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Abstract

The purpose of this thesis is the application of a hydrological model to improve the
flood forecasting system of the metropolitan area of Aburrd valley in Columbia.
The warning system is currently based on the observation and it’s linked to the
water exceeding the threshold water levels of the Medellin river, the alarm occurs
only a few hours ahead of the event. Applying a hydrological model combined with
a meteorological one would mean an important advance in alerting the responsible
bodies and consequently it would allow the securing of people and goods with
more effectiveness. The hydrological model applied is the Flash-flood Event-based
Spatially- distributed rainfall-runoff Transformation - Water Balance (FEST-WB),
largely employed for the study of the hydrological balance and flood forecasting
of alpine basins. The aim is to verify whether this model is also adaptable to
basins with climatic and morphological features that differ from the usual field of
application. The input operated is composed by meteorological and hydrological
data measured by the Sistema de Alerta Temprana de Medellin y el Valle de Aburra
(SIATA ). This work represents a continuation of (Terbisi, 2021 [1])’s study which
was a preliminary attempt of using the FEST-WB model on the Medellin river
basin. The current analysis’ result proves the suitability of the hydrological model
for this kind of basin and, therefore, its employability for the flood forecasting and
alert system in the area of interest which is often prone to hydraulic risks.

Key words: flood forecasting; hydrological model; FEST; warning system;
Medellin; Colombia.






Sommario

Lo scopo di questo lavoro e quello di testare un modello idrologico per potenzia-
re il sistema di allertamento delle piene nella valle di Aburra, in cui si esapnde
I’area metropolitana della citta di Medellin, in Colombia. Al momento, il piano
emergenziale poggia interamente sul monitoraggio del livello del fiume, allertando
in caso venga superata una determinata soglia Cio si traduce in un margine di
azione di poche ore prima che la piena si verifichi. L’applicazione accoppiata di
un modello idrologico con uno meteorologico accorcerebbe notevolemente i tempi
di reazione, necessari agli enti responsabili, per garantire una messa in sicurezza
di beni e persone che sia pronta ed efficace.

Il modello idrologico impiegato e il Flash-flood Fvent-based Spatially- distri-
buted rainfall-runoff Transformation - Water Balance (FEST-WB), notoriamente
adoperato per la previsione delle piene in bacini alpini. L’obbiettivo ¢ verificare
se tale modello sia adatto a studiare bacini con caratteristiche climatiche e morfo-
logiche che si discostano dalle classiche condizioni di impiego. Gli input utilizzati
sono dati meteorologici ed idrologici misurati sul campo dal Sistema de Alerta
Temprana de Medellin y el Valle de Aburrd (SIATA).

Questo lavoro rappresenta un proseguo dello studio fatto da (Terbisi, 2021
[1]), che mostra un tentativo preliminare di utilizzo del modello FEST-WB sul
bacino del fiume Medellin. I risultati della corrente analisi provano quanto il
modello idrologico sia adattabile a bacini di questo tipo e , quindi, utilizzabile per
I’allertamento e la previsione delle piene nell’area in esame che spesso ¢ soggetta
a rischi idraulici.

Parole chiave: previsione delle inondazioni; modello idrologico; FEST; siste-
ma di allerta; Medellin; Colombia.

1ii






List of Figures

(1.1 Examples of the effects of a flood during June 2021 in Antioquia.| . 2
[2.1  Geographic context of the Aburra valley.| . . . . . . ... ... ... 8
[2.2  Digital Elevation Model and hydrographic network.| . . . . . . . .. 9
[2.3  Medellin river elevation profile.| . . . . . ... ... ... ... ... 10
2.4 Land cover map by ISCGM.| . . . .. ... ... ... ... ..... 12
2.5 Soil clay content.| . . . . . ... o oo 13
2.6 Soilsand content . . . . . .. ..o 14
2.7 Soilsilt content). . . . .. ..o o 15
2.8 USDA Soil textural triangle.| . . . . . ... .. ... ... ... ... 15
2.9 Photos of rainfall events in Medellinl . . ... ... ... ... ... 17
[2.10 Meteorological stations.|. . . . . . .. ... ... ... 19
[2.11 Velocity and water depth stations.|. . . . . . . . .. ... ... ... 20
[3.1 Hydrological cycle.| . . . . . .. ... ... ... ... ... ... 22
[3.2  Scheme of the hydrological model FEST-WB.| . . . . ... ... .. 23
(3.3 Elaboration of temperature data.| . . . . . ... ... ... ... .. 24
[3.4  Discretization scheme of the Muskingum-Cunge method.| . . . . . . 28
3.0 Aula Ambiental cross section . . . . . . . ... L. 30
[3.6  Station n.140 Puente Fundadores’s rating curve interpolated equation.| 32
[3.7 Discharge time series for 5t.99 - Aula Ambiental|. . . . . . . . . .. 33
[3.8  Discharge time series for 5t.106 - Parque 3 Aguas.| . . . . . . . . .. 34
[3.9  Discharge time series for 5t.169 - La Clara). . . . . . . . . . .. .. 35
[3.10 Discharge time series for St.140 - Puente Fundadores| . . . . . . . . 35
[3.11 Discharge time series for St.260 - Puente Gabino, . . . . . . . . .. 35
[3.12 Calibration: Flood event n.1J . . . . . . . . ... ... ... ... 39
[3.13 Calibration: Flood event n.2) . . . . .. ... .. ... ... .. .. 39
[3.14 Calibration: Flood event n. 3l . . . . . . .. ... ... ... ... 40
[3.15 Calibration: Flood event n. 4l . . . . . . ... ... ... ... ... 40
[3.16 Calibration: Flood event n.bJ . . . . . .. . ... .. ... .. ... 40
[3.17 Calibration: Flood event n.6J . . . . . . ... ... .. .. ... .. 41



Vi

LIST OF FIGURES

13.18 Calibration: Flood eventn.4. . .. ... .. .. ........... 41
.19 Validation: Fl ventnd. . ... ... ... ... 43
13.20 Validation: Flood eventn.d. . . . .. .. .. .. ... ... ..... 43
3.21 Validation: Flood eventn.3. . . . . .. .. .. ... ... ...... 43
3.22 Validation: Flood eventnd4. . . . ... .. .. ... ... ...... 44
3.23 Validation: Flood eventn5. . . . . .. ... .. ... ... ..... 44
3.24 Validation: Flood eventn.6. . . . . .. ... ... ... ....... 44
3.25 Validation: Flood eventn.7. . . . . . . .. .. ... ... ...... 45
A.1 Parque 3 Aguas cross section. . . . ... ... ... ... .. ..., 54
A.2 Puente Fundadores cross section. . . . . ... .. ... .. ... 54
A3 LaClaracrosssection. . .. ... ... ... ... .. .. ..., 55
A.4 Puente Gavinocross section. . . . . . . ... ... .. 55
B.1 Rating curve for the section Aula Ambiental. . . . . . .. ... ... 58
B.2 Rating curve for the section Parqe 3 Aguas. . .. ... ... .... 58
B.3 Rating curve for the sectionLaClara.. . . . ... ... ....... 59
B.4 Rating curve for the section Puente Gavino. . . ... .. ... ... 59



List of Tables

2.1
2.2

3.1

3.2
3.3
3.4

Basin's morphological characteristics. . . . . . ... ... ... ... 11
Mean value of soilcontent . . . . . ... ... ... ......... 13

Rating curve coe cients a and b for each of the ve river sections

analysed. . . . . . .. 31
Catchment area values for each river section investigated. . . . . . . 33
Procedure of calibration: parameters and adaptation indexes.. . . . 38
Indexes for validation and calibration . . . . . ... ... ...... 42

vii






Contents

List of gures Vil

List of Tables iX

1 Introduction 1
1.1 Literature review . . . . . . . . . . s 3
1.2 Structure of thethesis . . . . .. . . . . . . . . . ... ... .... 5

2 Study area 7
2.1 Geographical and morphological overview . . . . . . ... ... ...
2.2 Land cover. . . . . . .. 11
2.3 Solltexture . . . . . . . 11
2.4 Climatic context . . . . . . . . . . . 16
2.5 Datanetwork . . . . . . . ... 16

3 Hydrological model 21
3.1 Inputdata . . . .. .. ... ... 21
3.2 Water Balance . . . . . . . . . . 25
3.3 Adjustmentofthemodel . . . .. .. .. ... ... ... ..., 29

4 Conclusion 47

Bibliography and sitography 52

A HEC-RAS river cross sections 53

B Rating curves 57






Chapter 1

Introduction

The several ood events registered in Colombia and, above all, the high quantity

of damage to people and goods that these events caused, underlined the weakness
in the approach to managing ood risks in the country. These events have also

a negative e ect on the economy and the ecology of Colombia. Indeed, every
year the heavy rains lead to ooding of rivers and, consequently, landslides that
cause dozens of deaths and thousands of displaced. Speci cally from early March
to the end of June of 2021, which corresponds approximatively to the rst rainy
season of the year, 74 deaths, 54 injured and 7 missing were reported. This was
a consequence of the 1154 rainfall events occurred in 515 municipalities of the
State [2]. In gure 1.1 are shown signi cant photos of the events of this period.

Currently, in Colombia, a uniformed ood forecasting system does not exist.
Although a few warning schemes had been developed in selected basins by commu-
nities and local authorities, often these systems do not manage to give the warning
in time. The present situation in Colombia is more or less the same as the one of
the neighbouring countries. The biggest issue is the lack of a national authority
that can coordinate and manage the implementation of the forecast model [3]. The
meteorological condition of South-America complicates the situation because of its
unpredictability, worsened by climate change.

A rst attempt to understand whether the possibility to apply a model of ood
forecast to a speci ¢ basin in Colombia exists has been developed by (Terbisi, 2021
[1]). Indeed, the risk given by the ood can be reduced thanks to the prediction of
the event. This can reduce the part of the risk linked to the exposed elements and
their vulnerability. A long term prediction of an over ow allows the responsible
bodies to secure people and properties. It is fundamental to remind that the action
of prediction of the critical events does not imply the elimination of the event but
can be useful for the management of it.

Additionally, (Terbisi, 2021 [1]) reports the chance of a systematic measurement
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(a) Flood in Santa Rosa de Osos - 15/06/2021 Photo: Dagran. [2]

(b) Flood in a street of Medelln - 11/06/2021
Photo: Cortesa Denuncias Antioquia y Alcalda
de Medelln . [2]

Figure 1.1: Examples of the e ects of a ood during June 2021 in Antioquia.



Chapter 1 1.1. Literature review

error for the starting data. As a matter of fact, the aim of this thesis is to try
and adjust part of those data in order to see whether the hydrological model can
actually work for the considered basin.

The area of study is the Aburia valley in Antioquia department, it is the natural
basin of river Medelln. The focus is on the Medelln city, the second-largest city
of Colombia after Bogot. The high level of urbanization causes frequent and
dangerous oods. For this reason, the municipality of Medelln together with the
public company EPM and the private one ISAGEN developed the Abura valley
early warning system (SIATA) [4]. The aim of this system is to predict a natural
event that can modify the environmental conditions of the area or that can be
dangerous for the population. This operation is done starting from a solid real-
time monitoring network.

The idea of applying a hydrological model to the basin is suggested by the
disposability of high number of spatial and temporal data. In (Terbisi, 2021 [1])
the hydrological model used is the one called FEST-WB (Flash - ood Event
- based Spatially distributed rainfall - runo Transformation - Water Balance).
FEST is a distributed model widely used in Italy; its output is the hydrogram
computed for a certain river section, while the input consists of the rainfall and
some descriptive parameters of the basin.

1.1 Literature review

River ooding currently impacts more people than any other environmental event
posing a threat to almost 380 million urban residents globally [5]. During the last
decades, extreme events have occurred with higher frequency due to climate change
[6]. By combining this e ect with the population growth and rapid urbanization,
some countries will be more exposed to ood risk. Flood forecast event is central
in the management of river ooding.

(Jain et al., 2018 [7]) present di erent aspect of ood forecasting and give a
classi cation of model used for ood forecasting. The main subdivision is between
stochastic and deterministic model. The rst type simulate the random and proba-
bilistic nature of inputs and responses that govern river ow. Deterministic models
solve a set of equation representing the di erent watershed processes. These types
of model can also be classi ed according to the spatial distribution of inputs and
parameters. In lumped models, the catchment is idealized with various storage
tanks, modelling consists in describe the movement of water through these tanks.
In contrast, in a distributed model the catchment is divided into a large number
of cells. Another important category is the model that use the concept of ensem-
ble forecasting. The ensemble prediction systems o ers an ensemble prediction of
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Chapter 1 1.1. Literature review

hydrological variables. This result is obtained through small changes in the ini-
tial conditions, di erent representations of the physical processes and changes in
parametrization and solution schemes.

(Al eri et al., 2013 [8]) presents the Global Flood Awareness System (GIoFAS),
it is based on distributed hydrological simulation of numerical ensemble weather
prediction with global coverage. Stream ow forecasts are compared statistically
to climatological simulations to detect probabilistic exceedance of warning thresh-
olds. River discharge is simulated by the Lis ood hydrological model for the ow
routing in the river network and groundwater mass balance. Lis ood is a GIS-
based spatially distributed hydrological model, which include a one-dimensional
channel routing model (van der Knij et al., 2010 [9]). The Lis ood model is
currently running within the European Flood Alert System (EFAS).

(Thielen er al., 2009 [10]) presents the European Flood Alert System in which
the ensemble of multiple hydrographs is analysed and combined to produce early
ood warning information. EFAS is part of strategy for improved disaster manage-
ment in Europe to reduce the impact f transnational oods through early warning.
This can be achieved by providing National hydrological services with early ood
information in addition to their own local and, mostly often, short-range forecast-
ing information.

Flash oods are a recurrent hazard for many developing Latin American regions
due to their complex mountainous terrain and the rainfall characteristics in the
tropics [4].

(Domnguez-Calle and Lozano-Baez, 2014 [11]) does a review of the literature
on the early warning systems for oods and droughts. It also presents early warn-
ing systems in Colombia. Event of La Nifna in 2010 and 2011 caused economic loss,
damage at the infrastructure and human losses, events of this size underlined lacks
in the risk management and the necessity of early warning system in Colombia.
The rst system for risk management in Colombia was created in 1989 and was the
SNGRD (Sistema Nacional de Geston del Riesgo de Desastres). The rst experi-
ence of the warning system was in 1976 thorough the SCMH (Servicio Colombiano
de Hidrologia y Meteorologa). Currently the IDEAM (Instituto de Hidrologia,
Meteorologia y Estudios Amebientales) presents a daily report of the hydrological
warning and generates a public announcement for extraordinary events. This fore-
cast system is based on the Water Research and Forecasting model (WRF) and on
the V5 (MM5) model. Both the models use as initial conditions the data of the
Global Forecast System (GFS, NOAA/NCEP, USA).

(lLopez-Garca et al.,2015 [12]) review approaches to and eld experiences with
EWS (Early Warning System) throughout the world, including Colombia. They
identi ed that many EWS are unimplemented; and once in operation, there exists
an imbalance among components. On the other hand, some EWS fail to meet the
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territory need as a result of poor community participation, both at design and
operation stages.

(Ochoa Isaza, 2013 [13]) analyses the hydrological distributed model (SHIA)
on the Medelln river in the Abura valley. This study is done with the aim of
evaluating the impact of information that come from radar on the simulation. The
distributed model SHIA is currently used in the early warning systems of Medelln
in the Abura valley (SIATA).

On the same river (Medelln), (Terbisi, 2021 [1]) tries a rst application of the
distributed hydrological model FEST-WB. This was possible thanks to a large
disposal of data, o ered by the web portal SIATA, in terms of precipitation, tem-
perature, water level, water velocity and geometry of many river bed cross sections.
Nevertheless, it was not possible to adjust the model in the entire basin. This was
due to the di culty in understanding the value of discharge calculated through the
measures of water depth and velocity [1]. The ow rate in some of the analysed
sections seemed to be over-estimated [1]. (Terbisi, 2021 [1]) also suggests that the
apllication of the model could be ameliorated computing the discharge without
using the water velocity data. This would make possible to overcome the issue
probably related to this type of measure. And that is exactly the path this thesis
intends to pursue.

1.2 Structure of the thesis

Chapter 2 presents the study area with a geographical, morphological and climatic
overview useful to understand the context in which the basin is inserted. Informa-
tion about land cover and soil texture are also reported. At the end of the same
chapter there is a description of the data network present in the Abura valley
with a focus on the part used in this work.

In chapter 3 is presented the hydrological model, the main equations used by
the model are reported. In its section 3.3 there is the application of the model and
the results obtained.

In the last chapter (chapter 4) there are the discussion of the results and the
possible future developments of the study.






Chapter 2

Study area

This chapter presents the basin under study. The main characteristics are reported,
focusing attention on those that most in uence the hydrological response of the
basin. The information reported is the one of interest for the model and for the
equations that are applied. The last part of the chapter describes the data network
present in the basin.

2.1 Geographical and morphological overview

The area under consideration is the Abura Valley, in which is located the second
biggest urban agglomeration of Colombia, for both population and economy. This
valley is in the Antioquia Department, in the North West of Colombia ( gure
2.1). The Abura Valley is located in the middle of Central Andes, therefore the
territory is mountainous with irregular topography. Altitude is between 1300 and
2800 m a.s.l., the slope varies between 1-25% in 40% of the territory, 45% of the
area has slightly steep terrain with slopes between 25-50% and the remaining 15%
is steep with slopes that exceed 50%. The Digital Elevation Model is reported in
gure 2.2, the dimensions of the cell are 200x200 metres. The urbanized area of
the valley is the Metropolitan Area of the Abura Valley and rises in the at area
near the main river.

The valley under study constitutes the natural basin of the river Medelln
which runs from South to North for 100 km. The watershed has an elongated
shape in the north-east direction. The Medelln river originates in the south part
of the basin, in the small town called Caldas, more speci cally in the Alto de San
Miguel at 2800 meters above sea level. The river runs through the entire valley to
the limit of Barbosa town where it ows, together with the Rio Grande, into the
Porce. In gure 2.2 the hydrographic network and the main reach can be seen.
Medelln river is the main one, it cuts through the valley, the others rivers are all its
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Figure 2.1: Geographic context of the Abura valley.
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Figure 2.2: Digital Elevation Model and hydrographic network.
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Figure 2.3: Medelln river elevation pro le.

tributaries [13]. The hydrographic network reported comes from digitalization of
physics maps. In gure 2.3 is reported the altitude pro le of the river Medelln [4].
Some feature of the watershed are reported in table 2.1.

Along the main reach, there is only one deviation of the discharge. At the
end of the river, between the municipalities of Barbosa and Santo Domingo, there
is the hydroelectric power plant, Central Hidroekctrica Carlos Lleras Restrep, it
takes the waters through a spillway but it puts it back in the river. An additional
discharge on the river, also located in the municipality of Barbosa, comes from
La Tasajera hydroelectric power plant, which contributes, at most, with 40n3=s;
so, at the very end of the basin the discharge of Medelln includes also this value
coming from another basin. Another power plant, sited in the region of Niquia,
collects water from a di erent catchment area and o ers an extra discharge of circa
7 m3=sto to the river. This will be of fundamental importance when the analysis of
the computed discharge time series is discussed. Given all the information above,
it's clear that all the rainwater, which doesn't evaporate or lItrate deeply, joins
the closing section of the basin. In general, the basin has a good capacity to keep
the discharge, with a high and very high WRI (Water Retention Index) [14].
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Area [km ?] 1'218
Mean altitude [m.a.s.m] 1996
Basin mean slope [%)] 22
Main channel mean slope [%)] 0.72
Main channel [km] 107.67

Table 2.1: Basin's morphological characteristics.

2.2 Land cover

The territory analysed is located in the central Andes, has a latitude of 6 degrees
north and reaches altitude of 2800 meters above sea level. These properties ensure
that the basin is entirely covered by vegetation and the exclusion of the urban
area that develops around the Medellin river. Figure 2.4 shows the land cover
map produced by the ISCGM [15]. The Global Land Cover by National Map-
ping Organizations classi es the status of the land cover into 20 categories. The
classi cation is based on Land Cover Classi cation System (LCCS) developed by
FAO. In the Abura valley, the non-urban areas are divided between forests and
cultivated elds. The latter (in yellow in gure 2.4) is mostly located in the attest
areas of the basin and in its terminal part.

2.3 Soil texture

To study how the ow is created in the basin it is necessary to know some descrip-
tive parameters of the soil. These are related to the texture of the solil, in fact,
they are derived from empirical expressions knowing the type of soil.

Information about soil texture is available on the SoilGrids portal, a system
for digital soil mapping based on a global compilation of soil pro le data (WoSF
and environmental layers [16]. In gure 2.5, 2.6 and 2.7 are shown maps with
the content of, respectively, clay, sand and silt at depth equal to 5/15 cm, the
white parts are the urbanized area. The mean values of the three percentages are
reported in table 2.2. Looking at these maps, it is possible to say that, in the
entire basin there is the same texture. For this cause is reasonable to assume that,
also under the urban area, there is the same soil texture.

Knowing percentages of silt, sand and clay is possible to obtain the soil type
thanks to the USDA solil textural triangle ( gure 2.8), this is the most simple and
common way to classify soil [17]. The type of soil identify through the graph of the
USDA classi cation, using the mean value of percentages of the content of sand,

linternational Steering Committee for Global Mapping
2World Soil Information Service
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Figure 2.4: Land cover map by ISCGM.
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Chapter 2 2.3. Soll texture

silt and clay, is Clay Loam This soil, in general, has the characteristics of clay
but, in this case, the presence of silt and sand mitigate its features. Loams that
contains clay tends to be heavy because of the density of clay. The density of the
clay is the cause of the two biggest drawbacks of clay loam. When it is very wet,
it swells to retains water, on the other hand, dry clay shrinks but stays packed,
forming dense clods and cracking the soil surface.

Mean content
[9/kd] %
Clay 271.7 27.2
Sand 296.5 29.7
Silt 280.6 28.1

Table 2.2: Mean value of soil content

Figure 2.5: Soil clay content.
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Figure 2.6: Soil sand content.
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