Section 1.5, the in-
formation collected during Stage 3 (see Table 4.1) is only related to the 1996
flood event, and the surveyed area corresponds mainly to the area flooded dur-
ing it (see Figure 4.2). This information includes the dimensions of the flooded
area, the variations of the maximum water depth inside it and the location of
areas affected by riverbank erosion. All this information was included in the
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Table 4.2: Description of the attributes and records related to flood and riverbank erosion
hazard and damage, added to the attribute table during Stage 3

Attribute
name

Description Records

FloodArea96 Indicates if a specific element was within the area
flooded during the 1996 flooding, no matter if it
was directly affected by the floodwater or not. This
attribute is completely based on field observations
done during stages 1 and 3

Flooded area
No hazard observed

FloodDepth Used to indicate the maximum flood water level in-
side each element during the 1996 flood event. This
attribute is completely based on field observations
done during stages 1 and 3

< 10 cm
10–50 cm
50–100 cm
> 1 m
No damage observed

FloodHazZon Used to include inside the attribute table, informa-
tion related to the flood hazard zonation map that
was created based on geomorphological interpreta-
tion and field observations of Stage 3

Flooded area
No hazard observed

RivErHazZon Used to identify those elements located on or close
to the riverbanks, which have been or could be af-
fected by the erosion of these banks. This attribute
is based on field observations done during Stage 3
and on photo-interpretation

Close to the river
No hazard observed

RivErDam Indicates if the element has been directly affected by
erosion of the riverbanks, causing any kind of dam-
age to the structure or, in case of a parcel, reduction
of the area. The date of the damage is indicated in an
extra column (DateEr). This attribute is completely
based on field observations done during Stages 3

Lateral erosion of
the river
No hazard observed

database of the study area (see Section 4.2.2).
In addition, the location of bottlenecks and critical sectors that influence,

in some way, the distribution and behaviour of the floodwater, was determined
(see Figure 4.2). A bottleneck is a structure (e.g. bridge, culvert, etc.) located on
the river course that has reduced dimensions compared to the river’s discharge
capacity, so it is frequently overtopped and then behaves as source point for
flooding. A critical point is also a flood source area, but corresponds to a sector
where the overflowing is due to more natural conditions, such as slope changes,
convergence of two or more rivers or tight curves of a river.

It can be said that from the information gathered during Stage 3 (see Ta-
ble 4.1), two main maps were generated: one related to the flood extent and
depths (see Figure 4.4) and the other showing the locations of these critical
sectors (see Figure 4.2).

The floodwater depth map shows that in 1996, the water covered most of
the neighbourhoods located to the south of the Turrialba River, from Pastor
and Alto Cruz to Las Américas and Campabadal (see Figure 3.1), and including
the centre of the city. The sectors where the water depth reached maximum
values (between 50 cm and 1 m) were Las Américas, San Cayetano, La Guaria,
Repasto and the city centre, specifically in the Municipal Market and the bus
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Figure 4.4: Flood depths map of the flood event of February 1996 in Turrialba City. Values are
in centimetres

station. The rest of the area was under less than 50 cm of water.
It is important to point out that the data used to model this scenario in

the area of Repasto, were collected during Stage 1 (see Table 4.1) and was not
checked by the author due to lack of time. Also, the original contours where
this map was generated from, follow more or less the shape of the houses and
buildings of the cadastral polygon map. It was done like this because this flood
extent-depth map will be used as scenario for the vulnerability assessment
(see Chapter 5), in which it is necessary to relate each house or building to a
single water depth. It is not the case of the agricultural areas, which can show
different depths within their boundaries. During the visual interpolation car-
ried out during the on-screen digitising of these contours, some generalisation
had to be done due to scale problems, so it was impossible to show a few small
locations (most of the time corresponding to a single house) where the water
level was more that 1 m.

This flood depth map will be used as a basis for the further vulnerability
and risk analysis, so it was necessary to approximate the return period of this
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event. Because there is no data available related to the river discharges dur-
ing this flooding (see Section 1.5), the author was forced to do an estimation
based on precipitation data. Knowing that the amount of rainfall registered on
the date of the flooding (February 13th, 1996) is 314 mm (Aparicio, 1999) and
comparing it to the results obtained in Section 3.3, a return period of 50 years
(y=4.25 in Figure 3.2) was established for the 1996 flood event. Of course, by
using this method based on precipitation data, it has to be assumed that the
rivers which caused this flooding will react in the same way to the influence of
a specific precipitation. That means they will generate flood events with the
same return period of the precipitation that triggered them, in spite of the size
differences between the basins.

During Stage 3, it was also determined that the distribution of the floodwa-
ter within Turrialba City is mainly determined by the existence, location and
specific behaviour of bottlenecks and critical points during an specific discharge.
They are located along the Colorado River, the Gamboa and Túnel streams and
some of their tributaries, as it is shown in Figure 4.2. The characteristics of
each of these points are given as follows (see Figure 3.1 for the location of the
bridges):

• Point 1: it is located just before the confluence of the rivers Poró and Col-
orado. According to Solı́s et al. (1994), during peak events, the Poró River
carries large discharges due to the abrupt transition between the moun-
tainous area with slopes of 9% and the alluvial plains, with slopes of 3%.
In this transition area, the river deposits coarse materials, building an
alluvial fan with a not well-defined channel. The insufficient discharge
capacity of this watercourse, together with the abrupt turn found in its
confluence with the Colorado River, causes the Poró River to overflow in
its left margin. The streets of the residential areas close to this point (Alto
Cruz and Pastor) are parallel to the river, so they act as secondary chan-
nels for the floodwater that runs just straight to La Guaria and reaches
the city centre.

This critical point is on a flat area that used to behave as a natural tem-
porary reservoir in case of flooding. But the urban expansion to this side
of the city, as well as some works done in order to reduce the flooding
problem, have altered this natural condition (Solı́s et al., 1994).

• Point 2: at this point, a small stream coming down from a steep slope
reaches a flat area where a residential area is located. But the main prob-
lem is that here, the stream is forced to go underground through culverts
with insufficient capacity. So, from this bottleneck that exists at the begin-
ning of the culvert, the stream frequently overflows affecting the houses
located on its way to the Colorado River. Some works have been carried
out by the Municipality and the neighbours, but apparently the problem
has not been solved completely yet.

• Point 3: corresponds to the bridge located just before Barahona Stream
joins Colorado River, a few metres from the beginning of the road to San
José. The natural channel of this stream has been narrowed by this small
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bridge as well as by a concrete channel just before it. When a peak dis-
charge arrives, carrying trash, mud and trees, the area under the bridge
is blocked and the river has to overflow, affecting the streets, houses and
shops nearby (see Figure 4.5).

Figure 4.5: Critical points where the streams overflowed in 1996: Point 3 (upper left), Point
4 (lower left), Point 11 (upper right) and sector of the Gamboa Stream just before Point 12
(lower right)

• Point 4: located just after the Second Street Bridge, on the Colorado River.
Here, the river channel has been narrowed by the presence of buildings
and concrete walls on its margins and also, the river makes a right turn.
During some extreme events the level of the river can reach and overtop
the wall on its left side, and the water goes into the Municipal Market,
causing a lot of damages, as it happened on 1996. The water then comes
out of the market through different points, flooding all the surrounding
streets and buildings (see Figure 4.5).

• Point 5: a combination of three factors is present at this point. First,
the water that entered the Municipal Market at point 4, comes out of it
through one of the entrances located just here. Second, the river overflows
again when reaches the Independence Bridge (see Figure 4.6). Finally,
there is a bottleneck because in here, the Colorado River is forced to go
under the bus station located in front of the market, through a tunnel of
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small dimensions. Due to all these factors, this part of the city centre can
be considered one of the most critical ones. All the shops, the market, the
bus and gas stations and the streets are severely affected by muddy water
that carries a lot of trash and that comes with a lot of energy. The water
level in here can be of almost 1 m.

Figure 4.6: Overflowing of the Colorado River at the Independence Bridge, during the 1996
flooding (Cardona et al., 2000).

• Point 6: corresponds to the end of the tunnel below the bus station. The
water comes out of this tunnel with a lot of energy, overflowing and erod-
ing intensively its margins. The floodwater spreads from here in all direc-
tions, but specially to the Northeast and East. Some butcher shops located
at this point were completely destroyed by the Colorado River in 1996 (see
Figure 4.7).

• Point 7: bottleneck caused because a small stream enters a culvert of in-
sufficient dimensions for a peak discharge. The stream overflows, affect-
ing the surrounding houses.

• Point 8: here, the Gamboa Stream runs through a narrow culvert along
the back part of a line of houses. During peak discharges the stream can
destroy the culvert and enter the houses. Then, it comes out to the street,
flooding other houses and the park. The water level in this area tends to
be considerably high (almost 50 cm), because it cannot easily flow back to
its natural channel, due to the presence of the houses.

• Point 9: a situation very similar to the one described for point 8 is found
here. Again, the Gamboa Stream overflows due to the small dimensions
of a culvert and floods the surrounding houses with 50 cm of water.
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Figure 4.7: Butcher shop collapsed due to riverbank erosion along the Colorado River on
1996

• Point 10: this point is located where the Gamboa Stream floods the area
where the Municipal Gymnasium and some warehouses are located. Here,
this stream crosses a very flat area and floods it, in a process that seems
to be natural. Some neighbours say that this area used to be a swamp,
but the urban extension has covered it. So, the problem here is due to the
human invasion of flat areas located just at the footslopes.

• Points 11, 12 and 13 : along this section of the Gamboa Stream, a culvert
was built to conduct its water under a densely populated area called Las
Americas. But the dimensions of this culvert become insufficient during
peak discharges, causing the stream to overflow and to affect severely the
houses located nearby (see Figure 4.5). The overflowing occurs mainly at
three different points, in front of the new building of a public university
(Point 11), next to the public school of the neighbourhood (Point 12), and
behind the Community Centre (Point 13). In some areas of this neighbour-
hoods, water depths of more than 50 cm can be reached, specially close to
the north of point 13. Here, the presence of a wall causes the water to
stagnate inside the residential area.

• Point 14: corresponds to the southwestern part of Campabadal. Here, the
natural channel of Túnel Stream was modified due to urban expansion,
changing its location and dimensions. Because of it, the stream tends to
overflow during peak discharges, flooding large areas along it way through
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the residential areas. In 1996, a mudflow on this stream destroyed several
houses close to this point.

Based on field observations, it is possible to assume that these critical points
are always the main contributing factors to the distribution and extent of the
flooded area. That means, floods caused by these rivers tend to have always the
same distribution, showing only variations in water depths and slight changes
in flood extension, depending on the magnitude of the discharge.

4.3 Resulting hazard maps

Two hazard zonation maps were done based on the data acquired through field
survey and photo-interpretation, as it was explained in Section 4.2.2. Both
maps are shown and described below.

4.3.1 Flood hazard map

This map was obtained after an analysis of the flood hazard in the study area,
applying geomorphological and field criteria. A different degree of hazard was
assigned to each geomorphological unit (see Figure 4.8), based on its location,
slope, drainage pattern, grain size and permeability (see Section 2.2.2). The
shape of some of these units was modified based on local conditions (see Sec-
tion 4.2.3) that increase the flood susceptibility in a specific sector, such as the
presence of a bottleneck in a river.

Four categories of flood hazard were established:

• Areas with high flood hazard (high frequency floods - return period <25
years): they are mostly located on the middle part of alluvial fan, which is
frequently flooded by the Colorado River and its tributaries. This geomor-
phological unit has a certain slope (5-10 %) and is formed by permeable
materials, but this original permeability was severely decreased by the
development of the city centre on top of it. The small part of the lower
alluvial fan and the alluvial plains included within this hazard category,
are related to the existence of critical conditions.

• Areas with medium flood hazard (medium frequency floods - return period
of 25–75 years): correspond with most of the lower alluvial fan and the
alluvial plains. The lower fan, in spite of being flatter and less permeable
than the middle fan, is located farther away from the rivers that usually
cause floods. For this reason, this unit shows a lower degree of flood haz-
ard. The alluvial plains that were considered within this category are
those located along the Turrialba, Aquiares and Azul rivers. These rivers
have deep valleys and this reduces considerably their probability of caus-
ing a flood.

• Areas with low flood hazard (low frequency floods - return period >75
years): the lahar plains located in the southeastern part of the study area,
are the only ones included within this category. These plains are totally
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Figure 4.8: Flood Hazard Zonation Map of the study area

flat and have a deficient natural drainage, but they are located far away
from any flood source. There is no report of historical flooding in this sec-
tor.

• Areas without flood hazard: denudational hills, debris avalanche slopes
and the upper part of the alluvial fan are considered as no hazardous
zones. On the contrary, their steep slopes make them to be optimum zones
for the concentration of runoff water that may cause flooding in the lower
areas.

4.3.2 Riverbank erosion hazard map

It shows areas along the rivers that have been or can be affected by bank ero-
sion. The problem is present mainly along the Turrialba and Colorado Rivers,
and in the lower part of the Aquiares River (see Figure 4.9).

The erosion in these areas does not only happen during peak discharges
of the rivers. It can occur just after them, when the river returns to a normal
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Figure 4.9: Hazard map for riverbank erosion within the study area

condition but adopts a new channel, which is closer to the river margins.
On December 2001, an intense erosion took place along the riverbanks of

the Turrialba River, causing considerable damages (see Figure 4.10). In La
Dominica Park (see Figure 2.4), the dikes were completely destroyed, leaving
now this sector completely unprotected against future events.

Because this map will be used further on to calculate the vulnerability and
risk to riverbank erosion for each parcel, it was made on the basis of the cadas-
tral polygon map. That means, the boundaries of the hazardous zones appear
following the shape of parcels.
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Figure 4.10: Effects of riverbank erosion along the Turrialba River during the event of Decem-
ber 2001 (pictures taken by S. Salazar, CATIE)
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Chapter 5

Vulnerability analysis

Vulnerability is the degree of loss to a given element or set of elements at risk
resulting from the occurrence of a natural phenomenon of a given magnitude. It
is expressed on a scale from 0 (no damage) to 1 (total loss). For urban planning
purposes, a hazard map is not completely useful. The location of the areas
where the largest economical losses due to natural disasters could occur is of
invaluable importance. Therefore, the need of complementing natural hazard
studies with vulnerability and risk assessments.

The present chapter intends to describe the method developed in this re-
search for the vulnerability assessment of both flooding and riverbank erosion,
in Turrialba City. This method could also be slightly adapted and easily applied
in other parts of Costa Rica, and elsewhere.

Damage due to flooding depends on several factors, such as water depth,
duration of flooding, flow velocity, sediment concentration and pollution. The
present study will focuss only in damages due to floodwater depth. The river-
bank erosion vulnerability assessment will consider partial or total collapse of
structures or loss of area in parcels.

5.1 Theory on flood vulnerability assessment

The basic method to evaluate urban losses is dependent upon the development
and use of stage-damage curves, alternatively called loss functions or vulner-
ability functions. A stage-damage curve normally relates to a specific class of
buildings or crops and presents information on the relationship of flood damage
to depth of flooding (or stage) (Smith, 1994).

Several fundamentally different types of flood damage are generally recog-
nised. First, it is customary to distinguish between tangible and intangible
damages based on whether or not monetary values can be assigned to the con-
sequences of flooding. Examples of intangible losses include anxiety, inconve-
nience and ill-health. Tangible damages can be divided into the direct and the
indirect. Direct damages result from the physical contact of flood water with
damageable property. The magnitude of the damage may be taken as the cost
of restoration of property to its condition before the flood event, or its loss in
market value if restoration is not worthwhile. Direct damages are a function
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of many variables. Some of these are controlled by the physical make-up of
the flood prone area, that is the landuse and its susceptibility to flood damage.
Others are related to the characteristics of the flood event, including the area
covered, the depth and duration of flooding, the velocity of flood water and its
sediment and effluent content. Indirect damages are losses caused by disrup-
tion of physical and economic linkages of the economy. Examples include in-
terruption of traffic flows, loss of industrial production, loss of personal income
and business profit. It is further possible to conceive of secondary direct dam-
ages, such as damage due to gas explosion through leakage caused by flooding,
and secondary indirect damage such as retail business losses due to reduced lo-
cal family incomes resulting from loss of work (Penning-Rowsell & Chatterton,
1977). Loss functions are mostly related to the description of direct damage to
the elements at risk.

5.1.1 Approaches for the development of loss functions

Smith (1994) distinguishes basically two approaches for the development of
these curves. The first approach (actual damage surveys) is based on gath-
ering of data from actual flood events and their use as a guide to future events.
But the extrapolation of these curves from place to place has presented some
difficulties due to differences in warning times, building types and contents. A
different approach was required and a new method was developed. It is based
on synthetic stage-damage curves, which do not rely on information from an
actual flood event but are based on hypothetical analysis.

Synthetic stage-damage curves are of 2 types. These are based on existing
databases and on valuation surveys. Both require the elements at risk to be
subdivided into a number of classes.

Existing databases
All the elements at risk are included within a cadastral database. They
are classified in different categories and subcategories and stage-damage
curves are developed for each of these groups. Usually, the estimates of
the damages to building fabric are obtained using existing information on
the possible effects of flooding on building materials. The losses to content
are based mainly upon ownership rates obtained from marketing manu-
als, relating ownership to social class. This method makes the assumption
that properties in flood-prone areas are comparable within a whole coun-
try. The limitation of this approach is that all this information on itemised
flood damage to building structure, the market and consumer ownership
statistics and the data on social class are not always available in all the
countries.

Valuation surveys
This method is normally limited to dwellings in a particular region. Valu-
ation surveys select a sample of elements in each designated class and a
checklist of possible contents is drawn up. For the selected properties the
surveyor (ideally a qualified loss adjuster or valuer) notes all items and
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their current value based on type, quality and degree of wear. The survey
can include information on the height above the floor of each item or the
heights can be taken as standard from house to house. The information
for all samples of each element class is then averaged and stage-damage
curves constructed. The resulting stage-damage curves are for potential
damage, although similar methods can be used to assess losses that occur
immediately after a flood (actual damage surveys).

5.1.2 Examples of vulnerability assessments around the world

Four different case studies have been extracted from the literature to exemplify
the approaches for vulnerability assessment explained in Section 5.1.1.

Actual flood damage approach
This approach was used in the United States (USACE, 1999) and Canada
(KGS Group, 2000) for the damage assessment in some counties after the
1997 flooding.

In Manitoba, Canada, structural depth-damage relationships were based
exclusively on a set of 186 damage claims for the 1997 flood event. For
preparation of the curves, first of all, the structures were separated into
specific categories with similar characteristics. Typical structure cate-
gories included single storey residential, multi-storey residential, mobile
home and commercial/industrial/public buildings (thirteen categories in
total). The assessed market value of each structure was determined from
the tax assessment database or from the records of the Manitoba Emer-
gency Management Organisation. Finally, the flood claims were used to
determine the value of the content losses as a percent of the building
value. The curves developed included three components of loss: founda-
tion, structural components and moveables. The damages were referenced
to depth of flooding above the first floor level (the reference level) (KGS
Group, 2000).

A similar approach was used by the United States Army Corps of Engi-
neers (USACE) to assess the damage in Yuba County, California, after a
flood event in 1997. Flood damages were organised into three categories:
structural, content and non-physical (cleanup, added costs of food, medi-
cal expenses, etc.) damages. The evaluated data were derived from 140
completed damage surveys associated with properties with measurable
flood depth above first floor level. Damages were expressed as a percent
of the structure value, which was estimated for each residence using the
Marshall and Swift Valuation. The analysis is focussed on residences (one-
story with or without basement and two- or more story residence with no
basement). For each structure type, the depth damage curve was obtained
through a regression equation (USACE, 1999).

Existing databases approach
The method for flood damage assessment used in the United Kingdom
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(Penning-Rowsell & Chatterton, 1977), based on the existence of cadastral
maps, is an example of this approach.
This detailed method considers that the landuse of a flood prone area
profoundly affects the likely damage characteristics. Therefore, the im-
portance of landuse dictates its organisation. The elements at risk are
grouped in 10 different sectors:

• Residential dwellings,
• Agricultural buildings,
• Agricultural land,
• Non-built up land (not agricultural),
• Non-domestic residential,
• Retail trading and related services,
• Professional and office,
• Public buildings and community services,
• Manufacturing and extractive industries,
• Public utilities and transportation.

Each sector is also subdivided in several types, which include different
categories divided in subcategories (e.g. within the retail sector, the food
shops (which are a category of the retail shops type) are differentiated into
butcher’s shops, fishmongers, men’s and boy’s wear shop, etc.).
They believe that it is very difficult to collect accurate data through ex-
amination and recording of the consequences of a flood, after the event.
That is why they use a different approach: the measurement of potential
flood damage. The depth of floodwater within buildings and the depth and
extent of floodwater on a floodplain are taken to be the main variables af-
fecting flood damage. The duration and velocity of flooding are assumed
to be of lesser importance. Also, the costs relate to restoration to pre-flood
conditions, not to full replacement. The method concentrates on tangible
flood damages.
The stages of this damage assessment are:

• Flood levels and extents (stage/discharge data) for several discharges.
• Return period of different discharges (probability/discharge data).
• Losses caused by various levels of flooding (stage/damage data) de-

rived from stage/damage relationships.
• Damage/flow relationships.
• Damage/probability relationships.
• Expected annual value of benefits.

Many different stage/damage (depth in m and damage in pounds/m2) re-
lationships are given for different degrees of detail (sector, type, categories
or subcategories) and the user can select the more suitable relationships
for his/her assessment (Penning-Rowsell & Chatterton, 1977).
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Valuation surveys approach
An example for this approach is the method developed specifically for the
damage assessment in Las Juntas de Abangares, Costa Rica, by Leandro
(1993).

In this case, the elements at risk were divided into damage sectors, which
include groups of elements with common features related to the social
or economical activity they perform. Three main damage sectors were
defined:

• Buildings: subdivided using the building material (concrete blocks,
prefabricated concrete or wood) as first parameter and the use (res-
idential, commercial and industrial) as second parameter. Inside
the commercial activities, grocery stores, bars, churches, hotels and
shops are also differentiated. The curves for each building type show
the percentage of damage to structure and content, in relation to
floodwater depth.

• Transportation lines: this sector includes all the roads, power and
telephone lines and bridges that, in case of flooding, would be used
during the implementation of the strategies of emergency. The dam-
age curve refers only to the fact that the element is available or not
during the emergency.

• Crops: include agricultural and cattle raising activities. The damage
refers to the amount of money (presented as percentage of the total
production value) necessary to recover the original production.

Two types of floods were considered: passive and active. The damages
caused by passive flooding are related only to physical contact between
floodwater and the element, with almost no structural damage for build-
ings. On the other hand, during an active flooding, structural damages
can occur. Therefore, different damage curves were developed to assess
both cases (Leandro, 1993).

5.2 Proposed method for flood vulnerability assess-
ment

As it was already said at the beginning of this chapter, damage due to flooding
depends on several factors, such as water depth, duration of flooding, flow ve-
locity, sediment concentration and pollution. The present study will focuss only
in damages due to floodwater depth.

The method developed in this research for flood vulnerability assessment
can be considered as a GIS-based hybrid between the Actual flood damage
and the Existing databases approaches described in Section 5.1. That is be-
cause the present vulnerability assessment is based on a detailed database of
all the elements at risk within the study area and also on the field collection of
information related to the 1996 flood event in Turrialba City.
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Information on damage claims to the National Insurance Institute (INS) for
this event was also recorded, but it was discarded after its analysis. Data found
in the INS files are not clear or complete or it was impossible to locate in the
field the houses or buildings they referred to, due to the chaotic address system
of Costa Rica. Only a few of these claims had useful information and/or could be
located, but they were considered as a non-representative sample for the study
area, due to their reduce number.

The proposed method can be defined as a way of assessing the flood vulner-
ability of a specific area through the combination of an attribute map of the
elements at risk and several flood scenarios for different return periods. This
combination is carried out using a GIS and applying loss functions which reflect
the real conditions of the area.

A detailed description of the elements in which the definition of the vulner-
ability functions was based on (map of the elements at risk and flood scenarios)
as well as of the functions themselves, is given below. In addition, the steps fol-
lowed and the results obtained from the vulnerability assessment in Turrialba
City are shown.

5.2.1 The elements at risk and their attributes

As it was explained in Section 4.2.1, the map of the elements at risk of the study
area includes several attributes for each parcel or plot inside the area and it is
linked to a polygon map that shows the location and boundaries of these ele-
ments (see Figure 4.1). From all the attributes considered within this database
(see Section 4.2.2), the more important ones for the flood vulnerability assess-
ment are landuse and number of floors, but also information related to age and
building material was included. The social class is considered to have no influ-
ence on the vulnerability of a specific element. All these characteristics were
determined in the field by visual inspection (see Section 4.2.1).

• Landuse: this attribute class was used to specify, for each plot within the
study area, if it corresponds to a residential area, a public or private insti-
tution, a commercial or industrial building, a recreational or agricultural
field or any other use, within a list of 66 possible ones (see Table 5.1 and
Figure 4.1).

• Number of floors: the number of floors of each house or building was
recorded using either one of six possibilities available (see Table 5.1). In
case this attribute was not applicable for a specific element at risk (e.g. an
agricultural field or recreational area), it was also indicated.

• Age: recorded by selecting an age interval amongst six possible ones or
specifying when this attribute was not applicable for a specific element
(see Table 5.1).

• Material: nine options were available to specify in the database the mate-
rial a specific element was made of. The record Non-applicable was used
when needed (see Table 5.1).
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Cadastral mapping and attribute compilation were done in three different
stages, by different groups of professionals, as it was explained in Section 4.2.1.
This heterogeneity in the process of data collection has one disadvantage: the
diversity of criteria applied during the attribute characterisation. The infor-
mation was gathered not only by quite a few different people but also by profes-
sionals with different backgrounds, nationalities and culture.

As it was confirmed by the author during Stage 2 of the fieldwork (see Ta-
ble 4.1), the influence of this situation was particularly important on the at-
tributes that were evaluated more subjectively. This is the case of the class
landuse, where the researcher had to decide whether a house was high, middle
or low class residential type. For vulnerability assessment purposes, this is not
a crucial thing, but for the risk assessment, it will surely be (see Section 6.1.1).

5.2.2 The flood scenarios

As it was indicated in Section 4.2.3, from the information gathered during
Stage 3 of the fieldwork (see Section 4.2.1), a floodwater depth map of the 1996
flooding in Turrialba City was created (see Figure 4.4). Also, a return period of
approximately 50 years was calculated for this event using precipitation data.

From this 50-year flood scenario (see Figure 5.1), two more hypothetical
scenarios were derived for return periods of 25 and 75 years. It was done based
on the fact that, as it was established through field observations, the distribu-
tion of the floodwater within Turrialba City is mainly determined by the loca-
tion and specific behaviour of bottlenecks and critical points during an specific
discharge (see Figure 4.2).

The 25-year flood scenario (see Figure 5.1) shows a flooded area almost iden-
tical in extension to the 50-year flood, but with several differences in the dis-
tribution of the maximum water depths. On the other hand, the 75-year event
(see Figure 5.1) appears to have extended over the lower flat areas located to
the Southeast.

Because the floodwater depths were mapped in the field as intervals, these
scenarios are presented following the same criteria. It was considered that if
the continuous depth values obtained from the interpolation of the 1996 depth
contours (see Figure 4.4) were used, an extra degree of error would have been
introduced to the subsequent vulnerability calculations.

5.2.3 The flood vulnerability curves

Known also as stage-damage or depth-damage curves, the vulnerability or loss
functions relate floodwater depth and degree of loss on a specific type of element
at risk.

It is important to point out that the aim of this thesis is mainly to develop
a method for flood vulnerability assessment based on GIS tools. This means
the suggested loss functions are not necessarily the correct ones, because they
are based on limited data. More knowledge coming from experts with different
backgrounds (e.g. engineers) is needed, in order to improve them and obtain
more accurate results (see Section 5.2.6).
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So, to exemplify the proposed method, an assessment of damage to contents
is carried out; the vulnerability assessment of structures or service offered is
not considered, although the same method could be applied in these or other
cases. It would only be necessary to modify the vulnerability values.

Some assumptions have to be established before defining the loss functions:

• The flooding is assumed to be passive (floodwater flows gently) with a low
sediment load.

• The floodwater flows easily, so no damage to the content due to stagnated
water is considered.

• The maximum water depth inside each plot is assumed to be unique and
uniformly distributed (only one depth value for each plot).

• When considering flooding to a house, office or building, it is assumed that
the content’s elements remain in its place; they are not removed by people
to a safer position. Actually, this assumption is very logical, considering
that people in Turrialba City deals with flash floods.

• A complete loss is assumed for floodwater depths larger than 1.5 m, on
single floor houses.

Considering all this, vulnerability values or degrees of loss (ranging from 0
to 1) are assigned to each of the different types or categories of elements at risk,
in relation to four different floodwater depth intervals: <10 cm, 10–50 cm, 50–
100 cm and 100–150 cm (see Table 5.2). The material and age of the elements
played no role in this process. Only the number of floors will be used further on
as a criteria for assigning a correction factor to preliminar vulnerability values,
as it will be explained in Section 5.2.4. The assignment of values depended
directly on the definition of content and on some assumptions made for each
category (see Table 5.3).

5.2.4 Steps in the application of the method

As it was said before, the flood vulnerability assessment method proposed in
this research is based on the combination, using a GIS, of an attribute map of
elements at risk and flood scenarios for different return periods, through the
application of loss functions.

Several GIS-based steps were followed in order to obtain the final flood vul-
nerability maps for the study area. These steps are the following:

• A cross table is generated by combining the ID map of elements at risk
and the floodwater depth map for a specific return period

• In this table, the predominant depth interval for each plot is determined.
This is done because, as explained before, it is assumed that each plot is
only affected by a single water level.
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• Once knowing the water depth interval affecting each element at risk, the
corresponding vulnerability value is assigned to this element, according to
its landuse (see Table5.2). This is done by using an IF function similar
to this one:

Vulnerability of a primary school



0 if Depth = 0

0.02 if Depth ≤ 10

0.30 if Depth ≤ 50

0.45 if Depth ≤ 100

0.6 if Depth ≤ 150

1 if D > 150

• A correction factor is applied in order to incorporate to the analysis the
attribute class Number of floors. The vulnerability value is multiplied by
0.7 in case the element at risk has more than one floor. The only exception
has to be done for the hospitals, because the definition of the loss func-
tion for this landuse already takes into account this aspect. Another IF
function is used at this stage:

Corrected vulnerability



V ulnOriginal if Landuse = Hospital

V ulnOriginal if Floors = 1

V ulnOriginal ∗ 0.7 if Floors 6= 1

• The final vulnerability map for a specific return period is obtained after
classifying the values in different vulnerability categories (high, moder-
ate, low or no vulnerability). A Slicing operation is used. These cate-
gories have been defined as follows:

No vulnerabily vuln = 0
Low vulnerability vuln ≤ 0.10
Moderate vulnerability vuln ≤ 0.35
High vulnerability vuln ≤ 1

5.2.5 Final flood vulnerability maps

A flood vulnerability map was obtained for each return period analysed (see
Figure 5.2), after all the steps described in Section 5.2.4 were completed. Of
course, these maps do not have to be considered as definitive results. As it
was explained in Section 5.2.3, the loss functions defined for this research are
not necessarily the correct ones, because they are based on limited data. More
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information related to the effect of water on content items should be gathered
through interviews and field observations, in order to improve this functions
and obtain more accurate results (see Section 5.2.6).

5.2.6 Recommendations for the improvement of the method

A retrospective analysis of the method already developed leads to the formu-
lation of several suggestions which should be taken into account in order to
improve the results. Most of them are related to the data collection stage of the
research, other with the method itself.

• A new attribute should be added to the database. This would be related
to the floor height of each house or building, considering the street as
reference level. The floodwater depth maps should also be made based on
water levels outside the houses, in roads or streets. Knowing these depths
and the floor heights, the exact level of water inside each house could be
easily determined. According to Smith (1994), an accurate leveling of each
property floor height would ensure that potential damage is not allocated
to a property until it is affected by the appropriate precise flood stage.

• Information related to the existence of flood prevention measures (like
walls or removable gates) in the elements at risk should also be collected.
It can also contribute to a more accurate estimation of the floodwater level
inside each plot.

• The definition of the content for each landuse type has to be improved
through field observations and interviews with the owners. In the same
way, more information related to the effect of water on content items
should also be gathered, in order to improve the loss functions and ob-
tain more accurate results for the vulnerability assessment.

• The commercial sector should be mapped with a larger detail, being more
specifical about the type of shop. The importance of doing so lies in the
fact that the distribution and vulnerability of the products inside a shop
depends on the type of products on sale.

• Loss functions for the vulnerability assessment of structures and services
should also be incorporated in the method. For this, it would be necessary
to incorporate the knowledge of engineers, local authorities, shop owners,
etc.

• The vulnerability assessment of industries has to be done separately. As
it was said by Smith (1994), loss assessment using stage-damage curves
is inappropriate for industrial plants and they should be analysed using
questionnaires.

• Also, regarding to the GIS steps proposed, a modification may be imple-
mented. The assignment of the predominant water depth inside a single
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plot to its entire area could only be applied in case of a house or build-
ing. But, several water depths inside a single agricultural parcel should
be allowed, showing consequently different vulnerability values.

• A detailed mapping of infrastructure (roads, bridges and power lines) in
the study area should be carried out, and then a vulnerability analysis of
these elements could also be implemented.

5.3 Method for riverbank erosion vulnerability as-
sessment

The method developed in the present study for the riverbank erosion vulner-
ability assessment in Turrialba City differs considerably from the method ap-
plied for flood vulnerability, even though implies the use of a GIS as well. No
information on this topic was found in the literature.

The assignment of vulnerability values to the elements at risk is not done
through loss functions. In this case, the vulnerability of an element depends on
its distance from a river or riverbed and considers partial or total collapse of
structures or loss of area in parcels.

A detailed description of the followed steps is given below:

• A distance map from all the rivers of the study area is calculated. In
case of large rivers, the distance is calculated from the borders of their
riverbed, as they appear in the geomorphological map (see Figure 2.5).

• A vulnerability value is assigned to each element at risk, depending on
this distance, using the function shown in Figure 5.3.

• Of course, not all the areas along the rivers are vulnerable to riverbank
erosion. Actually, only those which are located inside the hazardous zones
indicated in the riverbank erosion hazard map (see Figure 4.9) should be
considered. Because of that, the analysis is reduced to the actual vulner-
able areas, using the hazardous zones as a mask.

• At this stage, it is possible to find several vulnerability values within a
single plot. This situation will only be allowed in case the plot corresponds
to an agricultural, recreational or empty area, while if it is a house or
building, its predominant vulnerability value have to be determined. It
is important to notice that, contrary at what was established for the flood
vulnerability assessment, now the empty areas are considered vulnerable
to riverbank erosion. This is because they can experiment a reduction in
their extension.

In order to achieve this objective, a new vulnerability map is created with
the predominant values for all the elements at risk, regardless of their
landuse type. At the same time, the landuse types are classified into three
new categories: building, parcel or river (see Table 5.4 on page 63). A new
landuse map of the elements at risk is generated afterwards.
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Then, a new vulnerability map is created, in which the assignment of the
vulnerability values to each plot depends on the new landuse classes. The
IF function used in this case is:

Corrected vulnerability



V ulnOriginal if Landuse = Parcel

V ulnPredominant if Landuse = Building

1 if Landuse = River

• Finally, this corrected map is classified into four vulnerability categories,
following this criteria:

No vulnerabily vuln = 0
Low vulnerability vuln 0–0.1
Moderate vulnerability vuln 0.1–0.4
High vulnerability vuln 0.4–1

The final riverbank erosion vulnerability map obtained from this process is
shown in Figure 5.4

Considering that even only the partial collapse of a building means a total
loss of its functionality, a modification of the method is recommended. This
would imply to assign the maximum vulnerability (vuln = 1) to buildings af-
fected by riverbank erosion.
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Table 5.1: List of records and categories considered within each attribute class

Attribute Category Record name
Landuse Residential Res. high class Res. middle class

Res. middle-low class Res. low class
Institutional Primary school Kindergarden

High School Technical school
University Fire brigade
Police station Red Cross
Ministry of Public Works Telecommunications
Electricity company Municipal office
Government office Bank/financial
Doctor’s practise Hospital
Rehabilitation centre Elderly’s rest house
Community centre Church
Cemetery Water tank
Water treatment plant

Commercial Hotel Restaurant/bar
Shop Supermarket
Market Other commercial
Workshop/garage Warehouse
Gas station Parking
Bus station

Industrial Quarry Hidrocarbon plant
Dangerous industry Oil pumping factory
Coffee processing plant Electricity plant
Other industry

Recreational Sport field Park
Playground Gymnasium
Stadium Swimming pool

Agricultural Banana plantation Coffee field
Sugar cane Other agriculture
Forest Grass land
Green house/garden Farm
Dairy farm Farm for crops

Other Area under construction Empty space
Abandoned house Shrubs
River

Age Before 1960 1960–1970
1970–1980 1980-1990
1990-2000 After 2000
Not applicable

Floors 1 floor 2 floors
3 floors 4 floors or more
1 in front/2 behind 1 in front/3 behind
Not applicable

Material Reinforced concrete blocks Concrete and wood
Reinforced concrete on poles Asbestos
Prefabricated concrete Wood
Wood on poles Metal
Mix of different materials Not applicable
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Figure 5.1: Floodwater depth maps of the study area for different return periods (flood sce-
narios)
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Table 5.2: Vulnerability values for different landuse categories, in relation to four different
floodwater depth intervals

Vulnerability values
Landuse type or category <10 cm 10-50 cm 50-100 cm 100-150 cm
Residential 0.15 0.35 0.50 0.80
Elementary education 0.02 0.30 0.45 0.60
High education 0.02 0.30 0.50 0.70
Fire brigade and Police 0.00 0.10 0.40 0.50
Red Cross 0.00 0.15 0.50 0.70
Government office 0.00 0.25 0.60 0.80
Bank/Financial 0.00 0.15 0.45 0.60
Doctor’s practise 0.00 0.15 0.40 0.60
Hospital 0.01 0.08 0.15 0.20
Rehabilitation Centre 0.05 0.25 0.50 0.65
Elderly’s rest house 0.05 0.10 0.35 0.60
Church, com. centre 0.00 0.05 0.20 0.30
Cemetery 0.20 0.30 0.35 0.40
Water tank 0.00 0.00 0.05 0.05
Water treatment plant 0.01 0.20 0.30 0.35
Hotel, rest., bar 0.01 0.30 0.50 0.85
Commercial 0.10 0.40 0.60 0.80
Work shop/garage 0.00 0.10 0.30 0.50
Warehouse 0.00 0.20 0.40 0.50
Gas station 0.00 0.20 0.40 0.60
Industrial 0.00 0.20 0.40 0.60
Empty area 0.00 0.00 0.00 0.00
Sport fields and parks 0.00 0.05 0.10 0.15
Gymnasium and stadium 0.00 0.15 0.25 0.30
Swimming pool 0.10 0.40 0.55 0.70
Parking and bus station 0.00 0.01 0.05 0.05
Agricultural field 0.00 0.05 0.10 0.20
Forest 0.00 0.00 0.00 0.00
Grassland 0.20 0.30 0.40 0.50
Green house / Garden 0.30 0.45 0.50 0.55
Farm 0.01 0.10 0.20 0.25
Dairy farm 0.01 0.10 0.20 0.25
Farm for crop 0.30 0.45 0.50 0.55

59



5.3. Method for riverbank erosion vulnerability assessment

Table 5.3: Definition of content used for the assignment of vulnerability values to each type
of element at risk

Landuse type or category Content definition
Residential: all social classes Electrical and kitchen appliances, furniture, clothes, books,

food, carpets, garden. Social class doesn’t influence vulnerab.
Element. educ.: Kindergar-
dens and primary schools

Tables, chairs, desks, books, computers, green areas, play-
grounds

High education: high or
technical schools, univers.

Same as elementary education but adding chemistry labora-
tory instruments

Fire brigade and Police Furniture, computers
Red Cross Furniture, computers, medical equipment
Gov. offices, Min. Public
Works, Elect. Co., Telecom-
munic., Municipal office

Furniture, computers, documents

Bank/Financial Furniture, computers, documents (including banknotes). Vul-
nerab. of documents is low because they are in safety boxes

Doctor’s practise Furniture, basic medical equipment, medicines
Hospital Furniture, medical equip., medicines, documents, computers.

It is assumed a hospital always has at least two floors
Rehabilitation Centre Tables, chairs, desks, books and medical files, recreational ar-

eas, computers, special equipment
Elderly’s rest house Furniture, medicines, food, medical equipment, other electri-

cal appliances
Church and commun. centre Furniture, decoration
Cemetery Green areas, gravestones
Water tank Tanks
Water treatment plant Pools
Hotel, restaurant, bar Furniture, electrical and kitchen appliances
Commercial: shops, super-
markets, markets, others

Articles on sale

Work shop/garage Equipment and tools, cars are not considered
Warehouse Articles stored
Gas station Fuel pumps and articles on sale. Water does not affect gas

tanks
Industrial Machinery and materials
Forest, empty areas (aban-
doned houses, shrubs, areas
under construction)

No vulnerability

Sport fields, parks: including
playgrounds

Field or lawn

Gymnasium, stadium Fields and dressing rooms
Swimming pool Dressing rooms and water filters
Parking, bus station Toilets and cash decks. Vehicles are not included
Agricultural field: coffee,
sugar, banana, others

Plants

Grassland Grass
Greenhouse, farm for crops Plants, assuming they are on the floor
Farms, dairy farms Equipment and animal’s food
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Figure 5.2: Flood vulnerability maps of the study area for three different return periods
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Figure 5.3: Loss function used for the riverbank erosion vulnerability assessment

Figure 5.4: Riverbank erosion vulnerability map of the study area
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Table 5.4: Classification of landuse types applied during the riverbank erosion vulnerability
assessment

New landuse Original Landuse
Building Residential Primary school

College/high school Technical school
University Kindergarden
Firebrigade Police station
Red cross Ministry of public works

Electricity company Telecommunications
Municipal office Government office
Bank/Financial Doctor’s practise

Hospital Rehabilitation Centre
Elderly’s rest house Church
Community centre Watertank

Water treatment plant Hotel
Restaurant/bar Shop
Supermarket Market

Other commercial Work shop/garage
Warehouse Coffee processing plant

Hidrocarbon plant Dangerous industry
Electricity plant Oil Pumping Factory
Other industry Gymnasium

Stadium Swimming pool
Bus station Gas station
Dairy farm Farm

Parcel Cemetery Quarry
Empty space Area under construction

Shrubs Abandoned house
Sport field Park

Playing area for children Parking
Coffee field Sugar cane

Banana plantation Other agriculture
Forest Grassland

Green house / Garden Farm for crop
River River
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Chapter 6

Damage estimation and risk
assessment

Risk is defined as the expected number of lives lost, persons injured, damage
to property, or disruption of economic activity due to a particular natural phe-
nomenon. Risk is the combination of vulnerability, cost of the elements at risk
and the probability of occurrence of the event, and can be expressed as follows:

Risk = V ulnerability ∗ Costs ∗ Probability

This quantification of economical and non-economical losses caused by nat-
ural disasters and the creation of further risk maps can be seen as the final
step in the process which also involves hazard and vulnerability assessments.

Risk assessments play a very important role in the planning and design of
disaster mitigation measures. For example, any structure built to avoid flood
damage is always associated to large economical investments. It is possible that
in a certain area the total cost of the damage due to flooding is less than the cost
of the structure, making its construction not cost effective (Leandro, 1993). A
risk assessment previous to the construction of the structure will clearly show
this situation and an alternative solution should be established.

The success of a risk assessment depends mainly on a correct valuation of
the elements at risk. And when there are only few data available on this sub-
ject, the assignment of costs can be a very difficult task. The present chap-
ter gives a first approach for the assessment of the economical losses due to
flooding and riverbank erosion in Turrialba City, but it is still far from giving a
reliable result.

A description of the proposed method, as well as an analysis of its results,
weaknesses and required improvements, is given below.

6.1 Method for the valuation of the elements at risk

The method developed for the assignment of costs to the different types of el-
ements at risks depends directly on two aspects: the available information
related to the characteristics of these elements and the natural phenomena the
damages are caused by.
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As it has been explained in previous chapters (see Sections 4.2.2 and 5.2.1), a
database that includes information related to landuse, age, number of floors and
building material, for each element at risk within the study area, was created
for the present research. In addition, this database is linked to a polygon map
from which the area of every single element can be extracted.

Furthermore, since flood and riverbank vulnerability were assessed in two
different ways (see Chapter 5), risk assessment will be carried out separately
for both phenomena as well.

6.1.1 Cost calculation for contents

The flood vulnerability assessment made previously in this research considered
damage to contents due to different floodwater depths (see Section 5.2.3). The
vulnerability values were assigned to every single category of elements at risk
(see Table 5.2) based on its specific definition of content (see Table 5.3). Then,
the content’s value for each element type will be calculated based on this defi-
nition too.

Two main stages constitute the content’s cost calculation: the assignment
of a value to each landuse type and the creation of a content’s cost map of the
study area.

Value assignment
The classification of the elements at risk in parcels and buildings, as it was
done in Section 5.3 (see Table 5.4), is used again at this stage. A value per
plot (independent of its area) is assigned to buildings (see Table 6.1) and a
value per m2 is established for parcels (see Table 6.2). This is done because
buildings of the same class tend to have similar areas, while considerable
differences in extension between agricultural plots are commonly found.
The number of floors, age and building material are assumed to have no
influence on the content’s value.

Each landuse class is treated separately: different content items are con-
sidered and different assumptions are done in each case. Hypothetical
prices were assigned to the articles, based on internet information and on
personal experience of the author.

• Residential: content’s value is determined based on the social class
of the house. This means that, in spite of having the same type of
articles according to the definition of content for this landuse class,
the amount of items and their prices vary according to the economical
situation of the residents.
Since all this cost estimation is based on the social class, the diver-
sity of criteria and the subjectivity while mapping the elements at
risk, as it was discussed in Section 5.2.1, should be considered as an
important source of error.
A very detailed hypothetical inventory of items is done for each so-
cial class and hypothetical prices are assigned to every article. Then,
all these values are added up to obtained a total cost for the content.
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Table 6.1: Hypothetical costs of contents assumed for each category of building. Prices are
given in Costa Rican Colones (1 USD=330 CRC, approximately).

Landuse type Price per plot Landuse type Price per plot
(in millions) (in millions)

Residential high class 7.3 Rehabilitation centre 50.0
Residential middle class 4.7 Elderly’s rest house 25.0
Residential middle low 2.7 Church and community centre 5.0
Residential low 1.2 Shop and other commercial 30.0
Kindergarden 1.15 Markets and supermarkets 100.0
Primary school 5.5 Warehouse 20.0
High school 10.5 Hotel 20.0
Technical school 11.0 Restaurant/Bar 8
University 12.0 Industrial in general 100.0
Fire Brigade 12.0 Gymnasium and stadium 3.0
Police station 0.5 Swimming pool 1.5
Red Cross 15.0 Workshop/garage 5.0
Offices in general 5.0 Gas station 10.0
Bank/Financial 100.0 Bus station 0.3
Doctor’s practise 1.0 Water tank 1.0
Hospital 500.0 Water treatment plant 2.0
Farm and dairy farm 1.0

Table 6.2: Hypothetical costs of contents assumed for several landuse types. Prices are given
in Costa Rican Colones (1 USD=330 CRC, approximately).

Landuse type Price per m2 Landuse type Price per m2

Sport field 1500 Parking lot 1000
Playground 1500 Agricultural land 2500
Park 1000 Grasslands 1000
Cemetery 1500 Greenhouse/garden 4000
Empty space 0 Farm for crop 2500

For the high class residences, the articles considered are: 3 televi-
sions (TVs), 2 video cassette recorders (VCRs), 3 stereos, 1 computer,
4 telephones, 1 washing machine, 1 refrigerator, 1 microwave oven,
1 stove, 1 oven, 1 blender, 1 toaster, 2 table-services, 5 tablecloths,
1 coffee machine, 2 living room sets, 1 kitchen set, 5 bedroom sets,
1 dining room set, 1 bookshelf, clothing and food for 4 people, books,
carpets and the garden.
The articles considered for the middle class residences are: 3 TVs,
1 VCR, 2 stereos, 1 computer, 3 telephones, 1 washing machine, 1
refrigerator, 1 microwave oven, 1 stove, 1 blender, 1 toaster, 2 table-
services, 4 tablecloths, 1 coffee machine, 2 living room sets, 1 kitchen
set, 4 bedroom sets, 1 dining room set, 1 bookshelf, clothing and food
for 4 people, books, carpets and the garden.
For the middle-low class houses, the articles are: 2 TV, 1 VCR, 1
stereo, 2 telephones, 1 washing machine, 1 refrigerator, 1 microwave
oven, 1 stove, 1 blender, 1 toaster, 1 table-service, 3 tablecloths, 1
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coffee machine, 1 living room set, 1 kitchen set, 4 bedroom sets, 1
dining room set, 1 bookshelf, clothing and food for 4 people, books,
carpets and the garden.
Finally, the content items of a low class residence are: 1 TV, 1 stereo,
1 refrigerator, 1 stove, 1 table-service, 2 tablecloths, 1 living room
sets, 1 kitchen set, 5 bedroom sets, 1 dining room set, clothing and
food for 5 people, books, and the garden.

• Educational: an fixed number of students is assumed for each type
of educational centre: 20 students in each kindergarden, 180 stu-
dents for primary schools, 300 for high and technical schools. Then,
the inventory of articles (tables, chairs, desks, etc.), and consequently
the total value of the content, depend on this number.
In spite of having the same amount of students, the content’s value
of high and technical schools is different. This is because it is as-
sumed that technical schools have more laboratories than a normal
high school.
Universities are evaluated in a different way. If the size of the centre
allow it, it could be mapped in parts, that means by buildings, not
as a whole entity. So, each building is considered as an individual
educational centre, with 150 students and laboratories.

• Emergency services: different lists of items are made for the Fire
Brigade, Police stations and the Red Cross.
The Fire Brigade’s inventory comprises: 10 desks, 10 beds, 5 shelves,
3 tables, 10 chairs and 5 computers.
The Police stations in Turrialba City are usually small offices for one
or two policemen. Only a desk, 2 chairs and a radio for communica-
tion are considered.
For the Red Cross, the list of articles is: 5 desks, 5 beds, 5 shelves, 10
chairs, 3 computer and medical equipment.

• Offices: the different types of offices (government offices, Ministry of
Public Works, Electrical Company, Telecommunications and munici-
pal offices) are treated together. So, an average content is assigned
to all of them. The items included are: 10 desks, 15 chairs, 5 shelves,
8 computers and documents. Special attention has to be given to the
valuation of documents: only the cost of their reprinting is consid-
ered, because the value of the information is hard to estimate.
The banks are considered offices as well. The big difference between
their content’s value is due to the very high cost of replacement of
bank notes.

• Medical services: doctor’s practises include 2 desks, 1 bed, 3 chairs, 1
shelf, medical equipment and medicines.
In the case of the hospitals, as a inventory of items would be ex-
tremely large, a total value is assumed.
The rehabilitation centres are considered as primary schools, but
adding some costs due to reprinting of medical files and special med-
ical equipment.
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• Social services: for the elderly’s rest house, an amount of 30 residents
is assumed. It includes 30 beds, 60 chairs, 5 tables, kitchen and other
electrical appliances, medical equipment and medicines.
For the churches, community centres, cemeteries, water tanks and
water treatment plants, hypothetical values are assumed, without
defining any list of items.

• Commercial: because shops are not differentiated by type, the same
hypothetical value is assigned to all the elements at risk included in
this class. A much higher value is given to markets and supermar-
kets, based on their larger size and amount of articles.
An average hotel is used, with 20 rooms and one kitchen. In total,
this hotel includes: 6 tables, 20 double beds, 30 chairs, 2 desks, 20
TVs, 1 refrigerator, 1 freezer, 1 microwave oven, 1 stove, 1 blender
and 1 toaster. On the other hand, the average restaurant or bar
has 15 tables, 60 chairs, kitchen appliances, food and liquors.

• Industrial: the lack of information related to this elements does not
allow the calculation of a value based on the type of industry (dan-
gerous industry, hidrocarbon plant, coffee processing plant, electric-
ity plant, oil pumping factory or others). Only a hypothetical and
general value can be assigned to this buildings.

• Recreational: the content’s value for gymnasiums and stadiums
considers the cost of the fields and the dressing rooms. In the case of
the swimming pool, the value of the water filters, dressing rooms
and the water itself is taken into account.
For the sport fields, parks and playgrounds a value per m2 is given
based mainly on the type of cover (asphalt, lawn).

• Agricultural: the value per m2 is assigned according to the type of
cover (grass, crops, larger plants).

• Empty spaces: it is considered that these elements (including forests,
shrubs, areas under construction, abandoned houses and quarries)
do not have any valuable content.

Creation of the content’s cost map

The next step after the determination of the content’s value for each land-
use class is the generation, using a GIS tool, of a content’s cost map of the
study area.

First, the area of each plot is calculated from the polygon map of the
elements at risk (see Section 4.2.1). Then, the corresponding content’s
value is assigned to each element at risk, according to its landuse (see
Tables 6.1 and 6.2). But in the case of parcels, this value corresponds to a
cost per m2. So, to obtain the total content’s value for each parcel within
the study area, the given value has to be multiplied by the area of the plot.
The final map is shown in Figure 6.1 on page 73.
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6.1.2 Calculation of the value of structures and land

The risk assessment for riverbank erosion will be based in the combination of
the corresponding vulnerability map (see Section 5.3) and a cost map of the ele-
ments at risk. This vulnerability assessment considered damage to structure
for buildings and loss of land for parcels (see Table 5.4), so a valuation of these
two aspects is now required.

Valuation of buildings
A method for the valuation of structures in Turrialba City has been devel-
oped for this research. It is based mainly in the type of building material
and the number of floors of the structure, although landuse and age have
also some influence on the final cost.
First of all, a hypothetical value per m2 is assigned to each material type,
as it is shown in Table 6.3. Also the value of a m2 of land is established.

Table 6.3: Hypothetical cost per m2 of the land and structures according to their building
material. Prices given in CRC.

Material Type Price per m2

Reinforced concrete blocks 40000
Reinforced concrete on poles 38000

Prefabricated concrete 30000
Concrete and wood 30000

Wood 25000
Wood on poles 23000

Metal 15000
Asbestos 10000

Mix of different materials 5000
Swimming Pool 20000

Land 5000

Then, the corresponding values where assigned to each building of the
study area, according to its material, and the total price of the plot is
determined, based on its area, number of floors and age. The method
presents some variations related to the landuse type as well, as explained
below:

• Preliminar value of structures based on the plot area
The value of the building plots is calculated multiplying its area by
the cost of the structure per m2 that corresponds to its material type.
But some exceptions are made for several landuse categories. In
such cases, the plot area is divided in two parts: a built-up area and a
garden or green area. So, the built-up area is valued as structure and
the garden as land. The proportions of these two parts are different
for each landuse type, as shown in Table 6.4:
On the other hand, swimming pools receive their own price per m2

(see Table 6.3) and water tanks and water treatment plants are con-
sidered as parcels (see below). This is done because the value of the
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Table 6.4: Assumptions for the valuation of structures according to the area of the building
plots

Landuse type Built-up area Green area or garden
Residential (all social classes) 75 % 25%

Educational (except universities) 70% 30%
Universities 90% 10%

Rehabilitation centre 70% 30%
Other buildings 100% 0%

tanks and treatment pools is already considered within the content’s
cost (see Section 6.1.1).

• Increase of price due to extra floors Until this stage, the buildings
have been considered as 1-floor structures. But now, an extra cost is
added to those that have more than 1 floor, according to the criteria
shown in Table 6.5. It is assumed that the area and price of the
structure per m2 for these extra floors differs from what is considered
for base floors. It is important to say that this additional cost is added
to the preliminar value as many times as extra floors the building
has.
Two types of extra floors are differentiated: complete and partial.
Complete extra floors are those present in buildings that show in the
attribute Number of floors of the database (see Table 5.1), the follow-
ing records: 2 floors, 3 floors and 4 floors or more. On the other hand,
extra floors of buildings characterised as 1 in front/2 behind or 1 in
front/3 behind are considered as partial floors.

Table 6.5: Assumptions for the increase of the building’s price due to the existence of extra
floors

Type of extra floor Area of the floor Price per m2

Complete Same as base floor 80% of price for base floor
Partial 40% of base floor 60% of price for base floor

• Depreciation due to age
In order to obtain a definitive value for each building plot, a correc-
tion due to the age of the building is necessary. It is done multiplying
the cost of each element at risk with a factor related to the element’s
age (see Table 6.6).

Valuation of parcels
The value of each parcel within the study area is calculated multiplying
its area by the value of a m2 of land (see Table 6.3). The value of the land
is assumed to be the same throughout the whole study area.

Once these costs have been calculated, a structure-land cost map is made.
This map shows the value per plot of every single building and parcel of the
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Table 6.6: Criteria used for the calculation of the depreciation of buildings due to their age

Date of construction Cost’s correction factor
After 2000 1
1990–2000 0.95
1980–1990 0.8
1970–1980 0.65
1960–1970 0.5
Before 1960 0.4

study area. A map of total costs of the elements at risk, which includes both
structure-land and content costs, is produced as well (see Figure 6.1).

6.1.3 Recommendations for the improvement of the costs calcu-
lation

As it was said before, the values assigned to the elements at risk are not true
values, they are hypothetical ones based mainly on personal experience of the
author. In order to obtain more realistic values, some improvements should be
applied to the proposed method:

• An average content for each residential class should be established by
making an inventory of items in a representative sample of elements, as
it was done by Leandro (1993).

• For each educational centre the number of students or classrooms should
be recorded, or at least, an average for the study area should be deter-
mined. In this way, a more accurate list of articles can be made.

• When a university is mapped as individual buildings, the exact function of
each building should be specified (lecture rooms, laboratories, restaurant,
library, etc.) and then, a better cost analysis can be undertaken.

• When dealing with landuse classes that include only few elements (or only
one as in the case of Red Cross, Fire Brigade, hospital, rehabilitation cen-
tre, etc.), it is possible to make at least a general content inventory for
these elements.

• As it was suggested also for the flood vulnerability assessment (see Sec-
tion 5.2.6), the commercial sector should be mapped with a larger detail,
being more specific about the type of shop. By doing so, it would be easier
to make a more accurate valuation of the articles on sale and on stock.
The same applies for warehouses.

• Each industry must be evaluated separately. No generalisation can be
done within this landuse category, there are very large differences be-
tween the elements.

• Not only the inventory of the contents should be improved, but also the
prices assigned to each article. In order to achieve this, a compilation of

72



Chapter 6. Damage estimation and risk assessment

Figure 6.1: Map of costs per plot of the elements at risk, considering value of content, value
of structure and land and both together. Prices are given in CRC.

prices for different articles in different stores within the same study area
could be done (Leandro, 1993).

• Real values of crops, grasslands and other plantations per m2 have to be
asked to experts in agriculture.

• Additional costs due to cleaning of floors and painting of walls could be
added to the content’s cost. These can be fixed values or they can be re-
lated to the floodwater depth.

• When houses have a very large garden, both elements should be mapped
separately. In this way, large residential plots with very high (unreal)
values would be eliminated from the content’s cost map.

• Correct values of the land in Turrialba should be determined after inter-
viewing experts such as engineers, architects or municipal officers. Even a
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price zonation (different land prices in different sectors of the city) should
be also made.

• Cost of structures per m2, according to their building material, should be
better established with the help of engineers.

6.2 Flood risk assessment in Turrialba City

According to the definition of risk given at the beginning of this chapter, the risk
assessment implies two stages: the damage calculation (vulnerability * costs)
and the final risk calculation (damage * probability of exceedance).

Because the flood vulnerability assessment considered only the vulnerabil-
ity of contents (see Section 5.2.3), the present risk assessment will be focussed
on them as well.

6.2.1 Flood damage calculation

Damages due to flooding for three different return periods are calculated based
on the flood vulnerability values previously obtained (see Section 5.2.5).

The calculation of damage to contents due to floodwater is carried out con-
sidering costs per plot, following the method applied also during the flood vul-
nerability assessment (see Section 5.2.4).

First, the content’s cost map (see Figure 6.1) is multiplied, using a GIS tool,
by each flood vulnerability map (see Figure 5.2), resulting in damage maps for
different return periods (25, 75 and 100 years).

Finally, a total loss value is calculated for each map adding up all the ob-
tained damages per plot (see Table 6.7).

Table 6.7: Hypothetical total damage to contents due to flooding in Turrialba City, for three
different return periods

Return period Total loss
(in millions of CRC)

25 years 313.2
50 years 330.2
75 years 361.6

6.2.2 Flood risk calculation

In order to obtain risk values for the different return periods, each of the dam-
age maps previously made are multiplied by their corresponding probability of
occurrence. Then, all the obtained values per plot are added up to get a total
risk value for each return period (see Table 6.8). To obtain total risk values for
any other probability of occurrence, the graph shown in Figure 6.2 is used. The
total risk is obtained simply by multiplying the probability and its correspond-
ing total loss.
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Finally, risk zonation maps (see Figure 6.3) are generated after a reclassifi-
cation according to the following criteria:

No risk risk = 0 CRC
Low risk risk ≤ 250000 CRC
Moderate risk risk 250000 CRC – 1.0 million CRC
High risk risk > 1.0 million CRC

Table 6.8: Hypothetical total flood risk in Turrialba City, for three different return periods

Return period Probability Total risk
(T) of occurrence (1/T) (in millions of CRC)

25 years 0.04 12.5
50 years 0.02 6.6
75 years 0.0133 4.8

Figure 6.2: Total loss due to flooding in Turrialba City for different probabilities of occurrence.
To obtain the corresponding risk value for a specific probability, it has to be multiplied by its
corresponding total loss. The plotted loss values are shown in Table 6.7

6.2.3 Recommendations for the flood damage and risk analysis

As it was also recommended for the flood vulnerability analysis, the flood dam-
age assessment of parcels should be done calculating values per pixel and not
for the whole plot. This would avoid that high damage and risk values in some
parcels are related to their large area and not to their vulnerability or cost, as
it should be.
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6.3 Riverbank erosion damage assessment

The riverbank erosion damage assessment is carried out considering damages
to contents and structures. This means that the riverbank erosion vulnera-
bility values determined in Section 5.3 are combined with the total cost of the
elements at risk. This total cost comprises the value of contents, land and struc-
tures (see Figure 6.1).

Following the same criteria used for the riverbank erosion vulnerability as-
sessment, the damage to buildings is calculated per plot, while in the case of
parcels, a damage per pixel is computed. Once it has been done, it is possible to
obtained a total damage to contents, structures and land in Turrialba City, due
to this natural process. In our hypothetical case, this value is 4 400 millions of
Costa Rican Colones.

Finally, a damage map of the study area (see Figure 6.4) is made after a
reclassification, according to this parameters:

No damage damage = 0 CRC
Low damage damage ≤ 1.0 million CRC
Moderate damage damage 1.0 – 5.0 million CRC
High damage damage > 5.0 million CRC

A risk assessment for riverbank erosion is not possible at this stage, due to
lack of information on probability for this type of event.
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Figure 6.3: Flood risk maps of the study area for three different return periods
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Figure 6.4: Riverbank erosion damage map of the study area
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Chapter 7

Conclusions

The final stage of this research consists of a retrospective analysis of what has
been done and which conclusions it is possible to draw from it. No recommenda-
tions related to the improvement of the method proposed are given here. They
have been already included within the corresponding chapters.

After the development of this study, it is possible to conclude the following:

• The Turrialba Basin corresponds to a fluvial erosional system dominated
by powerful rivers which can be considered within a juvenile to early-
mature stage. For this reason, an intense riverbank erosion is taking
place along the main rivers of the study area.

• Flooding in Turrialba City is strongly related to the occurrence of torren-
tial rainfalls caused by the humid winds coming from the Caribbean Sea
through the Reventazón River’s valley. But flooding is also due to factors
related to the location of population settlements and their rapid growth.
This situation, combined with wrong policies in urban and landuse plan-
ning, has intensified the flood problems in the study area.

• Flash floods in Turrialba City are caused by the small rivers coming down
from the mountains located to the west and southwest of the city. The
large rivers of the study area (Turrialba, Aquiares and Azul) have not
caused any flood, at least since 1891, but an intense riverbank erosion
takes place along them.

• Due to meteorological reasons, December is the most hazardous month of
the year in Turrialba City, because it is the month with the highest total
monthly precipitation, with maximum peak discharges and also when the
largest number of floods have occurred. In addition, February, in spite of
being a dry month, also sticks out for the presence of important peak dis-
charges and high monthly precipitations and because it follows December
in the occurrence of flood events.

• The estimation of the return period of 50 years for the 1996 flood event,
based only on precipitation data and not on discharges, implies that it has
to be assumed that the rivers which caused this flooding will react in the
same way to the influence of a specific precipitation. That means they will
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generate flood events with the same return period of the precipitation that
triggered them, in spite of the size differences between the basins.

• The distribution of the floodwater within Turrialba City is mainly deter-
mined by the existence, location and specific behaviour of bottlenecks and
critical points during a specific discharge. That means, floods caused by
these rivers tend to have always the same distribution, showing only vari-
ations in water depths and slight changes in flood extension, depending
on the magnitude of the discharge. The location of the areas with high
flood vulnerability and risk is also related to these critical spots.

• The areas considered with a high flood hazard correspond mostly to the
middle part of the alluvial fan. Because of its slope and high permeabil-
ity, this geomorphological unit should not be frequently affected by floods,
but it is. It implies that the intense urban development on top of these
deposits has intensified the flooding probability, by increasing the run off.
On the other hand, flooding along the areas with a medium or low haz-
ard (areas with less urban influence) occurs more naturally, due to the
presence of flat areas with deficient drainage and low permeability.

• The 50-year return period flood scenario can be considered as having a
high degree of reliability, because it is based on a detailed field survey.
It is not applicable for the other two flood scenarios presented. These
are only hypothetical cases derived from the first one, based mainly on
field criteria. It influences also the reliability of the vulnerability and risk
assessments, which were done using these scenarios.

• The proposed method for flood vulnerability assessment is based on the
combination of an attribute map of the elements at risk and several flood
scenarios for different return periods. This combination is carried out ap-
plying loss functions which reflect the real conditions of the area. Because
it is a simple method, it can be easily applied in other parts of Costa Rica
or elsewhere. It would only be necessary to adapt the loss functions to
the new conditions. In the case of the method for riverbank erosion vul-
nerability assessment, no important modifications would be needed when
applied in other study area.

• The loss functions developed in this research have to be considered only as
a first approach, not as definitive tools. A lot of information is still needed
in order to obtain a better product. A lack of time during the fieldwork
impeded the collection of all the necessary data.

• Risk assessment plays a very important role in the planning and design of
disaster mitigation measures. It is possible that in a certain area the total
cost of the damages due to flooding is less than the cost of a structure that
intends to avoid or reduce these damages, making its construction not-cost
effective. A risk assessment previous to the construction of the structure
will clearly show this situation and an alternative solution should be es-
tablished.
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• The success of a risk assessment depends mainly on a correct valuation
of the elements at risk. It means that although the methods developed
for the valuation of these elements, for the damage calculation and for the
risk assessment are valid and applicable elsewhere, the costs are not real
and then, the obtained damage and risk values are not completely reliable
yet. Risk zonation maps, because of showing relative and not absolute
damage values, are maybe not so far away from a definitive result derived
from real costs.

• Damages due to riverbank erosion in Turrialba City tend to be much
higher than damages caused by flooding. It implies that more attention
should be given to this situation, in order to reduce such frequent and
important losses.

• Structural and non-structural measures must be put into practice in the
city of Turrialba, in order to reduce the economical losses due to flood-
ing. First of all, the widening of the sectors along the rivers which act
as bottlenecks is strictly necessary. Also, the urban development close to
the critical areas, where rivers easily overflow due to natural conditions,
should be avoided, unless structural measures are undertaken to control
the problem. Finally, another key point is the development and applica-
tion of rigourous policies related to landuse and urban expansion, which
intend to control the increase of run off, erosion and water contamination
and the decrease of soil fertility and capacity of discharge of the rivers.
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de inundaciones. El caso de la Ciudad de Turrialba. Degree thesis, School
of History and Geography, Department of Geography, University of Costa
Rica, San José, Costa Rica.
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