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According to the World Risk Report released by the United Nations University Institute for Environment and Human Security, Mexico has a vulnerability of 46% and a lack of coping capacity of 76% in terms of disaster risk. One of those disaster risks is flooding which poses a serious challenge to the development and the lives of the inhabitants of Mexico.

Mexico City is facing problems of flooding in some areas at certain times of the year, causing important losses and damages on properties and residents including some casualties. Therefore, it is important to carry out a flood risk assessment in the catchment of Mexico City and estimate damages of probable flood events. However, limited data of observed discharges and water depths in the main rivers of the city are available, and this represents an obstacle for the understanding of flooding in Mexico City. For these reason, several studies have to be carried out in order to have a clear understanding of the catchment, which involve, meteorological and hydrological/hidraulic studies, rainfall distribution, runoff analysis, flood risk and vulnerability, and this studies allow the estimation of direct and indirect damages to the economy, to assets and to human life.

The premise of this study is that with the limited data and resources available, the catchment can be represented to an acceptable degree by the construction of a deterministic hydrological model of the Mexico City basin. The objective of the developed tool is to provide an efficient support to management of the flood processes by predicting the behavior of the catchment for different rainfall events and flood scenarios. Therefore, after obtaining the resulting discharges form the hydrological model in MIKE SHE software, these were used to carry out a flood hazard assessment. The discharges in 7 rivers and the water level downstream were input in MIKE 21 software as discharge boundaries for the model with the aim of assessing the extent of the areas of flood risk and the flood depth in Mexico City. In addition, a grid size sensitivity analysis was carried out for the topography used in MIKE 21. Grid sizes of 50

m, 30 m and 20 m were used in a MIKE 21 model to create flood maps and analyze the differences in flood extent and depth.

In addition, research was carried out regarding the different approaches existing worldwide for the estimation of direct and indirect damages, and an estimation of damages to several types of buildings was made for one of the simulated flooded areas of Mexico City.

RESUME

Selon le Rapport mondial des risques publié par l'Institut universitaire des Nations Unies pour l'environnement et la sécurité humaine, le Mexique a une vulnérabilité de 46% et un manque de capacité d'adaptation de 76% en termes de risques de catastrophe. Un de ceux est les risques d'inondation en cas de catastrophe qui pose un sérieux défi pour le développement et la vie des habitants du Mexique.

Mexico est confronté à des problèmes d'inondation dans certaines zones à l'ONU certaines périodes de l'année, causant des pertes et des dommages importants sur les propriétés et les résidents dont certains blessés. En conséquence, il est important de procéder à une évaluation des risques d'inondation dans le bassin de Mexico et d'estimer les dommages des inondations probables.

Cependant, les données limitées de débits observés et des profondeurs d'eau dans les principaux cours d'eau de la ville sont disponibles, et esta distributeur d'un obstacle à la compréhension des inondations dans la ville de Mexico. Pour la raison d'origine, plusieurs études doivent être effectuées intérêt dans le but d'avoir une compréhension claire disponibles du bassin versant, qui impliquent, études hydrauliques, météorologiques et hydrologiques, la répartition des précipitations, l'analyse des eaux de ruissellement, les risques d'inondation et de la vulnérabilité, et des études de esta permettent l'estimation de dommages directs et indirects à l'économie, aux actifs et à la vie humaine.

La prémisse de l'étude est que, avec esta Les données et les ressources limitées disponibles, le bassin peut être représentée à un niveau acceptable par la construction d'un modèle hydrologique déterministe du bassin de Mexico. L'objectif de l'outil développé est de fournir un soutien efficace à la gestion des processus d 'inondation en prédisant le comportement du bassin versant pour différents événements de précipitations et les scénarios d'inondation. Par conséquent, après obtention de la forme résultant des rejets dans le modèle logiciel MIKE SHE hydrologique, en d'origine ont été utilisés pour effectuer une évaluation des risques d'inondation. Les décharges dans sept rivières et le niveau de l'eau en aval ont été saisies dans le logiciel MIKE 21 que les limites de rejet pour le modèle dans le but d'évaluer l'étendue des domaines de risques d'inondation et de la profondeur d'inondation dans la ville de Mexico. En outre, une analyse de sensibilité de taille de la grille a été réalisée intérêt dehors pour la topographie utilisé dans les tailles MIKE 21.

En outre, la recherche a été effectuée sur l'intérêt approches existantes concernant les différentes dans le monde entier pour l'estimation des dommages directs et indirects, et on propose une méthode pour l'analyse des dommages à Mexico et dans d'autres parties du pays.

Avec les résultats de modèle d'inondation MIKE 21, il était une analyse des dommages économiques directs. Pour cela, le nombre de bâtiments de différents types ont été quantifiée dans une zone définie. Une équation de dommages dus aux inondations a été utilisé pour estimer les dommages aux maisons. valeurs par mètre carré de construction pour estimer les dommages économiques ont été utilisés dans le cas des autres types de bâtiments. Total des dommages ont été ajoutés. Les résultats ont été analysés et discutés, aussi des incertitudes. Recommandations pour les études futures sont écrites dans les conclusions. always willing and available to offer technical guidance in the subject of economic flood damage.

The methodology they developed was useful when estimating damages in the catchment of Mexico City. Figure 1.12 The watershed as a hydrologic system [Chow et al., 1988] 3.2Interpretation of the historic ground water flow system in the Basin of Mexico City. Infiltration of precipitation and snow melt in the surrounding mountains forms a deep water table (A) with downward gradients, some of which exits at shallow water tables (Bi) in the lower foothills or piedmont regions, and the majority flows under the valley floor and upward through the clays as diffuse discharge (Bii) and as thermal springs (Biv) through fractures in the deep aquifer. All discharge from the closed basin is by evapotranspiration [Durazo and Farvolden, 1989] (1) The southern portion of the basin, exploited for ground waters as of 1995 (2) alluvial fill, (3) Pleistocene and more recent basalt including Sierra Chichinautzin, (4) Tarango formation, (4a) high mountain range, (5) volcanic hills and deposits, (6) stratified volcanic deposits, (7) Pliocene mountain range, (8) Pliocene lower lacustrine deposits, (9) Miocene volcanic deposits, (10) and (10a) Oligocene volcanic deposits, (11a) and (11b) Cretaceous limestone platform. The upper portion of the main aquifer is composed of units (2), (3), and (4). The lower portion of the main aquifer is composed of unit (6). Units ( 9), (10), and (11) are considered lower aquifers distinct from the main aquifer in exploitation. [Mooser, 1990] 130 Figure 3.5 A well casing rising about 7 meters above the ground in a Mexico City neighborhood [Lesser-Illades et al. 1990 Perturbation of an economic system hit by a flood. [Messner et.al, 2007] .200 2.3 Types of vulnerability and the factors affecting their rate of exposure [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Table 2.6 Types of assessments after a flood. [Jha, 2010] 3.1 Drainage networks in the Valley of Mexico are insufficient. [START_REF] Luege | Hidrological sutainability program[END_REF] ..137 Table 4.1 Basin classifications by size. [Chow, 1964] 6.4 Building types, quantities, flood depth and value per square meter. [START_REF] Neodata | [END_REF] A flood is considered a flow or invasion of excess water by surface runoff or by the accumulation of these on flat lands caused by a lack or insufficiency of both natural and artificial storm drain. The magnitude of a flood caused by hydro-meteorological events is dependent on the intensity of the rain, its distribution in space and time, on the size of the affected watersheds, on the characteristics of the soil, and on the natural and artificial drainage of basins. (Bremer and Lara, 2001).
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Floods can be generally characterized into fluvial floods, pluvial floods, coastal floods, groundwater floods or the failure of artificial water systems. Based on the speed of onset of flooding, floods are often described as flash floods, urban floods, semipermanent floods, and slow rise floods. All the mentioned types of floods can have severe impacts on urban areas, and thus be categorized as urban floods. It is important to understand both the cause and speed of onset of each type to understand their possible effects on urban areas and how to mitigate their impacts. [CNA, 2011] The urban environment is subject to the same natural forces as the natural environment and the presence of urban settlements exacerbates the problem of flooding. Furthermore, in cities and towns, areas of open soil that can be used for water storage are very limited. High intensity rainfall can cause flooding when drainage systems do not have the necessary capacity to cope with flows and sometimes the water enters the sewage system in one place and resurfaces in others. [CNA, 2011] Floods usually result from a combination of meteorological and hydrological extremes, as seen in the table below.

However they can also be caused by human activities. For example, unplanned growth and development in floodplains, the breach of a dam or the overtopping of an embankment can cause flooding. In several regions of the world, millions of people have been moving from rural areas to cities in the last decades, and often settle in areas that are highly exposed to flooding. [CNA, 2011] Meteorological factors Hydrological factors Human factors.

• Rainfall

• Cyclonic storms As a result of different combinations of causal factors, urban floods can be divided into four categories:

-Pluvial Floods -Riverine Floods -Coastal Floods -Flash Floods Floods in urban areas can be attributed to one or a combination of the above types. [WMO and GWP, 2013] In order to manage urban floods it is important to understand the causes and impacts of each type.

Pluvial floods

These are of very high rainfall intensity and duration during the rainy season, sometimes caused by seasonal storms and depressions and exacerbated by saturated or impervious soils. Built environments like cities generate higher surface run-off, in excess of local drainage capacity, thereby causing local floods. [WMO and GWP, 2013] Furthermore, depending on the local hydro-geological characteristics, groundwater rising or subsurface flows can also be causes in the generation of pluvial floods. Pluvial floods are generally confined to small geographical areas and are normally not of long duration. However, in regions of lenghty rainy seasons (monsoon climates), pluvial floods can last for weeks, causing widespread damages. [WMO and GWP, 2013] An example is the UK, which in 2016 was impacted by a series of floods throughout the summer, between 15 and 17 September. This led to isolated incidents of flash flooding, impacting some communities and disrupting travel networks. 

Riverine floods

River floods are triggered by heavy rainfall or snowmelt in upstream areas, or by tidal influence from the downstream. Surface conditions like soil, vegetation cover, and land use have a direct bearing on the amount of runoff produced. River floods happen when the river run-off volume exceeds local flow capacities. The river levels rise at a slow rate and the period of rise and fall is particularly long, lasting even months, particularly in areas with flat slopes and deltaic areas. In adition, the failure or bad operation of drainage or flood control works upstream can also lead to riverine flooding. [WMO and GWP, 2013] Urban areas situated on the low-lying areas in the middle or lower reaches of rivers are specially exposed to extensive riverine floods. In most major river basins, flood plains are subjected to annual flooding. In addition, urban growth expands over some of the floodplains, decreasing the area into which floods can naturally overflow. [WMO and GWP, 2013] An example shown in the picture below happened in California where the deep floodplains of the Central Valley are subject to periodic riverine flooding. 

Flash floods

These are the result of the rapid accumulation and release of runoff waters from upstream mountainous areas, which can be caused by heavy rainfall, cloud bursts, landslides, the sudden break-up of an ice jam or failure of flood control works. They are characterized by a sharp rise followed by relatively rapid recession causing high flow velocities. Discharges reach a maximum quickly and diminish almost as rapidly. [WMO and GWP, 2013] The picture below shows a flash flood in Pakistan that killed at least 53 poeple in 04/16. [ WMO and GWP, (2013] Tidal effects in the estuarine reaches can make the river levels to stay high for long periods of time and sustain flooding. Thus the cities located in estuarine reaches have to bear the combined impacts of riverine as well as coastal floods due to storm surges and tidal effects. [WMO and GWP, 2013] These types of floods happen especially in low-lying stretches of coast, for example in Southern California, as seen on the picture below that shows a levee protecting waste water ponds. 

* Impacts of urban floods

Impacts of urban floods are considerable, especially in terms of economic losses both direct and indirect. Flood risks are a function of exposure of the people and the economic activities along with the vulnerability of social and economic fabric. [WMO and GWP, 2013] A number of urban characteristics in low and middle-income countries that have relevance to the increased flood risks are:

1. Concentrated population due to concentrated income earning opportunities; 2. Large impermeable surfaces and construction of buildings; 3. Concentration of solid and liquid waste without any formal disposal systems; 4. Obstructed drainage systems; 5. Intensive economic activities; 6. High value of infrastructure and properties; 7. Forcing out of poor from official land markets giving rise to informal settlements; 8. Housing without any health and hygiene standards; and 9. Changes in regions around cities.

Exposure.

Exposure refers to whether or not people or values are in range of floodwaters. One of the major factors for the rise in urban flood damages is the increasing number of people and assets that are physically exposed to floods in cities. The fast and unplanned growth of cities results in a larger number of people living in areas potentially liable to flooding. [WMO and GWP, 2013]. Around 2006, the global population living in cities exceeded for the first time in history the global rural population. Moreover, in developed countries, there is a preference to live close to rivers, sea and other water bodies.

[ WMO and GWP, 2013]. According to Anthoff et. Al, (2006), the number of people living within 1 meter of high tide level exceeds 150 million.

Furthermore, cities in many developing countries are growing rapidly. Increasing migration from rural areas to cities has led to uncontrolled urban sprawl with increasing human settlements, industrial growth and infrastructure development in hazard areas such as riversides, wetlands, land below the river, sea or reservoir level or even inside dried up river beds. [WMO and GWP, 2013] Due to economic development, assets are growing even faster than population, and with the progress of the societies therein, the value of the assets that are now concentrated in such areas has gone unchecked and unabated. [IHDP, 2005] The human settlements and infrastructure behind such embankments assume the area to be free from flood risks, therefore ignoring the residual risks that are associated with any flood protection scheme. The infrastructure such as underground transportation systems, multi layered basements used for storage and the telecommunication networks that have indirect impacts on the economies have spiralled over the past few decades. [IHDP, 2005] The cities and urban population, especially in developed countries, which are protected from floods with structural measures such as flood detention dams and levees have over the years intensified their economic activities in such areas. [WMO and GWP, 2013] 

Vulnerability

Vulnerability is considered to be the most important component of risk because it determines whether or not exposure to a hazard constitutes a risk that may result in a disaster. If the potential exposure to floods becomes reality, then the vulnerability of people and infrastructure is decisive for the degree of harm and damage. [WMO and GWP, 2013] Three types of vulnerability can be distinguished:

-Physical vulnerability of people and infrastructure; -Unfavourable organizational and economic conditions; and -Attitudes and motivations.

Physical vulnerability of people and infrastructure

Urban development brings larger risks, but those in higher income groups are able to avoid or bear such risks while those with low incomes cope witht them with higher difficulty. There is a socio-spatial segregation with reference to the hazard exposure of settlement locations; because, since urbanization is essentially the increase of population density, space gets rare and expensive. [WMO and GWP, 2013] Therefore, people who cannot afford to purchase or to rent space in secure environments are forced to move to cheaper places, which may be found at the outskirts of towns. Given the fact that the livelihood of the urban poor often depends on the proximity to informal economies in the central areas of big cities, many prefer to inhabit high hazard areas inside town. [WMO and GWP, 2013] 

Unfavourable organizational and economic conditions

The population living in informal settlements is unable to act effectively together; therefore, they face difficulties in getting support from government and make use of institutional mechanisms to the betterment of their conditions. The lack of organizational structures may lead to chaotic circumstances in times of stress, while the existence of formal or informal organizations or institutions may constitute a stabilizing factor. [WMO and GWP, 2013] 

Attitudes and motivations

Reluctance in preparing for floods and implementing mitigation measures may be the result of lacking hazard knowledge or of fatalistic attitudes. In addition, a high dependence in external support can reduce the individual responsibility to deal with problems in a proactive manner. [WMO and GWP, 2013] 1.4 Concept of risk management.

The assessment and mapping of hazards, risks and capacities is needed in the management of the respective risks and disasters. This is depicted in the risk management cycle, which is represented with four phases as seen in figure 1.6.

[International risk governance council, 2005]

Figure 1.6 Risk management cycle. [START_REF] Renn | Concepts of risk: A classification[END_REF] According to the World Meteorological Organization (WMO) and the Global Water Partnership (GWP), ( 2013), mapping is especially important for the assessment and management phases, in which flood maps allow the representing of flood information and management options in the geographical context. This approach is also used by FEMA in their RiskMAP programme.

In addition, flood maps play an important role in decision-making, planning and implementing of flood management options. The overall goal of flood maps is to provide information on the past and the potential extent of floods and their impacts, which is helpful when making decisions on various aspects of integrated management of floods. Moreover, developing flood maps requires a systematic process, and it is important to specify the data sets on which the maps will be based, and the methodology that will be used. Moreover, it is recommended that administrative mechanisms are implemented to develop flood-mapping programmes. [WMO and GWP, 2013] 1.5 Situation in Mexico City.

In the case of Mexico City, constant urban expansion has reduced the permeability of the soil in groundwater recharge areas. Figure 1.7 depicts the urban area as it has been expanding from 1910 to 2000 in 20-year intervals. This factor, together with land subsidence due to over-exploitation of groundwater during the last century, has increased the risk of flooding. In fact, it is now common that floods in low-lying areas consist partially of sewage fluids. Furthermore, figure 1.9 shows the uncontrolled city growths in the Chalco area of Mexico City, a low-lying area were flooding affects the inhabitants and businesses every year. It should be noted that natural rivers are preserved only in mountainous areas surrounding the valley of Mexico. The rivers that cross the urban area have been cased to avoid contact of the population with sewage waters. An example is the River Mixoac, which flows naturally in the elevated areas of its sub-catchment, and continues cased when it reaches the more a heavily populated part of the city. This can bee seen in figure 1.10

Figure 1.10 River Mixcoac flows from West to East and is encased from the point where it reaches a heavily populated area. [Google Earth, 2016] The main contributors to the Valley of Mexico are the rivers flowing from the mountains of the West. The most important are the Magdalena, Mixcoac, Tacubaya and Hondo rivers that drain into the reservoir system that intercepts the West.

The Mixcoac, La Piedad and Consulate rivers, and in general all the primary rivers leading a path from West to East, are intercepted first by the deep drainage system and then through the Grand Drainage Canal. Discharges into the deep drain are performed by gravity and the Grand Canal by pumping. [Dominguez, 2000] Moreover, the other major conduit to drain the discharges outside of the valley of Mexico is the Grand Drainage Channel, with the difficulty that, because of the sinking of the city, such discharges must be made by pumping.

According to Dominguez (2000), the discharge capacity of the drainage system is inadequate as some sections have worked several times per year with discharges above capacity and have already been submitted to the black water rises and caused spilling into the streets.

The Grand Channel has been gradually reducing its discharge capacity of 90 m³ / s to 12 m³ / s in the last 30 years, and the deep drainage system is forced to drain growing areas at the South and Southeast of the city.

Moreover; according to Ibarrarán (2011), climate change will have a long term impact in Mexico City´s urban infrastructure, because among urban areas, large cities, with complex urban infrastructure systems problems and ongoing environmental problems are at the mercy of these additional changes if careful planning is not done on time and proper investments put in place. Therefore, Mexico City is a relevant case study for the climate change community to understand impacts on a large, complex city. The greater metropolitan area, Mexico City Metropolitan Area (MCMA), has approximately 20 million people, over four million vehicles, very intricate systems of energy and water supply, and transportation infrastructure that may be highly vulnerable to climate change impacts. This is because it may face a range from relatively mild to extreme weather events. [Ibarrarán, 2011].

Furthermore, another critical issue is water, both at the distribution and sewage collection stages. Supplying water into the city is a great challenge because 37% comes from other basins such as Lerma and Cutzamala,. Bringing water from other basins implies driving it 127 km and elevating it up 1,100 meters, due to the altitude of Mexico City. Once it gets there, due to the outdated infrastructure and theft, 35 per cent of the water in the system is lost during distribution. [Carrabias and Landa, 2005].

In addition, due to climate change, water demand may increase and its availability may be reduced. Therefore, bringing water to Mexico City will add further pressure to its water infrastructure. The sewage system, on the other hand is quite ineffective and water treatment plants usually lack maintenance. [Ibarrarán, 2011]. Additionally there is no culture of water reuse. Moreover, rainwater and raw sewage go through the same drainage system, polluting the former and making it totally unusable for other needs. Finally, the database of water users is outdated and incomplete, so there is a limited recovery of user charges and those that pay do so at very subsidized prices. [Legorreta, 2005].

Therefore, there is a pressing need to revise the entire water system, from water capture and distribution to sewage recovery and maintenance. Operation and the scarcity cost of water should be reflected to final consumption through market pricing.

This may help to avoid over-exploitation, reduce pollution, and increase water availability for the city through the build up of water infrastructure and the implementation of water saving programs. [Ibarrarán, 2011]. Moreover, climate change tends to increase the amount of moisture retained at one moment in the atmosphere and therefore the amount of rain poured in one single episode. This leads to flooding and landslides, and as a byproduct, to soil erosion through water runoff. This additional water from floods may be thought of as an added source that could be captured through infiltration; however, given the large amount of water and the high rate at which it concentrates at one point, it usually leads to disasters, where both the government and private insurance companies have to intervene [START_REF] Semarnap | National report of the UN climate change conference[END_REF] Precipitation in Mexico City increased from 600 mm/year in the early 20th century to over 900 towards the end of the century, as shown in Figure 1.11. Higher precipitation is associated with an increased frequency of extreme events with more than 30 mm/hr. Flashfloods have increased from 1 or 2 per year at the beginning of the 20th century to 6 or 7 towards the end. [Ibarrarán, 2011] In addition, within the Distrito Federal alone, 24 thousand people are highly vulnerable to these water-related extreme events [START_REF] Sma-Df | Strategy for climate in Distrito Federal[END_REF]. Landslides happen close to the areas where water from floods typically runs through and these waterways often collect materials and trash that increase the threat to the population and eventually block the way for water. Even though heavy rain occurs in the west of the city, floods take place in the east and south, given the way water flows and the very precarious infrastructure. Approximately 65% of these floods are due to insufficient sewage, 30% to flooding of roadways, and 5% are due to housing infrastructure. These flashfloods are expected to increase under climate change. For example, in August 2nd, 2006 there was a rainfall of 50.4 mm in only 36 minutes, causing severe floods in the south and west of the city.

[ [START_REF] Sma-Df | Strategy for climate in Distrito Federal[END_REF]].

In such context, it is essential for the local authorities to develop an assessment of the flood risks and then to define a global strategy for the City. However and as already mentioned, the hydrological monitoring within the Mexico basin is limited especially regarding the runoff processes.

The knowledge on the hydraulic structures implemented for collecting the runoff is also limited and no flood maps are available for the City. The challenge is then to evaluate the flood processes with an appropriate model able to produce a first assessment for every area of the Mexico basin. Obviously the task is particularly complex and request to select the most relevant modeling approach that may produce the needed results by the technicians and the decisions makers. Among many different hydrological modeling approaches, the deterministic distributed hydrological represents a potential alternative for the flood hazards analisys in Mexico City. Under physically based hypothesis, the deterministic distributed approach allows to produce, for any point within a catchment, all the hydrological charactiristics including the flood hydrographs. The interest of the approach will be discussed in depth.

Hydrological models for flood inunundations assesment.

Hydrology is a subject that deals with all phases of the world's water (Chow et al., 1988). There are several components and complex interactions within the hydrological system. The hydrological system can be defined as a set of physical, chemical and/or biological processes acting upon an input variable or variables, to convert it (them) into an output variable (or variables). [START_REF] Xu | Hydrologic models[END_REF] This continuous converted process can be called hydrologic cycle, which is the water transfer cycle occuring continuously in nature. The three important phases of the hydrologic cycle are: Evaporation and evapotranspiration, precipitation and runoff [Raghunath, 2006] A model is a representation of a part of the natural or human created world which can be in the form of a physical, analog or mathematical model. [START_REF] Dingman | Physical hydrology[END_REF][START_REF] Brooks | Hydrology and the Management of Watersheds[END_REF] stated that Hydrologic models, simplified representations of actual hydrologic systems, predict hydrologic responses and allow one to study the function and interaction of various inputs, in order to gain a better understanding of hydrologic events. In general, a model of the hydrologic system may be explained as a function which transforms input variables into output results. [START_REF] Xu | Hydrologic models[END_REF] The model result can help us have a better understanding of the hydrological phenomena operating in a catchment and of how change in the catchment may affect these phenomena. Moreover, they help the hydrologist to have scientific evidences for forecasting future scenarios such as climate change or land use change, also for suggesting the constructive design in the catchment. However, a model is not able not describe all components of the hydrological system, as well as the relation between them. It only has the capacity to depict broadly this system. [START_REF] Xu | Hydrologic models[END_REF] stated that the hydrological model is a simplified representation of a complex system which includes a number of variables such as rainfall, run-off, evapotranspiration, temperature, infiltration, soil, moisture, etc. Therefore, this model represents an approximation of the real system. Because of the limitation in calculated capacity, the hydrological cycle of the watershed is isolated for studying in a watershed scale. This work is considered a simplification because it interrupts the spatial continuum of the hydrological system. [START_REF] Xu | Hydrologic models[END_REF] A watershed can be represented with a division between topographic or groundwater as the Figure 1.12. It is defined as the terrain area contributing surface stream flow into a river network or any point of interest [START_REF] Brutsaert | Hydrology: an introduction[END_REF]Chow et al., 1988;Dingman & Dingman, 1994;[START_REF] Linsley | Applied hydrology[END_REF]. Therefore, speaking about a 1hydrological model, it implies that this model simulate the hydrological process for a small area or a catchment.

Figure 1.12 The watershed as a hydrologic system [Chow et al., 1988] Methodologies have been proposed for inferring runoff from precipitation that is applicable to ungauged basins. These procedures are known as rainfall-runoff models.

For their study they are classified according to the information they require as follows:

* Empirical

They are of two types, one needs only the physiographic characteristics of the basin and the other, besides the characteristics, the precipitation data is used.

* Unit hydrograph

There must be at least a simultaneous recording of rainfall and runoff to produce it.

* Simulation of runoff from the basin

The detailed characteristics of the basin and all the simultaneous hydrological data are needed. [CNA, 2011] 1.6.1 Model selection criteria.

The criteria for selecting a hydrological model depends on several factors. These criteria usually change due to the purpose of study, such as planning or operation, which basically require different kinds of hydrological models [Plate, 2009]. They also depend on the real conditions of the catchment, and data availability [START_REF] Ng | Sensitivity of streamflow simulation to changes in climatic inputs[END_REF]. However, these criteria concentrate generally on four fundamental requirements:

 Required model outputs to be estimated by the model;

 Hydrologic process that needs to be modeled in order to estimate the desired outputs adequately;  Availability of input model;  Cost. [START_REF] Cunderlik | Hydrologic model selection for the CFCAS project: Assessment of Water Resources Risk and Vulnerability to Changing Climatic Conditions[END_REF] For every study, the first requirement for choosing a hydrological model is to define how to describe accurately the processes of catchment in certain conditions. For this purpose, an insight was proposed that the more detailed the characteristics of catchment the model are, the more detailed and potentially more correct descriptions of the hydrological process the model will represent. [Refsgaard, 1997;Vansteenkiste et al., 2013]. As such, this could reduce the uncertainty of the model when simulating the hydrological events and forecasting for the future. [START_REF] Cunderlik | Hydrologic model selection for the CFCAS project: Assessment of Water Resources Risk and Vulnerability to Changing Climatic Conditions[END_REF] proposed that the selected model must have the capacity to answer the following requirements:

The selected model should supply:

 Simulated low peaks (stage, discharge), volumes and hydrographs at outlets of sub basins, and in the profiles of points of interest within the main basin;  Simulated long flow sequences for water budget and drought analyses primarily for the main basin and preferably for the individual sub basin;  Simulated extend of flooded area for different precipitation events and various basin conditions.

The main hydrologic processes that need to be included in the structure of the hydrologic model in order to adequately estimate the required project's output are:  Regulated reservoir operation. [START_REF] Cunderlik | Hydrologic model selection for the CFCAS project: Assessment of Water Resources Risk and Vulnerability to Changing Climatic Conditions[END_REF] Furthermore, in large catchments where the hydrological components are in interactive relations, the understanding of the hydrological mechanics in large scale is intricate and complex. This leads to the modeler not being able to define which one is the main factor affecting the stream flow. Thereofre, for these cases, using a distributed model is required to simulate the rainfall runoff behavior [Wittwer, 2013]. According to the World meteorological organization (WMO), a distributed hydrological model is expected to describe more accurately than others where the topography varies greatly. This insight might rely on the grid scale of the distributed model. Moreover, this kind of model will represent more accurately the slope variation. The Table 1.2 indicate the standards which WMO recommend to choose a model for simulating the hydrological cycle in a catchment [Wittwer, 2013]. This criteria was taken into account and compared with the catchment conditions to select the most suitable model for simulating the hydrological process of the Mexico City catchment. 

MIKE SHE Model.

According to the criteria discussed in section 1.6 a higher performance of the distributed physically-based hydrological model over other kinds of models in hydrological simulations can be expected. The structure of a fully distributed physically-based hydrological model is a combination of the distributed characteristics and physical interpretation of the hydrological process, hence it is expected to provide significant advantages over existing hydrological models for a wide range of applications. This kind of model has the ability to simulate almost all components of the hydrological process. Furthermore, this process is solved at the grid scale, thus it helps to overcome the data problem in a large catchment, and in catchments with limited data, as is the case of Mexico City catchment. This advantage is highlighted as one of the most important aspects of the physically-based distributed model. Therefore, the main attribute of a fully distributed physically-based hydrological model is that it is able to provide hydrological information at any location within the catchment. The catchment characteristics are able to be input into the model as detailed as possible, and also, it helps to reflect the catchment nature truthfully, thus reducing the uncertainty in simulation and increasing confidence in simulation. This also allows to investigate in depth the hydrological dynamics of catchment. In addition, the model calibration can be ignored because of describing in reality the physical hydrological components and because this model is able to represent the catchment with the simplest set-up, in comparison with any other models [START_REF] Abbott | An introduction to the European Hydrological System-Systeme Hydrologique Europeen[END_REF]. Several modeling tools are available today and could be used for such analysis. One of this kind of models is MIKE SHE, developed by DHI Water & Environment.

MIKE SHE was developed with the aims of providing scientific information for optimizing the water resource project planning, also for estimating the impact of urbanization, land use change, infrastructural development on the hydrological process and on water resource development and management in Europe in the 70s. A new generation of hydrological model, which focused on the physically based distributed catchment model, was required. The model was hoped to have the potential to overcome many of the deficiencies related with simpler approaches. The European Hydrological System-Système Hydrologique Européen or SHE was born from this situation to answer this requirement. After having the success in modelling the hydrological phenomenon in Europe, SHE has become the starting point for many physically based spatially distributed hydrological models, such as SHETRAN, SHESED, MIKE SHE [Ewen et al., 2000]. SHE was a result of the cooperation between three european establishments in water modelling including the British Institute of Hydrology, UK, The Danish Hydraulic Institute and the French Consulting Company SOGREAH under the financial support of European Commission [START_REF] Abbott | An introduction to the European Hydrological System-Systeme Hydrologique Europeen[END_REF]].

The SHE model was built fundamentally on the blueprint proposed by Freeze and Harlan in 1969 for modelling the hydrological cycle [START_REF] Abbott | An introduction to the European Hydrological System-Systeme Hydrologique Europeen[END_REF]. According to the blueprint theory, the run off process is divided in different parts and solved by corresponding equations. Using different equations focused on representing more accurately the physical characteristics of each part in the catchment [Freeze & Harlan, 1969]. The algorithm was developed independently in three organizations under the form of software module, the Institute of Hydrology, UK; is responsible for snowmelt, interception and evapotranspiration; overland flow and channel flow is constructed by SOGREAH and the Danish Hydraulic Institute is in charge of the flow components in unsaturated and saturated zones, and for linking the module together [START_REF] Abbott | An introduction to the European Hydrological System-Systeme Hydrologique Europeen[END_REF].

After tests to validate the quality of the model with several case studies, the first version of SHE became operational in 1982. From that time, the SHE model has seen a continued completion and upgrading by DHI Water & Environment with a new name: MIKE SHE. This model kept developing to improve the quality of simulation. Today, MIKE SHE is considered a high performance model for hydrological modelling. It includes a full suite of pre and post-processing tools, plus a flexible mix of advanced and simple solution techniques for each of the hydrologic processes. MIKE SHE covers the major processes in the hydrologic cycle and includes process models for evapotranspiration, overland flow, unsaturated flow, groundwater flow, and channel flow and their interactions. Each of these processes can be represented at different levels of spatial distribution and complexity, according to the goals of the modeling study, the availability of field data and the modeler's choices, [START_REF] Butts | An evaluation of the impact of model structure on hydrological modelling uncertainty for streamflow simulation[END_REF]Graham & Butts, 2005]. The MIKE SHE user interface allows the user to intuitively build the model description based on the user's conceptual model of the watershed. The model data is specified in a variety of formats independent of the model domain and grid, including native GIS formats. At run time, the spatial data is mapped onto the numerical grid, which makes it easy to change the spatial discretization [Graham & Butts, 2005a].

Furthermore, MIKE SHE uses MIKE 11 to simulate channel flow. The MIKE SHE/MIKE 11 coupling allows to simulate large water bodies such as lakes and reservoirs, as well as flooded areas. If this option is used, MIKE SHE/MIKE 11 applies a simple floodmapping procedure where MIKE SHE grid points, are linked to the nearest H-point in MIKE 11. Surface water stages are then calculated in MIKE SHE by comparing the water levels in the H-points with the surface topographic elevations. Conceptually, the flooded cells are "side storages", where MIKE 11 continues to route water downstream as 1D flow, and at the same time, the water is available to the rest of MIKE SHE for evaporation and infiltration. The effect of urban drainage and sewer systems on the surface/subsurface hydrology can be simulated in the MIKE SHE model via the coupling with the MOUSE model and nowadays it develops a couple of MIKE URBAN and MIKE SHE [DHI, 2012f].

MIKE SHE architecture.

The preeminence of the deterministic, physics-based, distributed model code in the hydrological domain has been demonstrated. These advantages have been concretized in the MIKE SHE model. However, beside the capacity to translate accurately the hydrological process for a catchment, the applicability of deterministic physics-based distributed model in reality confronts several difficulties. The requiring of a significant amount of data or long execution time are the most important limitations when applying the physical based model. In addition, there is the question: is it really necessary to simulate all hydrological components in one model? How will it improve the simulation quality when just one or two hydrological processes dominate the watershed behavior [Graham & Butts, 2005]. These two authors give a judgment that a complete physics based flow description for all process in one model is rarely necessary. Overparameterized description may occur for simple applications; therefore, MIKE SHE has been developed with many simulated methods, such as lumped and conceptual. This integration is organized in a modular approach which includes several solution techniques to translate the different processes in nature. It can help to optimize the function of each component when simulating for a complex catchment. Each of the hydrological processes can be represented at different levels of spatial distribution and complexity, according to the goals of the modelling study, the availability of field data and the modeller's choices [START_REF] Butts | An evaluation of the impact of model structure on hydrological modelling uncertainty for streamflow simulation[END_REF]. Figure 1.13 presents a schematic overview of the processes in the MIKE SHE model. According to this, the hydrological process is divided into eight parts in the MIKE SHE model. The description of these parts is briefed as follows.

a. Precipitation.

Precipitation is a key factor in the hydrologic process; it is always the first data requirement with any rainfall run-off model. This input data affects considerably on the simulation quality. In MIKE SHE, precipitation data can be input as a constant value or a time series. MIKE SHE supplies three spatial distributed formats for rainfall input, such as uniform, station based or full gridded spatial distribution. The first format generally is applied for a small catchment or a lack of surveyed data. The second one is suitable with locality where the density of gauging station is relatively high. The most widely used of this type is Thiessen Polygons. The latter one is the best in representing the precipitation data and is expected to improve the simulated quality. However, this data is difficult to obtain because precipitation is typically measured at only a few locations within a watershed. In fact, this data is not always available. It is generally obtained via several interpolated methods. MIKE SHE also provides a tool to correct the rainfall variation due to the elevation via Precipitation Lapse Rate. Snow melt is an important phenomena that can dramatically affect the spring runoff timing and volume. Therefore, a realistic description of the snow melt process is important. [DHI, 2012e].

In order to take into account the impact of snow in the stream river, MIKE SHE includes a comprehensive snow melt module based on a modified degree-day method. Precipitation that occurs when the air temperature is below the freezing point accumulates as solid snow and does not infiltrate or contribute to runoff. The accumulated snow has a moisture content, and when the moisture content reaches a critical level, then additional melting contributes to runoff. [DHI, 2012e].

b. Evapotranspiration

In the water balance, the evapotranspiration is an important component. This factor is composed from evaporation and transpiration. Evaporation, in which water changes from a liquid to gas or vapor. In hydrology, it is estimated as the primary pathway to which water moves from the liquid state back into the water cycle as atmospheric water vapor. It occurs from free water surface including lakes, rivers, snow surface or from the soil. The evaporated ammount might be affected by many factors such as temperature, humidity, wind, soil wetness, soil hydraulic properties and the groundwater table. In a different way, the transpiration is defined by plant physiology -the depth of the roots, the ability of the roots to extract water from the soil or characteristics of leaves [Graham & Butts, 2005ª]. In MIKE SHE, the calculation of evapotranspiration uses meteorological and vegetative data to predict the total evapotranspiration and net rainfall due to the following components: interception of rainfall by the canopy, drainage from the canopy to the soil surface, evaporation from the canopy surface, evaporation from the soil surface, and uptake of water by plant roots and its transpiration, based on soil moisture in the unsaturated root zone [DHI, 2012e]. MIKE SHE 2012 supplies three methods to determine the amount of actual evapotranspiration (ET):

 Soil Vegetation Atmosphere Transfer ( SVAT)

This model was developed based on a system that consists of two layer (soil and canopy) and their resistance network link [Shuttleworth & Wallace, 1985]. This model includes a single, semi-transparent canopy layer located above the soil layer. In this model, actual evapotranspiration is calculated directly from standard meteorological and vegetation data. This process is not dependent on Reference evapotranspiration [Graham & Butts, 2005ª].

 Kristensen and Jensen Method.

In this method, the actual ET is estimated by using empirically derived equations [START_REF] Kristensen | A model for estimating actual evapotranspiration from potential evapotranspiration[END_REF]. This equation was established at the Royal Veterinary and Agricultural University in Denmark. The equation is a result of summarizing the field measurements. The model solves the relationship between the reference evapotranspiration rates, maximum root depth and leaf index of the plants to give the actual evapotranspiration and the actual soil moisture status. The precipitation is assumed to not occur as snow because the considered temperature of model is above 0°C. The required data for this method are time series of the Reference ET, the leaf area index and the root depth, and other empirical parameters that control the distribution of ET with the system [Graham & Butts, 2005a].

The mechanism of this method can be expressed as follows: first, the water intercepted by the leaves is removed from total rainfall. This number will drop into ground surface where it can infiltrate or pond. Based on the ponded at reference ET and the net rainfall, the model will calculate the evapotranspiration. If the amount of evapotranspiration is still smaller than Reference ET at current time step, the water loss will continue to be subtracted by transpiration. The ET distribution between unsaturated zone and saturated zone relies on the root's depth. The evapotranspiration is extracted from saturated zone only when the roots of vegetation are in contact with the water table [DHI, 2012e]. This is very important to calculate the evapotranspiration at swamps, wetlands, and the flood season. The Kristensen and Jensen Method is required when using the Richards equation and gravity flow methods in the unsaturated zone [Graham & Butts, 2005a].

 Two Layer Water Balance Method.

It aims at reducing the complexity of simulating the transpiration process at water flow at the unsaturated zone. MIKE SHE proposes a simplified water balance method. This method is the Two Water Balance Model which divides the unsaturated zone in two parts. The first is root zone where evapotranspiration mostly occurs. The second part is below the root zone, that does not affect much on the evapotranspiration process. This model is constructed based on the research of Yan & Smith (1994). The main objective of this model is to calculate the actual evapotranspiration and solve the relation between surface and ground water. The simulation process in the Two Water Balance Method progresses as the Kristensen and Jensen Method. Following that, the evapotranspiration is determined via the processes of intercepted water, then ponded water and finally transpiration from root zone. However, it does not take into account flow dynamics which is a difference with the Kristensen and Jensen Method. The data requirement of this model is the time series for root depth, leaf area index and Reference Evapotranspiration [Graham & Butts, 2005a] This method is particularly suitable in swamps or wetlands where the ground water table is shallow. In these cases, the actual evapotranspiration rate is close to the reference rate. In areas with a deeper and drier unsaturated zone, the Two Layers Water Balance Method is inefficient. However, the model result can be acceptable via calibration [Graham & Butts, 2005a].

c. Unsaturated Flow

In the unsaturated zone, the flow can be expressed in vertical and horizontal directions. However, under the domination of gravity, the vertical has main ammounts. Therefore, MIKE SHE assumes that there is only vertical flow in the unsaturated zone and it ignores the lateral movement (Figure 1.14). This assumption is applicable for most situations. However, it may limit the validity of the flow direction in several cases, such as on very steep hill slopes or in small scale models with lateral flow in the unsaturated zone where the intensity of lateral and vertical flow is roughly similar. The rainfall fulfill the soil moisture and the water in this part will be extracted for evapotranspiration and recharge to the groundwater table. [Graham & Butts, 2005a] Depending on deferent tools, the UZ flow component is able to simulate with four options as follows:

 Richards Equation:

The full Richards equation (equation 1) is developed based on the continuity equation and Darcy's law. The method uses the vertical gradient of hydraulic head, which includes both a gravity and a pressure component, to represent the water movement in the unsaturated zone. The pressure head as a function of saturation (moisture retention curve) and hydraulic conductivity are necessary for this method. The evapotranspiration factor is calculated as a root extraction in the upper part of the unsaturated zone. The amount of total actual evapotranspiration is equal to the integral of the root extraction over the entire root zone depth. This method is accurate for describing the flow in the unsaturated zone. However, it is limited in computational time due to its complexity. [Graham & Butts, 2005a]  Gravity Flow

The limitation about the computational time of the Richards equation method is improved with the Gravity Flow method. By assumption that the gravity is the main role in vertical driving force, Gravity Flow ignores the effect of the pressure head term on vertical flow in the unsaturated zone.

Eq.2 ∂θ ∂𝑡 =- In the Gravity Flow Module, equation 2 is solved explicitly from the top of the soil column downward. At the top of the soil column, the depth of overland water in the ground surface is hypothesized as the amount of water available for infiltration, which is used as infiltration rate in the first step and as the maximum infiltration rate for the soil column. The data requirement of this method is only the conductivity -saturation relationship.

In comparison with the full Richards equation, this simplified method is faster and more computationally stable. This is applicable for coarse soils which capillary pressure is quite small and for projects focused on the accuracy of evapotranspiration, of recharge to groundwater, but not on the dynamics in the unsaturated zone.

Two-Layer Water Balance

The two layer water balance method divide the unsaturated zone in two parts, the root zone and below. This assumes the unsaturated zone storage is inconsiderable. Thus two layer water balance method does not take into account this component in infiltration and it supposes all infiltrated flow recharge immediately to the saturated zone. The simple of this engine helps to reduce lot of simulation time at least with the long simulation. This method is particularly suitable with swamps or wetlands area where the ground water table is shallow.

 Lumped Unsaturated Zone Calculation (Column Classification)

Lumped Unsaturated Zone Calculation is applicable in the case of identical unsaturated flow conditions. The unsaturated flow conditions in two cells is considered as identical if they answer completely two following conditions:

-The first is identical soil and vegetation characteristics.

-And the second is boundary conditions. In this context the flow in the unsaturated zone can be calculated in one of the cells which is as a representative of a group. Then other cells can refer on the result of this cell. This method gives approximated accurate results for water balance simulations. It is not accurate for local dynamics, because it does not account the influence of this procedure on the flow simulation.

In summary, DHI (2012e) stated that the full Richards equation method is the most computationally intensive but also the most accurate when the unsaturated flow is dynamic. The simplified gravity flow procedure provides a suitable solution when the primary interest is in the time varying recharge to the groundwater table based on actual precipitation and evapotranspiration and not dynamic in the unsaturated zone. The two simple layer water balance method is suitable when the water table is shallow and groundwater recharge is primarily influenced by evapotranspiration in the root zone. Lastly, the Lumped Unsaturated Zone Calculation is suitable with long times of simulation at homogeneous zones.

Moreover, MIKE SHE also describes the flow through macropores in unsaturated soil which is important for many soil types. There are two selections for representing flow type in MIKE SHE, Simple bypass flow and full macropore flow.

Simple bypass flow is a simple empirical function used to describe simple bypass flow in macropores. The infiltration water is divided into one part that flows through the soil matrix and another part, which is routed directly to the groundwater table, as bypass flow. The bypass flow is calculated as a fraction of the net rainfall for each UZ time step. The actual bypass fraction is a function of a user-specified maximum fraction and the actual water content of the unsaturated zone, assuming that macropore flow occurs primarily in wet conditions [DHI, 2012e].

In the Full Macropore Flow, macropores are defined as a secondary, additional continuous pore domain in the unsaturated zone, and the matrix pore domain representing the microporous bulk soil. Macropore flow is initiated when the capillary head in the micropore domain is higher than a threshold matrix pressure head, corresponding to the minimum pore size that is considered as belonging to the macropore domain. Water flow in the macropores is assumed to be laminar and not influenced by capillarity, thus corresponding to gravitational flow [DHI, 2012e].

In order to overcome the capacity of 2-Layer WB and the Gravity Flow UZ solution methods about the capillarity simulation, DHI provides the The Green and Ampt infiltation function which is an analytical solution to the increased infiltration experienced in dry soils due to capillarity.

The coupling the unsaturated zone to saturated zone is solved by an iterative mass balance procedure. This linking ensures a realistic description of water table fluctuations in situation with shallow soils. However, there is a difficulty in solving the linkage between the two saturated and unsaturated zone which are arisen from the fact that these two components are explicit coupled and run in parallel. This couple is not solved by a single matrix with an implicit flux coupling of the unsaturated zone and saturated zone differential equations. A great advantage of this kind of coupling is that, they are run with different time steps.

d. Overland Flow

The surface run off can be caused from ponded water which has the tendency to flow downhill towards the river system. The ponded water can be from the remaining rainfall water after the losses of infiltration and evapotranspiration, from river flow flood over the banks or groundwater flows onto the surface. The characteristics and quantity of this hydrological components are defined by the topography and flow resistance as well as the losses due to evapotranspiration and infiltration along the flow path. MIKE SHE provides two methods for representing this main component of hydrology.

 Finite differences Method. MIKE SHE handles the St. Venant equations to solve the run off in the ground surface. However, this equation is simplified by ignoring momentum losses due to local and convective acceleration and lateral inflows perpendicular to flow direction. After simplifying, it becomes the diffusive wave approximation. This method is suitable when simulating the free surface flow, the shallow water depth or slow velocity of surface water. The diffusive wave approximation is solved by using the two dimensions difference approach to represent the relationship between the rainfall, evapotranspiration, infiltration and the surface flow. For this method, it is necessary to supply into the model three parameters:

-The Manning number which describes the friction of ground surface, -The detention storage.The parameter to limit the amount of water that can flow over the ground surface. It means that the overland flow process only occurs if the ponded water on the surface exceed this threshold. The detention storage is accounted for infiltration or evapotranspiration. This parameter also affects the exchange between overland flow and channel flow.

-Initial water depth: In most cases it is the best to start a simulation with a dry surface and let the depressions fill up during a run in period. However, if there are significant wetlands or lakes this may not be feasible. So this parameter is needed for the model to reach quickly a balance condition.

An empirical relation between flow depth and surface detention, together with the Manning equation describing the discharge under turbulent flow conditions is handled in MIKE SHE to describe the overland flow [Crawford & Linsley, 1966]. This method is known as Semi-distributed Overland flow and is applied in many hydrological models such as SWM, HSPF or WATBAL.

e. Channel Flow

In theory, the MIKE SHE model has the ability to simulate accurately the stream and river flow as a two dimension surface flow if the topography data is fine enough. However, this requirement is difficult to achieve. The high resolution topography data is an obstacle for applying this method. In general, this data is not available at least in large catchments. Even If this data is available, the second problem is the computation issue. In this kind of simulation, it is necessary to have a strong computer system and a longer simulation. In order to overcome this issue, the river flow is assumed as one dimension flow. (2010).  Flood analysis: MIKE SHE calculates the overland flow cell by cell and can link with 1D model, hence this distributed model is expected to present accurately the flood event. Furthermore, the model can give the result as 2D data, so it helps this model has the advantage in mapping the flood area. In effect, this model has already proved its remarkable characteristic in many studies. Sen & Niedzielski, (2010) applied MIKE SHE for evaluating the flood phenomenon at the second largest river of Poland. Nielsen (2006), utilized the MIKE SHE for floodplain inundation and urban drainage assessment in South East Asia.  Impact of land use changes: The MIKE SHE model have been also used for evaluating the impact of land use change to the catchment's hydrology.

Oogathoo, (2006) after comparing with others models, selected MIKE SHE to evaluate the impact of management scenarios on the hydrological processes of the watershed by applying land-use increase/decrease percentages over Canagagigue Creek catchment, Ontario, Canada. Consequently, the study show that this model performed well in simulating runoff. The capacity of MIKE SHE model in investigating the relation between land use change and hydrological process was confirmed in a study by Wijesekara et al., (2014). It was realized to assess the consequence of land use change over 1,238 of Elbow River, km 2 southern Alberta, Canada [Wijesekara et al., 2014]. This study demonstrated the performance of MIKE SHE in presenting the impact of land use change on the hydrological process. Through the result, the authors confirmed the advantage of this deterministic distributed model.  Ecosystem and water quality: The Diversity of the MIKE SHE application has been also expressed via its ability in the impact of ecosystem on catchment's hydrology. One evidence of this approach was showed in its application at Ecosystem Based Water Resources Management to Minimize Environmental Impacts from Agriculture Using State of the Art Modeling Tools in Strymonas Basin. This project used MIKE SHE to estimate to the impact of ecosystem to Strymonas Basin, in the south of Europe [Doulgeris et al., 2012;Halkidis & Papadimos, 2007]. The study over 16,747 of this Balkan basin proved the km 2 flexibility of MIKE SHE model in representing the hydrological process.  Groundwater analysis: By accounting most hydrological components and especially possessing a correct algorithm for ground water modelling, this model has been highlighted when simulating the ground water. In reality, many authors have been using MIKE SHE model for ground water studies. Demetriou & Punthakey,(1998) used MIKE SHE to evaluate the groundwater management options for dealing with rising water table levels and land salinization problems in an Australian watershed. Based on the modelling results they commented that MIKE SHE is well suited to describe the dynamic interaction between the surface and subsurface water systems. The efficiency of this distributed hydrological model for ground water modeling was also confirmed by the study of Liu et al., (2007). By testing the relation between surface and ground water over 91.76 km 2 of the Tarim basin in China, these authors indicated clearly the usefulness of MIKE SHE model for ground water modelling. Their successful application with MIKE SHE described an efficient method for analyzing groundwater dynamics and their response relationship to environmental factors. Moreover, certain studies also applied MIKE SHE to investigate ground water components in a catchment scale [Jourde et al., 2007;Sonnenborg et al., 2003]. This model benefited the assessment of the exploitable groundwater resources of Denmark. By simulating the different scenarios on MIKE SHE, Henriksen et al., (2008) proposed a complete ground water resource map over Denmark. The study also outlined the exploitable capacity for each region of this country. Furthermore, the model has as well been used for calculating discussion of argents in ground water environment, such as the research of Thorsen et al., (2001). In this study, MIKE SHE was used as a basic tool for simulating the nitrate leaching to the aquifer at catchment scale in Karup catchment, Denmark.  Irrigation strategy: Starting from land use distribution and vegetation functions which can introduce most of the characteristics of vegetation due to their growth process, this distributed model has been used for simulating the water demand of each plant. Based on these demand, water requirements for irrigation are easily calculated. In fact, the function of MIKE SHE has already been handled to determine the need of water in agricultural zones. Jayatilakaet al., (1998), and. Singh et al., (1999) were based on MIKE SHE results to design the irrigation plan for a tropical sub-humid area in India. The authors concluded that MIKE SHE is primarily proposed here as a planning tool and not as a real-time scheduling tool in irrigation planning.  Evapotranspiration analysis. There have been several authors that used MIKE SHE to simulate this process in hydrological cycle. Vázquez & Feyen, (2003) evaluated the effect of potential evapotranspiration to the hydrological cycle at a medium-size catchment. Moreover, Vu et al., (2008) used MIKE SHE for determining these components over a large catchment in central Vietnam.  Climate change impact assessment. Global warming is expected to affect mostly to catchment's hydrological factors, for example precipitation, evapotranspiration, ground water, ecosystem, etc. Hence, simulating the impact of this phenomena towards the stream flow requires a model which can represent the hydrological components of catchments as much as possible. Bosson et al., (2012) applied MIKE SHE model for simulating the terrestrial hydrology associated with different climate over 180 of Forsmark Catchment, Sweden. In this study, the change km 2 in future temperature, rainfall, and evapotranspiration were presented in MIKE SHE to estimate the change of flow in the Swedish Forsmark catchment area. Mernild et al.,(2008) predicted the varied tendency of intra and inter annual discharge from glacierized Zackenberg River drainage basin in northeast Greenland. Comparing the difference betwee the present and a climate scenario of 2071 -2100, the result indicated the increasing tendency of snow melt at this catchment also made an increase of stream flow. Also, Thompson et al., (2013) used MIKE SHE to project the varied trend of flow for the biggest river system in Southeast Asia, Mekong river. Over an area of 795,000 and taking into km 2 account most of the hydrological factors in this catchment, this MIKE SHE model demonstrated its performance in modelling the impact of climate change for Mekong river.

In summary, the strong points of MIKE SHE discussed in this section, are expected to reduce a part of the uncertainty when evaluating runoff in the rivers of Mexico City, which is a largely undauged catchment throughout its history.

Runoff modeling.

One of the most useful capabilities of hydrologic models in conjuction with GIS technologies is the prediction of surface runoff. The prediction can be used in assessments or prediction of aspects of flooding, and it can aid in reservoir operation and in the prediction of the transport of water-borne contaminants. GIS technologies are used in order to have a better visualization of the spatial data used in hydrological modeling; such as rainfall stations locations, and to process these data as needed, such as trimming the land use data to the desired area of study. [CNA, 2011] Basin runoff has three components, which can occur separately or simultaneously in varying magnitude, as depicted in Figure 1.15. These components are: 1) Surface runoff, 2) Sub-surface runoff, and 3) Underground runoff. Some of the most important factors influencing runoff include topography, soil type and land use, area and slope of the basin and the soil moisture conditions preceding the precipitation. Surface runoff, as its name suggests, travels over the ground surface and through the channels towards the outlet of the basin. Surface runoff include:

-Flow in the ground surface, -Runoff in streams.

Surface runoff commonly occurs when rainfall intensity exceeds the capacity for interception, infiltration and storage. This varies during storm runoff and may cease during its occurrence or suddenly after the storm has ceased.

The surface runoff flows toward the exit of the basin, and part of this is infiltrated into the ground or walls of the channel. Infiltration that takes place in the channels often are referred to as conduction losses. This situation is particularly common in arid, semi-arid and sub-humid climate. For example in arid basins, runoff in small basins is almost always runoff, while in humid areas the sub-surface runoff is predominant. Therefore, the type of drainage occurring in a basin is determined by a combination of climatic and physiographic factors, together with the spatial and temporal characteristics of the rain. [CNA, 2011] To meet the design flow operation of waterworks and risk analyzes, data of runoff is required where they are located; however, sometimes this information is not available, either due to changes in the conditions of the drainage basin, caused for example by deforestation, urbanization, among others. Furthermore, urban flooding problems are analyzed through data collection on rainfall events and runoff on surface and in drainage networks. With such available data, the classical approach combines a hydrological model with a hydraulic model -most of the time 1D -able to simulate the runoff and propagation processes. In the case of the Mexico City basin, the runoff on surface and in the drainage networks is not available except for a limited number of gauging stations located in some of the rivers that flow into Mexico City. Therefore, the approach has to be reviewed by implementing an alternative concept. [START_REF] Vargas | Deterministic hydrological model for flood risk assessment of mexico city, SimHydro conference[END_REF] In order to overcome the difficulties and to produce a tool able to support operational management, a potential alternative approach is to implement a deterministic distributed hydrological model. This type of model has the reputation to request a tremendous quantity of data in order to produce simulations and results. However, due to the physically based approach, most of the variables could be reasonability estimated through physically meaningful hypothesis. In addition, several authors have underlined the major importance of an accurate description of the topography properly represented through a DEM. The introduction of additional variables allows improving the efficiency of the model and the quality of the simulations. [START_REF] Guinot | Calibration of physically based models: back to basics?[END_REF] In the present study, the approach proposed is to use MIKE SHE software to estimate the discharges in several rivers in the East of Mexico City, and apply these discharges in a MIKE 21 model to generate the flood extent and depth, and following, to process this results in GIS to allow for the visualization of the areas with high flood hazard. These maps can be further handled in GIS together with land use data to carry out a detailed assessment of flood hazard in Mexico City for different types of buildings and infrastructure.

Chapter 2. FLOOD, HAZARDS, VULNERABILITY AND RISKS.

Summary.

Risk is the probability that a certain amount of damage occurs in the presence of a hazard (or threat) of a certain magnitude, given a certain vulnerability and exposure of people, infrastructure, property or even human activities to the hazard or threat.

Vulnerability is a measure of the damage that can occur to a certain person, building, construction, real or personal property or human activity for various magnitudes of danger. The exposure is a measure of the degree to which a certain person, asset or activity is subject to the action of danger in terms of their location in time and space. [CNA, 2011] This chapter gives a general outline of the theory of flood hazards, on vulnerability and flood risks in urban environments specially.

Flood risk.

A determined area is risky not only in terms of the frequency and intensity of flooding, but also depending on the degree of vulnerability and exposure in which people, buildings, works, goods and activities exist. Generically said, the risk is based on the hazard, vulnerability and exposure (Eq. 3):

R = f (H, V, E) (Eq. 3)
Where the three independent variables; H, V and E, can have values from 0 to 1. For instance, V = 1 is interpreted as the total loss of the asset from the defined danger and V = 0 when it is invulnerable to this danger (even when exposed to it). E = 1 would imply a maximum exposure (in the case of Hurricane, a location directly on the coastline and E = 0 means a lack of exposure.

This way of expressing the concept of risk shows that there are several ways of reducing it. One is reducing the danger (which in many natural phenomena can not normally be done), the second is reducing vulnerability and the third would be reducing exposure.

Any variables that have a zero make the risk zero, regardless of the value of the other two variables. In reality each of the variables should be viewed as a probability distribution. Some measures of flood control are aimed at reducing the risk (increasing the carrying capacity of the channel without flooding), others may be aimed at the reduction of vulnerability (building the modern equivalent of the stilt houses in the flood zone) and others by reducing exposure (relocating uplands). When assessing and studying the possible types of flood control measures; both structural and nonstructural, the points to be discussed should include:

• Type of measure (structural vs non-structural);

• Factor that aims to reduce risks;

• General and functional description;

• Capabilities and limitations;

• Advantages and disadvantages vs other measures.

• Assessing how robust is the measure.

• Potential impacts upstream.

• Possible effects downstream.

• Concentration of initial investment costs and operating expenses.

• Possible combinations with other measures Furthermore, flooding is a phenomenon that includes precipitation, runoff, flood wave propagation, and flood damage that changes over time and has variations form region to region. It is Influenced by natural conditions, by human activities and a non-sufficient disaster prevention culture. Flood risks are increasing in urban areas due to extended urban spaces, higher exposure to flood risk and new forms of flood damages. [CNA, 2011] Over the last century, drastic changes have happened to river environments in several cities. Rivers are forced into artificial channels, reducing infiltration, and local communities have a declining trend in considering activities linked to awareness and disaster prevention. Urban flooding is not anymore just a natural phenomenon, the social conditions play an important role and they have spatial and temporal variation.

Increasing precipitation episodes that cities are experiencing today due to a big percentage of impervious areas imposes huge pressure to existing urban drainage systems. [CNA, 2011] Properties of precipitation (scale, pattern, distribution in time and in space) are also major factors that determinate the magnitude and characteristics of flood as a hazard.

In conclusion, urban flooding brings a risk to an urban system, and it's fundamental to have proper understanding of urban flood risks and to be familiar with the components that construct risk, in ordet o define a flood management strategy.

Flood risk management.

Risk management has been recognized as a suitable method for the handling of risks related to natural, environmental or manmade hazards, including floods. Risk management can be more clearly understood if it is defined as a process, which includes three different sets of actions [START_REF] Plate | Flood risk and flood management[END_REF]. The first set of actions is needed to operate a system that already exists. When the system becomes insufficient to meet the needs of a population, because of changes in land use, increases in population, climate change, etc., then the planning of a system that is modified to operate in the changed conditions begins. In a third set of actions, which are related to the second set, an adequate design is developed, and the construction of the project is carried out. Hydraulic engineers frequently regard only this set of actions as part of their activity. However, the engineering aspect should be included in the planning for flood risk management, as well as the input from the exposed population and from decision makers throughout the time, as the task of flood risk management is never actually complete. Every generation will need to reassess its options and needs, and decide its own priorities. [START_REF] Plate | Flood risk and flood management[END_REF] A correct risk analysis process should generate hazard or risk maps, which are produced from hydrological models together with Geographical Information Systems (GIS), and which serve to recognize weak points of the flood defense system. For example, the Odra River flood of 1997 in Poland, showed that weak points where not only failures of dikes, but leakage through the dikes and infiltration of flood waters through the drainage system as well. The flood caused 54 deaths and material losses of billions of USD. [Kundzewicz et al, 1997] According to [START_REF] Plate | Flood risk and flood management[END_REF], flood protection went through a number of development steps in history depending on the type of flood, as a flood, which inundates the lower part of an alluvial river, requires different responses than flash floods, which have high velocities and remarkable erosive forces. Floods in alluvial plains of large rivers have low velocities in comparison, and the threat to life comes from the broad lateral extent of inundated areas. The earliest populations responded to such floods by relocating their cities and villages out of reach of the highest flood they experienced. However, population pressure and need of farmland often pushed people to move into the flood plains, and to construct dikes to protect themselves. For example, the ancient Chinese started to build dikes alongside their large rivers to protect farmland and villages [CNA, 2011]. Therefore, adjustment to floods depends on a number of variables: the available technology, the accessibility of financial resources, and the urgency of the need for protection, which depends on the perception of a society [START_REF] Plate | Flood risk and flood management[END_REF].

Moreover, the evaluation of Flood Risk Management (FRM) frameworks can be done according to the different levels of integration of their elements. Flood risk management covers actions before, during, and after the flood.

Maturity levels.

A possibility for assessing the different strategies is to use the concept of maturity. The principle is to compare each situation with a reference level, which characterizes the complexity and the efficiency of the implemented flood risk management strategy. These levels are determined according to different characteristics, which are presented within Table 2.1.

The state of maturity means being fully developed or perfected. In general usage, the concept of maturity is being increasingly utilized to map out logical ways to improve an organization"s services. It is used in "Best Practice" benchmarks, indicating increasing levels of sophistication and other features [PMI, 2002]. Maturity refers to the degree that an organization consistently carries out processes that are documented, managed, measured, controlled and continually improved (CMMI Product Team, 2002). Maturity is encapsulated within the concept of readiness. The readiness level is a measure that is used to assess maturity of evolving frameworks. This is in addition to the integration of frameworks and implementation of measures. The system must first be fully mature before it can be ready for use/implementation. Translated to the domain of flood risk management, there is a level that is defining the framework capacity to go for a higher maturity and towards integration.

The highest maturity level for a flood risk management strategy is to introduce and apply the concept of resilience in an active way: the resilience concept is introduced within the legal framework. The readiness level of a flood risk management framework is defined with the legal framework. Before reaching the highest maturity level the framework has to reach a level where all strategies and actions are built in the legal framework.

The move to the integrated level where flood risk management has a resilience approach is done through the implementation of strategies and measures on local scales [Batica, Goubesville, Tessier, 2013].

There are five different levels of maturity:

1) First one is an ad-hoc where there is no high-risk perception. The actions are taken in an informal way. The implementation of flood risk management strategies is not assessed for the informal maturity level. Taken actions are without institutional coordination. Risk perception is on the low level.

2) Second level of maturity of FRM framework is basic. Here the knowledge is present but just for a specific event. Procedures within flood management cycle are starting to be identified. The risk is known just for the particular events. The reliance on knowledge of individuals is high. The actions taken to manage the risk has low institutional coordination

3) Initial maturity has implementation of flood risk management policies. The institutional coordination is present. The coordination is under city governance level.

The flood insurance schemes are available as well as flood maps.

4) Coordinated maturity level has fully identified flood risks. Flood risk management policy and procedures integrate best practices. FRM tools and templates are available to stakeholders. FRM implementation plan exists with a highly applied capacity building of human resources. Insurance schemes exist and if there is a need in the real time system. e) Fifth level of maturity is converging to resilience. On this level the best practice is not just a part of FRM framework but it is also fully integrated. The attitude of learning from past events is dominant. The FRM framework is addressing main problems.

The result of the evaluation presented below shows differences in maturity levels for analyzed cities in a table developed by Batica, Goubesville and Tessier, (2013). 

Vulnerability and resilience.

Vulnerability is defined as the conditions determined by physical, social, economic, or environmental factors or processes, which are increasing the weakness of a community to the impact of hazard [UN/ ISDR, 2004]. Resilience, on the other hand, represents the capacity of an urban system or community exposed to hazard to adapt by resisting or changing in order to reach an acceptable level of functioning, organization and structure [UN/ ISDR, 2004].

The defined terminology of vulnerability and resilience is important in the analysis of urban areas and their existing flood risks but there should be a distinction between the flood vulnerability and flood resilience of people on one side and the urban structure on the other side. Resilience does not have a general definition, however, it is increasingly used in integrated urban drainage management, [Ashley et al., 2007;De Bruijn 2004;[START_REF] Klein | Resilience and Vulnerability: Coastal Dynamics or Dutch Dikes?[END_REF][START_REF] Sayers | Risk, Performance and uncertainty in flood and coastal defence -A review[END_REF][START_REF] Sendzimir | Assessing the resilience of a river management regime: informal learning in a shadow network in the Tisza River Basin[END_REF][START_REF] Vis | Resilience strategies for flood risk management in the Netherlands[END_REF]]. The diverse interpretations of resilience reflect the complexity of this concept and made it complex for implementation in integrated urban drainage management.

According to [START_REF] Walker | Resilience, adaptability and transformability in social-ecological systems[END_REF] resilience is defined as the ability of a system to absorb disturbance and to reorganize up to the level of changes that allows the same function, structure, characteristics and feedback. If ecosystem resilience is taken into consideration the first part of the definition is fulfilled in the sense that the ecosystem will accept disturbance by the level that allows persistence.

Moreover, social resilience, as defined by Adger (2000), relates to the ability of human communities to tolerate external stress to services and mechanisms that ensure health care, education, community progress, profit distribution, employment and social welfare.

Concluding, in Mexico City, flood risk management could be considered to be initially mature as intitutional coordination is present under city governance level, and flood insurance is available; however, no flood maps for the entire Mexico City exist, only limited zones of flood risk for each state of Mexico, obtained from observations after flood events. Therefore, a flood modeling approach will have to be defined to adapt to this conditions and to the data currently available.

The flood modeling process.

The technical development of flood maps is an iterative process, and fully depends on local conditions guided by the issues outlined in figure 2.1 [WMO and GWP, 2013] The implementation of flood assessments and development of flood maps require some considerations before the programme launch:

Objectives

According to WMO and GWP (2013), in flood risk management, a concept paper established by the planning team describes the objectives of the flood-mapping programme. In particular the following questions need to be answered:

 Purpose: What are these maps produced for?

 Target audience: Who is using the maps?

 Target area: Which areas are covered? (River basin, particular flood plain, river reach, particular settlement, a whole province etc.

Type of maps

The choice of mapped parameters will depend upon the objectives of the project, the resources available and the potential benefit achievable. The following maps are relevant:

 Event map  Hazard map  Vulnerability map  Risk map
The approach to mapping may be different depending on the stage of mapping (preliminary, general purpose or detailed), the use and the availability of data. Therefore, selection of the type of flood map and its specifications would have to be revisited. [WMO and GWP, 2013] The key parameters to be included in the maps should be selected and discussed with the users. If external contractors are deployed for the preparation of maps, these specifications becomes very crucial as costs for producing maps with different scales or specification may entail an increase in the magnitude of costs by several orders. [WMO and GWP, 2013] 2.6 Modeling approach and data availability.

Flood hazard maps alone serve many purposes. They can be directly implemented (e.g. in land use planning processes), but are also the main input for vulnerability and risk maps and serve for the production of various end-user instruments. Three different approaches to develop flood hazard maps are:

 Historic approach: Is based on past flood events. Written reports, old maps or photographs or any other document may provide relevant information to delineate flood zones. Currently, satellite imagery supports mapping of near realtime flooding. The historic approach supports preliminary and general purpose flood assessments and their respective maps. [WMO and GWP, 2013]  Geomorphologic approach: Floods and flows leave distinct marks of past events in the landscape. These marks can be read and interpreted. Flood extent and, to a certain degree, other parameters for the magnitude can also be derived. The geomorphologic approach serves the preliminary and general-purpose flood assessment and their respective maps.  Modelling approach: Hydrological and hydraulic models are applied to simulate floods of a particular magnitude occurring in a channel/channel system. In general, the modelling approach serves the detailed flood assessment. [WMO and GWP, 2013] The choice of approach is largely governed by the mapping stage, the purpose, the availability of data and to a certain extent the availability of expertise in the country. The historic and geomorphologic approaches are mostly used in the preliminary stage, whereas the modelling approach is mainly used in the detailed mapping stage. Given a particular approach, the availability of data will influence the scale of the map that could be developed and the particular methodology that could possibly be adopted.

Data needs and availability

Flood assessments including mapping inherently involves the following data sets:  Topographic data: Topographic maps with contours, satellite imagery, air photographs, digital elevations models, river cross-sections and similar data. Currently, remote sensing provides data and information which is interesting to explore in developing countries, as suggested by WMO and GWP, (2013)  Magnitude of hazard: The magnitude of the flood hazard is a function of the physical environment. Data sets include rainfall, snow cover, stream gauge, and hydraulic data (channel geometry, bed roughness etc.).  Exposure: Exposure is a function of socio-economic activities. Data are: built structures, population, economic value of exposed assets etc. Should be noted that such data are not always readily available. [WMO and GWP, 2013]  Vulnerability: The characteristics of the exposed assets or processes which make them more or less likely to experience damage or loss. Often such data are not available. As a minimum, vulnerability classes have to be attributed to land-use classes, such as housing estate, industrial complex, transport infrastructure, etc. [WMO and GWP, 2013] It is desirable that the data in all the above categories are readily available for flood mapping. A comprehensive assessment is required of all available data, their forms and formats of storage, and their data sharing policies. [WMO and GWP, 2013]. As much as possible these data sets should be collated into a single database so that they are available to those who develop the flood mapping programme and who are responsible for developing specifications for the map products. The comprehensive data assessment should clearly identify gaps. [WMO and GWP, 2013] 

Required capacity

Successful implementation of a flood mapping programme requires human resources, expertise, equipment and supplies. [WMO and GWP, 2013] The costs of these inputs make up the project budget, however, requirements can be met once the financial resources are tied up. Knowledge and technical expertise, particularly in various fields such as geology, surveying, hydrology, and hydraulic analysis, may be difficult to arrange for a self-sustained long-term flood mapping programme. Therefore, it is important to assess the expertise available within the partner agencies, universities, research institutions and the private sector, and to identify the gaps in skills. [WMO and GWP, 2013] Figure 2.2 outlines the capacity requirements for flood assessment and map development. Moreover, a comprehensive capacity building exercise should be planned that would include technical training in all topics where the required expertise is unavailable, such as analysis of hydrological data, data management using Geographical Information Systems (GIS), hydraulic modelling, geomorphologic field analysis etc.

In the study of flood hazard in Mexico City cacthment, objectives have been defined:

 Purpose: To develop flood hazard maps for an economic flood damage assessment.  Target users: The center for disaster prevention (CENAPRED) and university teams dedicated to the production of flood risk, flood vulnerability and flood damage estimations.  Area: The Mexico City catchment.

In addition, the type of map produced in this study will be a hazard map in a preliminary stage.

Moreover, the data availability has been defined from the start of this research. Topographic data with digital elevations models and river cross-sections where obtained form the institute of geography and statistics (INEGI).

Information on the magnitude of hazard include data sets of rainfall, limited data of stream gauge, and hydraulic data (channel geometry, bed roughness etc.).

In regard to exposure, data for Mexico City includes built structures, population, and an approximte economic value of exposed assets etc. Should be noted that such data are not always readily available as in the case of Mexico City, where only the insurance companies have these data and is considered confidential. However, reasonable estimations can be carried out using values of squared meter of construction for different building types Moreover, on the vulnerability of the exposed assets or processes which make them more or less likely to experience damage or loss is not available in the Mexico City catchment.

Knowledge and technical expertise was assessed in the start of this study and the expertise available within the Mexican agencies, universities, research institutions and the private sector was exploited. The gaps in skills, such as in GIS technology and other technical issues where overcome by training in the University of Nice, France and the Icity Lab, in Nice France. [WMO and GWP, 2013] 2.9 Flood hazard assessments using Topographical LiDAR datasets.

With the advent of GIS based techniques to obtain channel cross-sections, topographic datasets have become essential in flood mapping. The cross-section elevations obtained from topographic datasets are used for hydraulic modeling to produce water surface elevations. Flood extent is obtained by subtracting the topography from the interpolated water surface obtained through hydraulic modeling (Tate et al., 2002). The flood extent is then used to assess what are the assets and the people at risk and to carry out a vulnerability analysis of each.

The use of high-resolution digital elevation models (DEMs) using airborne active sensors is increasing rapidly as these sensor systems become more widely available and cost-effective These technologies include LIDAR (LIght Detection And Ranging, also known as airborne laser scanning) and INSAR (INterferometric Synthetic Aperture Radar, also known as IfSAR). Each technology has strengths and weaknesses and is better suited for different applications.

LIDAR and INSAR are both active sensors emitting a pulse of energy and recording its return at the sensor. LIDAR uses a rapidly pulsed laser rangefinder mounted in a light aircraft with accompanying differential GPS and INS (inertial navigation system) to locate and orient the aircraft. Ten thousand to 30,000 XYZ points are surveyed per second with a spatial precision of a few decimeters, at a cost of a few hundredths of a cent per point. [START_REF] Norheim | Comparison of LIDAR and INSAR DEMs with dense ground control[END_REF] Following, figure 2.3 depicts the concept of the airborn application, and figure 2.4 presents a LiDAR image created with data collected by the National Geodetic Service: Flying height is on the order of 1,000 m and air speeds are on the order of 100 knots.

The surveyed points include ground, vegetation, and structures, and require extensive filtering to extract usable terrain models. In heavily vegetated areas LIDAR systems can be challenged to locate the ground surface. Most LIDAR systems use a near-infrared laser that does not penetrate fog or rain. INSAR bypasses some of these problems. Flying higher and faster than most LIDAR systems, an INSAR-equipped plane can cover large areas. Longer penetrate fog and rain. Extensive development work has resulted in systems that process data almost as rapidly as it is acquired. [START_REF] Norheim | Comparison of LIDAR and INSAR DEMs with dense ground control[END_REF] Following, the types of DEM data sources will be explained in detail.

DEM data sources

In order to understand the importance of topography and DEM resolution on flood delineation, it is essential to look at the source of the DEMs that are used for hydraulic modeling. The National Elevation Dataset (NED) provided by the United States Geological Survey (USGS) are the most widely used DEMs in the United States. The NED 30 m resolution DEMs are often obtained from cartography or photogrammetry and are of low quality due to the existence of artifacts [START_REF] Floodlist ; Gesch | The national elevation dataset[END_REF]. Even though these artifacts are filtered to some extent, these are coarser resolution DEMs with lower accuracy. The DEMs of higher resolution and accuracy are obtained through the LiDAR (Laser Interferometry Detection and Ranging) remote sensing technology. The quality of LiDAR DEMs depends upon the sampling and filtering methods [START_REF] Chu | Identifying LiDAR sample uncertainty on terrain features from DEM simulation[END_REF].

LiDAR technology serves as an accurate survey tool for obtaining highly accurate topographic datasets [START_REF] Charlton | Application of airborne LiDAR in river environments: the River Coquet, Northumberland, UK[END_REF]. However, many around the world do not have the resources to obtain LiDAR data, and therefore, DEMs of coarser resolutions like USGS DEMs are used for hydraulic modeling where LiDAR DEMs are unavailable.

Hydraulic modeling and flood mapping using LiDAR data produces more accurate results when compared to other available topographic datasets. This was suggested by comparing the performances of four on-line DEMs (LiDAR, NED, SRTM and IfSAR) on flood inundation modeling and the study was carried out for Santa Clara River near Castaic Junction in southern California and Buffalo Bayou near downtown Houston in Texas [START_REF] Sanders | Evaluation of on-line DEMs for flood inundation modeling[END_REF]. The results of this study clearly show that LiDAR DEMs represent best the terrain for flood mapping since they have the highest horizontal resolution and vertical accuracy. SRTM DEMs generate the least accurate results due to the existence of radar speckles but their global availability is significant in flood mapping. This study however, did not compare the performance of LiDAR with surveyed data.

In order to evaluate the performance of LiDAR data when compared to surveyed data, Casas et al. (2006) carried out a study of accuracy of topographic dataset sources in hydraulic modeling for Ter River near Sant Juliá de Ramis, 5 km downstream of Girona in NE Spain which consisted of Digital Terrain Models (DTMs) from three different sources: high resolution LiDAR, global positioning system (GPS) survey and vectorial cartography. Hydraulic modeling was carried out using HEC-RAS and water surface elevations and delineated flooded area were analyzed. The contour-based DTM performed with the least accuracy with a variation of 50% in the flood inundation determination. The LiDAR dataset for this study area performed with the highest accuracy with less than 1% variation and GPS-based DTMs produced maps of less than 8% variation from the observed data. The results also showed that the DTM quality and its resolution determine the accuracy of flood predictions. These studies showed that the performance of LiDAR DEMs was superior to the other available DEMs as well as DEMs derived from different sources (GPS survey, photogrammetry and cartography).

In order to evaluate the performance of topographic datasets using a different hydraulic modeling techniques, a study based on remote sensing technology by Schumann et al. ( 2007) demonstrated the use of synthetic aperture radar (SAR) images of moderate resolution to determine the water line during a flood event. This approach used high resolution LiDAR DEMs to extract elevation values for cross-sections across River Alzette situated downstream of Luxemburg city in England. A regression and Elevationbased Flood Information Extraction (REFIX) model was developed which used remotely sensed flood extents observed during a flood event and linear regression to calculate flood depths. The REFIX model compared the water stages obtained from three different topographic dataset sources. The results showed that LiDAR datasets had the least RMSE (0.35 m) when compared to contour DEM (0.7 m) and SRTM (1.07 m). This study also indicated that flood mapping with coarser DEMs for a small area presented a lot of uncertainties and high-resolution data was required to measure the elevations accurately.

From the studies described above, it can be concluded that LiDAR data is the most accurate topographic data available for hydraulic modeling irrespective of the modeling approach. For these reasons, the LiDAR topographic datasets created by the Institute of geography and statistics of Mexico (INEGI) were selected for the hydraulic modelling of Mexico City ]INEGI, 2010].

In the next section, the sensitivity of DEM grid size variation on flood hazard assessments will be discussed, as well as the types of flood hazard models, needed to carry out an analysis of flood vulnerability and a flood risk assessment.

Topography grid size sensitivity analysis.

Regarding the the effect of changing DEM resolution on hydraulic modeling, several studies have been carried out recently which concluded that DEM resolution played a significant role in predicting hydraulic outputs. All these studies suggested that coarser resolution DEMs over-predicted the flood extents and resulted in significant loss of accuracy because coarser DEMs had a significant smoothing effect on the crosssections. Some of these studies also tried to analyze the causes of the over-prediction.

One of the first studies, by [START_REF] Werner | Impact of grid size in flood mapping using 1-d flow GIS-Based model[END_REF], analyzed the impact of grid size on accuracy of predicted flood areas and showed that hydraulic controls such as embankments have a significant effect on the accuracy of flood extents. Local elevations around the hydraulic controls averaged out on using a coarser resolution DEM while the use of higher resolution DEMs increased the computational time significantly.

This study suggested that one significant disadvantage of coarser resolutions was the inaccuracy in determining correct elevations for bridges, embankments and levees.

While this problem could be corrected by using field surveyed elevations and locations for hydraulic controls, the overall effect of decreasing DEM resolutions on predicted flood extents is still significant, and further studies were carried out to evaluate this effect.

For example, in 2005, Haile and Rientjes studied the effects of Lidar DEM resolution in flood modeling for a case study in Honduras. In this study, a DEM of grid size 1.5 meters was created using LiDAR data and resampled to DEMs with decreasing resolutions up to 15 meters. 2-D SOBEK flood model was used to evaluate flood inundation extents. This study concluded that the DEM with the largest grid size predicted maximum inundated area and downstream boundary condition had no significant effect on the flood area. The averaging of small-scale topographic features and arbitrary delineation of flow direction for larger grid sizes were identified as the possible causes for variation in flood area

This study highlighted the significance of DEM resolution for an urban area using a 2-D hydraulic model. However, since 2-D hydraulic modeling is more complex than 1-D modeling, and 1-D HEC-RAS modeling is used more frequently in the world, there has also been interest to determine the impact of DEM resolution for 1-D hydraulic models.

For instance, a study at Eskilstuna River in Sweden was carried out by [START_REF] Brandt | Resolution issues of elevation data during inundation modeling of river floods[END_REF] to show the effect of different DEM resolutions on inundation maps using 1-D HEC-RAS.

The results showed that higher resolution DEMs produced more precise flood maps.

However, all the cross-sections used in the hydraulic model were determined from high resolution DEMs. Resampled DEMs were used only to calculate the inundated areas after the water surface elevations were generated from HEC-RAS. Since the same discharge hydrograph was introduced for the upstream boundary condition in this study, equal volumes of water were expected to be stored in the model domain provided the same upstream and downstream boundary condition was introduced. Even when cross sectional areas increase with increased element size, it was assumed that such effect can be ignored since inflow and outflow boundary elements are of equal size. This is to satisfy the law of mass conservation: for a certain time period, the inflow minus the outflow must be equal to the change in storage. Therefore, the authors expected a larger flood extent usually associated with a smaller flood depth. Following this reasoning, it was surprising that this was not observed in figure 2.6 and 2.7. For the 15 m resolution DEM as compared to the 5 m DEM, the significant increase in inundation extent and depths were found to be extremely large. [START_REF] Haile | Effects of LiDAR DEM resolution in flood modelling: a model sensitivity study for the city of Tegucigalpa, Honduras[END_REF] In a more recent study, [START_REF] Manfreda | Detection of Flood-Prone Areas Using Digital Elevation Models[END_REF] applied a method for delineation of flood prone areas on 11 sub-catchments in the Arno River in Italy, with areas ranging from 489-6,929 km 2 utilizing DEMs of different resolutions with cell sizes ranging from 20-720 m. According to the authors, the method is sensitive to the DEM resolution, but a cell size of 100 m was sufficient for good performance for the catchments investigated. Adopting DEMs from different sources, such as the shuttle radar topography mission (SRTM) DEM, ASTER global DEM (GDEM), and national elevation data tested the procedure. This experiment highlights the reliability of the SRTM DEM for the delineation of flood-prone areas.

Furthermore, Van de Sande et al. ( 2012), studied the sensitivity of Coastal Flood Risk Assessments to Digital Elevation Models in the Lagos State in Nigeria. The authors stated that in low lying deltaic areas, the land elevation variation is usually in the order of only a few decimeters, and an offset of various decimeters in the elevation data has a significant impact on the accuracy of the risk assessment.

Publicly available DEMs are often used in studies for coastal flood risk assessments, and the accuracy of these datasets is relatively low, in the order of meters, and is especially low in comparison to the level of accuracy required for a flood risk assessment in a deltaic area.

For a coastal zone area in Nigeria (Lagos State) an accurate LiDAR DEM dataset was adopted as ground truth concerning terrain elevation. In this study, the LiDAR DEM was compared to various publicly available DEMs. The coastal flood risk assessment using various publicly available DEMs was compared to a flood risk assessment using LiDAR DEMs.

It can be concluded that the publicly available DEMs do not meet the accuracy requirement of coastal flood risk assessments, especially in coastal and deltaic areas.

For this particular case study, the publically available DEMs highly overestimated the land elevation Z-values and thereby underestimated the coastal flood risk for the Lagos State area. The findings are of interest when selecting data sets for coastal flood risk assessments in low-lying deltaic areas. More recently, [START_REF] Saksena | Investigating the role of DEM resolution and accuracy on flood inundation mapping[END_REF] carried out a study to determine a relationship between DEM resolution and accuracy in flood inundation mapping. The study areas were classified into two different groups based on the land use characteristics and size to account for different characteristics. For each study area, cross-sections along one station were presented for the original LiDAR and for a 100 m resolution resampled DEM. The average water surface elevations, inundation area and percentage change in inundated area for DEMs of increasing grid size or decreasing resolution for study area was calculated and compared with each grid size. The results showed that inundation area increase when increasing the grid size as shown in figure 2.8

Figure 2.8 Flood maps generated from different resolution DEMs [START_REF] Saksena | Investigating the role of DEM resolution and accuracy on flood inundation mapping[END_REF] The comparisons for Brazos River show no significant changes in the overall quality of the flood maps and extents on using coarser resolutions DEMs. The main channel and flood plain morphology is also not effected significantly. However, there is a difference of about 30 in the inundation areas obtained from the LiDAR and a 100 m DEM, km 2 which is an over-estimation even though the percentage change in inundated area is not large. [START_REF] Saksena | Investigating the role of DEM resolution and accuracy on flood inundation mapping[END_REF] Moreover, to understand the causes for the over-prediction of flood extents by coarser resolution DEMs, a study on the effect of cell resolution on depressions was carried out by [START_REF] Zandbergen | The effect of DEM cell resolution on depressions in digital elevation models[END_REF] for a 6 m LiDAR DEM in Middle Creek, North Carolina. Accordig to the author, a proper understanding of the occurrence of depressions is necessary to understand how they affect the processing of a Digital Elevation Model (DEM) for hydrological analysis.

While the effect of DEM cell resolution on common terrain derivatives has been well established, this is not well understood for depressions. The more widespread availability of high resolution DEMs derived through Light Detection and Ranging (LIDAR) technologies presents new challenges and opportunities for the characterization of depressions. A 6-meter LIDAR DEM for a study watershed in North Carolina was used to determine the effect of DEM cell resolution on the occurrence of depressions. The number of depressions was found to increase with smaller cell sizes, following an inverse power relationship. Scale-dependency was also found for the average depression surface area, average depression volume, total depression area and total depression volume. Results indicate that for this study area, the amount of depressions in terms of surface area and volume is at a minimum for cell sizes around 30 to 61 meters. In this resolution range there will still be many artificial depressions, but their presence is less than at lower or higher resolutions. At finer scales, the vertical error of the LIDAR DEM needs to be considered and introduces a large number of small and shallow artificial depressions. At coarser scales, the terrain variability is no longer reliably represented and a substantial number of large and sometimes deep artificial depressions are created.

The results presented support the conclusion that the use of the highest resolution and most accurate data, such as LIDAR-derived DEMs, may not result in the most reliable estimates of terrain derivatives unless proper consideration is given to the scaledependency of the parameters being studied. Furthermore, Agular et al. ( 2005) investigated and published the effects of terrain morphology, sampling density, and interpolation methods for scattered sample data on the accuracy of interpolated heights in grid Digital Elevation Models (DEM). Sampled data were collected with a 2 by 2 meters sampling interval from seven different morphologies, applying digital photogrammetric methods to large scale aerial stereo imagery (1:5000). The results obtained allow observing the possibility of establishing empirical relationships between the RMSE expected in the interpolation of a Grid DEM and such variables as terrain ruggedness, sampling density, and the interpolation method, among others that could be added. Therefore, it would be possible to establish a priori the optimum grid size required to generate or store a DEM of a particular accuracy, with the economy in computing time and file size that this would signify for the digital flow of the mapping information.

In the following section, the types of flood models are presented and explained.

1-D and 2-D flood hazard models

Flood models can be categorized into several types depending upon their data requirement, level of complexity of the underlying equation, and the resolution. Two important distinctions between models are the spatial aspects and input requirements. Models can be identified based on their spatial aspect of field characteristics:  One dimensional (1D) models are simplified models, which characterize the terrain through a series of cross sections and calculate the aspects like water depth and flow velocity towards the direction of flow. Examples of these models are the Beach profile model, HEC-RAS, LISS-FLOOD, and HYDROF [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]]. 1D model simulates the hydraulic components generally by solving the one dimensional St Venant equations that can express both continuity and the 1D section averaged Navier Stokes Equations (4,5). 

Eq. 4 ∂𝐴

∂𝑡 + ∂𝑄 ∂𝑥 = 0 Eq. 5 ∂𝑄 ∂𝑡 + ∂ ∂𝑥 (𝑢𝑄) + 𝑔𝐴 ( ∂ℎ ∂𝑥 -𝑆 0 ) + 𝑔𝐴𝑆 𝑓 = 0  Two dimensional (2D)
= Momentum_X ∂𝑝 ∂𝑡 + ∂ ∂𝑥 ( 𝑝 2 ℎ ) + ∂ ∂𝑦 ( 𝑝𝑞 ℎ ) + 𝑔ℎ ∂𝜁 𝑑𝑥 + 𝑔𝑝 𝑝 2 + 𝑞 2 𝑐 2 ℎ 2 - 1 𝜌 𝑤 Eq. 7 [ ∂ ∂𝑥 (ℎ𝜏 𝑥𝑥 ) + ∂ ∂𝑦 (ℎ𝜏 𝑥𝑦 ) ] -Ω𝑞 -𝑓𝑣𝑣 𝑥 + ℎ 𝜌 𝑤 ∂ ∂𝑥 (𝑝 𝑎 ) = 0 Momentum_Y: ∂𝑝 ∂𝑡 + ∂ ∂𝑦 ( 𝑝 2 ℎ ) + ∂ ∂𝑥 ( 𝑝𝑞 ℎ ) + 𝑔ℎ ∂𝜁 𝑑𝑦 + 𝑔𝑝 𝑝 2 + 𝑞 2 𝑐 2 ℎ 2 - 1 𝜌 𝑤 Eq. 8 [ ∂ ∂𝑦 (ℎ𝜏 𝑦𝑦 ) + ∂ ∂𝑥 (ℎ𝜏 𝑥𝑦 ) ] -Ω𝑞 -ℎ 𝜌 𝑤 ∂ ∂𝑦 (𝑝 𝑎 ) = 0
Moreover, there are two approaches used in modeling flood events that depend on the needs of the user: probabilistic forecasts and runoff routing. In the probabilistic approach, statistical distribution is used to determine the uncertainty in model inputs. A rainfall-runoff approach provides complete hydrographs of the basin, by dividing it into sub-divisions and run offs routed from excess rainfall within each one. It is also advantageous for spatial distribution of rainfall over larger areas and, as a result, is helpful in prediction for larger basins. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Flood hazard simulation models are generally expensive to buy and require expert knowledge to use to get appropriate outputs. It is important for any flood manager to understand the importance of adopting an appropriate model based on the information needs for planned risk reduction and availability of resources. However, not all developing countries can afford such expensive models for flood simulation. It is therefore important to have knowledge of the alternatives available in the form of freely available simulation software.

For the specific case of the present analysis discussed in this thesis, the modeling systems MIKE 21 and MIKE SHE as well by DHI was provided to the Université de Nice Sophia Antipolis, France. [START_REF] Dhi | MIKESHE User Manual[END_REF] Therefore it was this 2D model that was used to analyse the flood hazard in Mexico City.

Vulnerability and risk mapping

The flood risk assessment involves the survey of a real or potential flood in order to estimate the actual or expected damage for making recommendations for prevention, preparedness and response. This consists of evaluation of risk in terms of expected loss of lives; people injured, property damaged and businesses disrupted. Risk can be defined as the product of hazard and vulnerability and can be mathematically expressed for a given event in a particular area and time period. [UNDHA 1992].

According to WHO (1999), evaluation of hazards and vulnerability assessments should be carried out as parallel activities, in a consistent manner, so that results may be combined and comparable. For example, two cities may have equal vulnerability, but could have different exposure to the hazard, depending on their elevation.

The main problem in evaluation of flood hazard is the availability of organized data, (especially in developing countries) and the cost and effort needed to acquire data.

As stated before, in most cases flood risk assessments are performed based on direct damages. Indirect damages are often ignored leading to underestimation of the total cost of flood damage. However, getting appropriate data for indirect damage assessment can be difficult and the main problems are to measure accurately the effects on the economy and impacts on infrastructure and communication disruption [WHO, 1999]. Furthemore, historical data do not separate the total loss into direct and indirect losses and discrepancies in data can arise when gathered on a survey basis. Moreover, affected people and companies may not be willing to cooperate in the disclosure of financial losses. However, according to [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF], 'the assessment of second order risks is achievable if appropriate data is available. In order to perform a comprehensive risk assessment, thus reducing the difference between actual and estimated damage assessment, integration of primary and secondary sources of damage assessment and risk evaluation are necessary.' Drainage and transportation systems may be disrupted by the large amount of debris left by flooding. It may also cause fires and electrical short circuits. In addition, floodwater may also contain toxic materials, leading to pollution of the local environment.

Vulnerability is defined as 'the degree to which a system (in this case, people or assets) is susceptible to or unable to cope with the adverse effects of natural disasters'. It is a function of the character, magnitude and rate of hazard to which a system is exposed, its sensitivity (the degree to which a system is affected, adversely or beneficially) and its adaptive capacity (the ability of a system to adjust to changes). The types of vulnerability and the factors that increase their exposure are presented in Table 2.3

Types of Vulnerability

Exposure factors

Individual or household vulnerability

Education, age, gender, race, income, past disaster experience

Social vulnerability

Poverty, race, isolation, lack of social security services

Institutional Vulnerability

Ineffective policies, unorganized and non-committed public and private institutions

Economic Vulnerability

Financial insecurity, GDP, sources of national income and funds for disaster prevention and mitigation

Physical Vulnerability

Location of settlement, material of building, maintenance, forecasting and warning system

Environmental Vulnerability

Poor environmental practices, unprecedented population growth and migration

System vulnerability

Utility service for the community, health services, resilient system

Place Vulnerability

Mitigation and social fabric Table 2.3 Types of vulnerability and the factors affecting their rate of exposure [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Some of the main factors which increase vulnerability to urban flooding in developing countries have been found to be poverty; poor housing and living conditions, lack of preparedness, increasing population, development of settlements in hazard prone regions, poor maintenance of drainage structures and lack of awareness among the general population. Therefore, a vulnerability assessment is carried out in order to identify the most vulnerable sections of the society and to prioritize the assistance by channeling resources. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Undertaking a vulnerability assessment requires considering the location of the area, the resources under threat, the level of technology available, the lead-time for warning and the perceptions of residents about hazard awareness.

In order to reduce vulnerability and enhance capacity building, mapping vulnerability can help the policy makers and managers by identifying the areas of highest susceptibility and impact. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]] Flood management in an area can be made highly effective through vulnerability zoning, in which areas are classified from higher to lower levels of vulnerability. This can further help in the proposition of flood defense mechanisms, effective flood control measures, evacuation planning and flood warning. 

Flood risk maps

Areas at risk of flooding can be dynamic in nature. With a changing level of development, the nature and degree of risk also changes. Flood risk increases mainly because of an increased level of exposure of the elements under threat. For example, there are occasions when infrastructure or other buildings are constructed in areas already at risk, thereby automatically falling within a risk zone. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] It is also possible that at the time of construction, the assets and infrastructures are thought to be outside the risk region, but there are newer effects arising from changing land use. These include increasing rates of runoff, lack of drainage systems, lack of storage systems, overwhelming amounts of rainfall leading to overflow, and the channelization of rivers, which may reduce the amount of discharge they can accommodate.

These factors can increase the number of elements at risk of flooding in an area. Therefore, several authors suggest that continuous updating and monitoring of risk maps is of high most importance for proper flood risk management, as decision-makers need up-to-date information in order to allocate resources appropriately. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Hazard maps provide information on the probability of flooding for different return periods, as well as the depth and extent of the floodwater in the affected area. Changnon ( 2003) argued that, even without an increase in flood hazard over time, the impact of flooding has risen (and will continue to rise) because of the increased exposure of primary and secondary receptors. Furthermore, Moors (2005) found other factors that are potentially quite significant, but may be difficult to quantify: changing risk due to societal factors, land surface alteration, the dynamic nature of social systems in general and societal vulnerability to flooding. However, several sources of uncertainty are present in the calculation of risk, as flood damage prediction depends on approximations in hydrological and hydraulic models, including the neglected contributions to flooding such as debris, structure failures, and local storm water drainage. Also, there may be differences of opinion when decision-making for assessing the areas of highest risks. It is, therefore, important to analyze these areas to an appropriate level, in order to identify the best strategies for risk reduction. This requires that special attention is given to the magnitude of flooding (from the flood hazard maps) and the identification of the vulnerable elements (from the vulnerability assessment criteria). The spatial distribution of vulnerable elements shown by the flood risk map will then identify clearly the areas of concern and their level of risk. The risk map is the core component of the flood risk management strategy. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

Considerations for flood risk mapping

As stated before, risk evaluation is the basis for the design of methods to prevent, mitigate and reduce damages from natural disasters. Although there are several available methods for assessment of risk, several researchers have observed that in many cases societies prefer to set arbitrary standards as the basis for risk mitigation. Without a clear and detailed evaluation of risk, those responsible for planning will have inadequate information for allocation of resources. This makes it more important to have a standard method for preparation of flood maps as a utility tool for the decision makers. 

Determination of flood zones

Understanding how an area may be affected by a flood event enables policy and decision makers to design appropriate development frameworks and carry out development that takes into account the potential impacts of flooding. Understanding flood events is often framed within the context of risk or the probability of a particular type of event occurring. This risk or likelihood of an event is then expressed spatially to detail the anticipated extent of floodwaters.

Therefore, the preparation of flood zones is the most common method to classify thresholds of probability and the associated spatial implication. For example, common storm probability thresholds are:

 Less than 0.1 percent (low probability of flooding)

The chance of flooding in this area is less than 0.1 percent (1 in 1000) per year  Between 0.1 percent and 1 percent (medium probability of flooding)

The chance of flooding in this area is greater than 0.1 percent (1 in 1000) but less than 1 percent (1 in 100) per year  Between 1 percent and 5 percent (high probability of flooding)

The chance of flooding in this area is greater than 1 percent (1 in 100) but less than 5 percent (1 in 20) per year  Greater than 5 percent annual exceedance probability (AEP) (functional floodplain, or floodway)

The chance of flooding in this area is greater than 5 percent (1 in 20) per year.

These thresholds serve as a framework for planners and decision makers to determine appropriate development policy using a risk based planning approach. Understanding how these thresholds relate to a geographical area represents the 'appraising' risk step. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]]. It should be noted that a range of natural and human-induced factors influences these thresholds. Areas that have a greater probability of being affected by flooding, as described above, are often situated within a natural catchment area near a watercourse. Human-induced factors may include the level of development in a particular area and the hard surfaces present which impact the flow of urban runoff and in turn an areas ability to cope with a particular type of flood event. Therefore, land use planners need to understand that all areas will fall within one or other of these flood zones and that there are relationships between each of the zones. These relationships will change over time as natural processes evolve and human settlement and development increase. Moreover, flood zones provide a spatial framework in which development can occur and are developed on the basis of flood hazard mapping and risk. Flood zoning allows greater flexibility in planning by restricting the development of highly vulnerable uses like residential buildings in high-risk areas but permitting less vulnerable uses in lower risk areas. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 2.11.4 Determination of appropriate land uses.

Appropriate land use is determined based on the vulnerability to flooding of the building type or its occupational use. For example, a hospital is typically considered a highly vulnerable use and, therefore, it is more appropriate to locate hospitals in areas at lower probability of flooding.

Even when the approach to vulnerability is commonly considered from a human and economic perspective, when determining appropriate land uses, consideration must be given also to potential environmental impacts [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]]. Furthermore, land use plans incorporating flood risk management through the creation of flood zones, and development frameworks that specify appropriate land use provide guidance about the type of development that can occur and where it can occur. However, this guidance has no effect if there is absence of regulation to legally control development. Such regulations will need to interface with existing land use control, planning and building control legislation and will be limited by the strength of current land use planning procedures [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF].

Typically regulations include: In the case of Mexico City catchment, the land use regulation is in a starting point of development, in addition, new developments do not require a flood risk assessment, and drainage and surface water for new developments does not take into account the increase in drainage and in runoff. Therefore, land use planners need to study the result of the flood risk assessments and the flood zones determined by these studies. Also understand the change over time as natural processes evolve and human settlements increase. Flood zoning will someday permit the restriction of the development of vulnerable uses like residential buildings in high-risk areas thus decreasing the damage of floods.



Direct impacts of flooding.

Primary receptors of the direct impacts of flooding on include people, the urban built environment, infrastructure, and family assets.

People

According to [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF], floods around the world signify a number of threats to human life, health and well-being. In 2010, flood disasters killed over 8,000 people directly worldwide as reported by local authorities. However, while economic losses rise, direct deaths from flooding may be declining over time as measures to prevent flooding are put in place, especially in developed countries. This can be inferred from figure 2.9 2010), most deaths happen during flash flood events. Furthermore, Jonkman and Kelman (2005) stated that two thirds of direct deaths from flood events are caused by drowning, and one-third by physical trauma; heart attack, electrocution, carbon monoxide poisoning or fire. In developing countries most of the flood deaths have been found to be caused by diarrhea and other water-borne diseases, or from drowning and snake bites. In Vietnam for example, electrocution causes most of the deaths in the immediate aftermath of flooding, followed by respiratory diseases, pneumonia and exposure to cold. Diarrhea-related deaths are caused by a lack of pure drinking water, incorrect storage and handling of drinking water, poor hygiene practices and the often deterioration of sewage and sanitation facilities which lead to the contamination of drinking water in flood affected. Some of these deaths can occur during the period following the reported flood and for this reason are not necessarily recorded in disaster databases. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Over the past three decades more than one hundred million people each year have been affected by floods, which have forced governments to take action towards reducing these statistics. The population affected has increased from approximately four million a year in 1950, to more than one percent of the global population today. [Du et al., 2010] Flood-related injuries commonly reported include sprains and strains, lacerations, contusions and abrasions. People may injure themselves attempting to escape, either by objects being moved by fast-flowing water or by structures collapsing (Du et al. 2010). In the pre-onset phase of flooding, flood-related injuries can also happen as individuals try to remove their family or valued possessions from the approaching waters (Ahern et al. 2005). Post-onset injuries usually occur when residents return to their homes and businesses to start the recovery and reconstruction process. According to Few et al. ( 2004), these injuries are not monitored adequately, which makes it difficult to quantify the true magnitude of ill health due to flood events.

The mental trauma of flooding can result in severe psychological effects in some individuals and can be caused by witnessing deaths, injuries and destruction of the home. Moreover, grief and material losses, as well as physical health problems, can cause depression or anxiety. According to Ahern and Kovats (2006), three types of mental health issues have been noted: common mental health disorders; posttraumatic stress disorders (PTSD) and suicide. The poorest members of the community, which are the most vulnerable, can also be the worse affected. Of these, the elderly and the youngest members of the community require special help and assistance, and research has found that children and the elderly are more likely to die from drowning, than are adults [Bartlett, 2008].

Buildings and contents

Buildings and their contents are directly and indirectly affected by flooding in a variety of ways. Direct impacts are the physical damage caused to buildings and their contents, and indirect damage includes the loss of industrial or business activity. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] stated: 'the impact of flooding on housing and households can be devastating. Fastflowing floodwaters are capable of washing away entire buildings and communities. Depending on their form of construction and characteristics of the flooding, many buildings may survive the flood but will be damaged quite extensively by the corrosive effect of salinity and damping, and be in need of substantial repairs and refurbishment'. Furthermore, impacts on businesses range from direct physical impacts to indirect effects, such as disruption of supply chains. [Bartlett, 2008].

The speed of flooding is an important factor of the extent of the damage. While flash flooding can completely destroy properties or cause irreparable structural damage, slow rising floods can damage buildings when water soaks into the fabric of the building elements causing them to deteriorate. Water can also soak upwards through building materials by capillary action. Furthermore, water pressure of standing water can cause building elements to fail or structures to collapse. Also, water can cause failure of electrical systems resulting in secondary damage.

In fast floods, water that is moving exerts a great lateral pressure on building elements increasing the stress on building elements. In addition, moving water tends to cause scour or erosion, undermining buildings and possibly causing collapse. Furthermore, debris carried at high velocity can cause severe damage, and fires can be caused by the collision of fuel containers with buildings.

According to USACE (1988), the faster the velocity of the water is, the greater the damage will be; however, the depth of floodwater is another important factor in determining the ammount of damage. This relationship is normally depicted by a depth damage curve such as the example in Figure 2.10 Figure 2.10 Depth damage curve for one story residence with basement. [ USACE, 1988] According to USACE (1988), predicted flood depth is a deciding point for the method of flood protection. As hydrostatic head -the pressure caused by the weight of water being held above the pressure point -will put stresses on walls and will also drive floodwater through walls, if the flood depth is predicted to be greater than 90 cm, flood proofing is not likely to be feasible. The consensus between experts is that the maximum depth acceptable for wet-proof construction should be 60 cm. Also, it has been found that flood depths greater than 60 cm have more capacity to result in structural damage to buildings. Furthermore, flow velocity is an important factor in the magnitude of flood damage, however, hazard models rarely quantify its impact and its influence is therefore rarely taken into account. A study by Kreibich et al. 2009, examined both water depth and flow velocity and concluded that the latter has a significant influence on structural damage, but minor influence on monetary losses and business interruption. However, it suggests that if water depth is less than two meters then flow velocity alone is not a suitable consideration for estimating monetary loss in flood damage modeling and assessment. The materials used for buildings and the condition of the building can also influence the extent of damage caused. Masonry construction, for example, is able to withstand the impact of floodwaters up to a point but, being a porous material, it will absorb a large volume of water and take considerable time to dry out. Timber construction can be relatively waterproof but is often less robust. Adobe and soil based construction are more vulnerable to scour and erosion. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Building quality also has an impact on the ability of a building to withstand flooding. Flash floods in urban environments represent higher risks with respect to damage to buildings. As mentioned before, high levels of density and congestion characterize many large cities in the world at risk of flooding. Safety standards are also overlooked in many of these cities and as a result a flood in such cities causes high impacts. Floodwaters carry with them the debris of waste and the materials from buildings damaged are also swept along, and in an overcrowded space this may lead to considerable additional damage [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]. Therefore, existing buildings located in flood zones are at a particular risk. According to Satterthwaite et al. (2007), regulations should be designed to restrict or prevent new development, although it is possible that new buildings can be designed to withstand the affects of flooding by appropriate use of materials and flood resilient measures Damage caused to public buildings such as hospitals, clinics, educational buildings, and significant sites such as churches can lead to further indirect impacts like the disruption to education, and a reduction in the capacity for providing both immediate and longerterm health care. Moreover, floodwaters can mix with raw sewage and increase the incidence of water-borne diseases and also the uncontrolled release of various chemicals -some of which may interact with each other -poses a considerable risk to public health [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]].

National infrastructure is defined as "facilities, systems, sites and networks necessary for the functioning of the country and the delivery of the essential services upon which daily life depends". These sectors include finance, food, government, emergency services and health. Particularly at risk from flooding, are: communications; transport (roads and bridges, rail, waterborne navigation, both inland and sea, air), telecommunications; energy (power generation and distribution, petrol, gas, diesel and firewood storage and distribution); water supplies, and waste water collection networks and treatment facilities. [CPNI, 2010] 

Indirect impacts of flooding

In addition to the direct impacts of floods, indirect impacts are caused by the interactions within the natural environment and the use of resources in cities and towns. Such indirect impacts can be hard to quantify and value. Some of them will not be fully apparent until after the flooding subsides. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]. Some of these impacts, relevant for the situation of Mexico City, are discussed below.

Natural environment

As high rainfall can cause erosion and landslides, infrastructure can become damaged (especially roads) which are often the only way of accessing communities affected by flooding. The erosion causes concentrations of sediment, which is deposited when the flooding subsides. Furthermore, the smothering of agricultural land by sediment can also be a problem for high value vegetable production, as a large quanity of such sediment is low in organic matter. Therefore, production may never return to its previous level, impacting human livelihoods and nutrition.

Heavy rainfall can also cause damage to vegetation and the ability of vegetation to dissipate the energy of heavy rain may be reduced. Primary forest cover with a high closed canopy is efficient at dissipating rainfall energy while secondary regrowth or trees planted for economic reasons are less likely to have closed canopies and less efficient in diffusing rainfall energy. This can lead to less infiltration to the soil and an increased rainfall runoff, which also further increases the risk of soil erosion and gullying, as illustrated in Figure 2.11 

Human and social impacts

After the floods, survivors have the needs of safe drinking water, food and shelter. They are likely to be traumatized and vulnerable also. In cases where flood warnings and evacuations have been successful, there is a need to deal with the large number of displaced people. As lives saved during the emergency may result in increased hardship and deaths in the aftermath, it is important that flood warnings and preparedness measures are backed up by the stockpiling of immediate requirements (medicine, food, etc). [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

Demographic changes

Flooding can cause significant demographic impacts, causing the age structure of communities to become unbalanced.

A study by Bern et al. 1993 showed that in two cyclone devastated areas in the aftermath of the 1991 Bangladesh cyclone, mortality was greatest in children below the age of 10 and lowest for males greater than age 10. According to this study, affected communities had very few elderly people left alive and they had lost children who were too old to be carried, but not old enough to run inland to the main road, which became the main refuge. More women than men were killed, because they were less physically able to run, but also as they had tried to save their children, putting their own lives at risk. It was also found that more girls and young women were killed than boys because boys were more able to climb trees. These changes in demography varied greatly across the affected areas, reflecting localized flood risk situations. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

Health impacts

Several studies have found evidence that in some flood events more fatalities have occurred due to water-related disease or injuries, rather than by drowning. A study by Alirol et al. (2010) stated that during the 2007 monsoon floods in Bangladesh, snake bites were estimated to be the second most significant cause of death after drowning and contributed to more deaths than even diarrhea and respiratory diseases After the flood event, human health is also associated with changes in the balance of the natural environment. For instance, flooding caused by overflow of riverbanks, alters the balance of the natural environment and ecology, allowing vectors of disease and bacteria to flourish. Outbreaks of cholera can result from such alterations. Furthermore, an increase in disease transmission in the post-flood period depends on population density and displacement, and the extent to which the natural environment has been altered or disrupted.

The provision of adequate non-contaminated water supplies after a flood event is critical. There are often problems due to a lack of fuel to boil water for drinking and the main risks are diarrheal diseases including cholera, dysentery and typhoid. [WHO, 2012] For example, in a study by [START_REF] Villordon | Community-Based Flood Vulnerability Index for Urban Flooding: Understanding Social Vulnerabilities and Risks[END_REF], in Dumaguete City, Philipines, it was stated faecal pollution of water, particularly human faecal sources, are the most relevant source of human illnesses especially during flooding events and rainy season. Exposure and ingestion of faecally-contaminated water and other routes of transmission are responsible for a variety of diseases such as diarrhoea, leptospirosis, and bites from dengue mosquitoes which demands special attention. In addition, diarrhoeal and other waterborne diseases still rank among the leading causes of morbidity worldwide and in the Philippines. According to the World Health Organization (WHO), each year diarrhoea kills around 760,000 children under the age of five and is the second leading cause of death among that age group. Worldwide, there are nearly 1.7 billion cases of diarrhoeal disease every year [WHO, 2013], and based on the surveillance report of 2013 by the Department of Health (DOH) in the Philippines, a total of 1,174 leptospirosis cases were reported nationwide from January 1, 2013 to September 17, 2013. [START_REF] Villordon | Community-Based Flood Vulnerability Index for Urban Flooding: Understanding Social Vulnerabilities and Risks[END_REF] Another type of illnesses or diseases caused by flooding are the vector borne diseases, typically transmitted by mosquitoes. These can include malaria, which is caused by a parasitic Protist (a type of microorganism), and Dengue Fever, which is caused by the Dengue virus. Other than vector-borne diseases transmitted by mosquitoes, there are diseases that are borne by other carriers. Leptospirosis (or Weil's Disease) is caused by a bacterial pathogen and transmitted by rodents. The pathogen is excreted into floodwaters. Leptospirosis causes a range of symptoms including fever, headaches and vomiting as well as liver and kidney damage. [WHO, 2012] Psychological impact on survivors is another significant problem: Many survivors, including children, will be severely traumatized. Several studies have presented a range of symptoms resulting from exposure to natural disasters such as flooding. These consequences include symptoms of post-traumatic stress disorder (PTSD), depression, and anxiety (Mason et al, 2010). Furthermore, Fischer (2005) and Miller (2005) suggested that alcohol consumption, substance abuse, and antisocial behavior increased in the aftermath of the 2004 Indian Ocean Tsunami in India and Sri Lanka.

Human development impacts

Some researchers such as Bartlett (2008) have suggested that severe floods can affect nutrition to the extent that children affected never catch up and are permanently disadvantaged. In addition, births in the immediate aftermath of disasters are likely to result in higher mortality and birth defects, and after a major event, displacement or separation of families due to the death of one or both parents can have long-term effects on the families and the wider community.

2.13.6

Impact on long-term economic growth. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] stated: "In assessing the economic impacts of flooding, care must be taken to adopt both local and national perspectives. Disasters have a large impact on those directly affected but a much smaller effect on the national economy. Some local impacts, such as the effect on the tourist trade, may be balanced by growth in trade elsewhere in the country. Typically, small to medium scale disasters may have no impact on the national balance sheet."

Studies such as that of Kim (2010), have found that at a national level, there are a variety of relationships between disasters and economic growth. There is some evidence in these studies to suggest that frequent natural disasters can have a positive impact on national economies. The process has been labeled "creative destruction", and it assumes that reconstruction activities result in increased employment and renewal of facilities. However, Noy (2009) found that the relationship between disasters and economics is influenced by the ability of a country to mobilize resources for reconstruction. Therefore, developing countries are unlikely to benefit in the long term from disasters. Loayza et al (2009) found that median level flood events had a considerably positive effect on economic growth, while larger scale floods had a small effect.

Impact on development goals

As a result of the lack of insurance cover, some countries divert funds from other development goals to flood recovery operations after the event. Some governments have faced liquidity problems to face massive natural disasters and have to depend on international aid, development funds or insurance to reinforce national tax revenue. Therefore, economic priorities have to be set against a background of widespread need, and the challenge is for governments and the private sector to work together to set the priorities for reconstruction.

Another post-flood impact, which affects the people, is the burden of debt for restoration of the economy, which puts additional pressure on people and reduces their financial ability to cope with the changed situation. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

Impact on livelihoods

Livelihoods are usually undermined in severe flood events. The severity of this is a function of the impact of the flood on employment availability, specifically whether any members of the household have been killed or injured and the degree to which they contributed to the social and economic functioning of the household. [Jha, 2010] At the community level, the skills that will be in demand suddenly (like those required for building replacement infrastructure) could be beyond the available within the surviving population.

Business interruption

Some businesses fail after the flood event due to direct damage, or to indirect impacts such as business interruption. Businesses may have to close due to lack of access or failure of services, such as water supply, wastewater collection and treatment, electricity, roads and telecommunications. This will likely have economic implications for areas related economically to the immediate flooded area and the replacement of such services can be complex, will take time and money, and cause serious economic losses. Businesses that are able to continue operations could take months to recover and to return to normal trading. The recovery process may be delayed further by the loss of documentation in the flooding, leading to delays in tracing orders, completing insurance claims and issuing invoices. In addition, other indirect effects include an increase in expenses, a lack of demand, and a short-term loss of market share, loss of key personnel, lack of available staff, loss of production efficiency, and loss of supplies. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF]. A study by Wenk (2004) found that; for many businesses, these impacts can be catastrophic: as 43% of companies experiencing a disaster never reopen and 29% of the remainder close within two years.

Assessment and prioritization of needs

As shown in Table 2.6, there are different types of assessments, which may be carried out in the aftermath of a flood. These assessments have different purposes and can be carried out with varying degrees of accuracy. A rapid assessment is required at the outset of recovery, to assess the level of damage and the priority areas for direction of recovery effort.

Type Definition Damage Assessment

An assessment of the total or partial destruction of physical assets, both physical units and replacements costs

Loss Assessment

An analysis of the changes in economic flows that occur after a flood and over time, valued at current prices

Needs Assessment

An assessment of the financial, technical and human resources needed to implement recovery, reconstruction and risk management. Usually 'nets out' resources available to respond to disaster.

Rights-based assessment

An assessment that evaluates whether people's basic rights are being met. Has its origins in the United Nations Universal Declaration of Human Rights

Rapid Assessment

An assessment conducted soon after a major flood event, usually within the first two weeks. May be preceded by an initial assessment. May be multi-sectoral or sectorspecific. Provides immediate information on needs, possible intervention types and resource requirements

Detailed Assessment

An assessment undertaken after the first month to gather more reliable information for project planning. Often takes about a month to conduct and is usually sectorspecific.

Housing Damage Assessment

A damage assessment that analyzes the impact of the flood on residential communities, living quarters and land used for housing.

Housing sector assessment

An assessment of the policy framework for housing, the post flood housing assistance strategy and the capability of the housing sectors to carry it out

Communitybased assessment (CBA)

An assessment that analyses how the context will affect reconstruction and the way in which communication with the affected community can support the reconstruction effort. It includes government and political risk analysis, stakeholder analysis; media communication environment and local capacity analysis and social and participatory communication analysis

Table 2.6 Types of assessments after a flood. [Jha, 2010] Jha et al. ( 2012), recommends that in any assessment and priority setting exercise it is important to consider the needs of the vulnerable. Good practice includes the collection of information on the needs of members of vulnerable groups.

Mitigating damages

There are steps that can be taken after a flood, by both governments and individuals, which may reduce the level of damage. Where floods are prolonged, the potential for water-borne disease is greater, materials in contact with floodwater will degrade and the potential for scour, erosion and undermining increases. For these reasons, draining floodwaters from the affected area can be a first step in recovery. In addition, hard engineered flood defenses have the disadvantage that, if overtopped, they stand in the way of water regaining its normal course and lead to more prolonged flooding. Therefore, either pumping out the water or, possibly, destruction of portions of defenses is recommended. Regarding buildings and enclosed areas, underground spaces allow water to accumulate and in some cases this can increase structural damage, if the water outside has receded. Therefore, careful pumping out of water from such areas is advisable.

Secondary damage is also possible, either from wet and damaged contents, or from illadvised attempts to dry buildings and contents. It is advisable to remove wet and damaged contents from buildings as soon as possible, as this will enhance drying and reduce damage. Furthermore, in temperate conditions, the access of air to wet buildings and contents will enhance drying and speed up recovery. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

Structural measures to prevent or reduce floods

These actions include the construction of works that directly interfere with rainwater or the draining through the rivers, to prevent its passage, confine it, manage it, store it or change its speed and flow.

The works commonly built to reduce flooding caused by the overflowing of rivers, are:

 Perimeter barriers along populations or important buildings  Longitudinal barriers along one or both sides of a river.

 Longitudinal walls along one or both sides of the river.

 Permanent traps through floodways or channeling structures, in which the water is directed into other channels, lagoons, the coast or directly to the sea and not returned to the river.  Temporary diversions to gaps or low areas of the floodplain. The water returns to the river when lower discharges are present.  Cut of streams or corrections to increase the slope of the river and therefore its capacity hydraulic line.  Dams storage, which can be one or more staggered.

 Dams breaks peaks, usually built several staggered.

 Dams to retain silt, which do not affect the hydrographs but avoid siltation of other channels and therefore the hydraulic capacity.

 Channeling or piping of a channel, are used in sections where streams or rivers cross towns or cities. They should be built with additional capacity to absorb peaks, or designed in conjunction with permanent diversion structures.

Normally, all sections of all streams reach a certain degree of balance, which means that, if not changed artificially, the water and sediment will continue draining as they are doing. Conversely, if modified naturally or artificially, some parameters will over time slowly change the river reach to a new equilibrium condition. Therefore, it should be emphasized that the presence of a structure in the riverbed, alters and modifies its runoff and hence the equilibrium or natural process that is subject to. Alterations produced in the flow of a river immediately translate into erosions or deposits on the stream, which can be very local or cover large stretches of the river.

It can be said that there is a balance between the flow, the solid amounts entering the stretch under, the material characteristics, the longitudinal slope of the river and the geometry of the cross section.

A modification to any of these parameters, influence the others and leads to a new equilibrium state. Modifications may be slow or rapid, natural or man made. The most common causes of sudden change are due to:  Changes in the river due to cuts in streams.

 Earthquakes change the terrain and river tracing.

Modifications that man produces on channels and change its natural equilibrium condition can be beneficial or harmful to the future behavior of the river. Furthermore, the same action can be beneficial to a river and damaging to another. Among the most important alterations due to the human factor are noted:  Construction of dams. These works originate alterations of importance, both upstream and downstream of the dam. First, they change the annual hydrograph and sometimes the volume of annual runoff; and second, they interrupt the transport of sediments and therefore the slope of the river is modified in the section downstream of the dam;  Watershed Erosion mainly from deforestation and poor farming techniques. The main effect of these actions is the increased production of solid material to be deposited in the riverbed reducing its capacity.

There are other human activities that also affect the channels but with an order of magnitude smaller than the two aforementioned, among them may be mentioned: When a dam is built, stagnation originates and the transported sediments perform according to the following mechanism: when currents enter the reservoir, the bulk material is deposited according to the decreasing water velocity due to the extension of the stream, forming an accumulation of coarse sediment called delta and a change in the slope of the river in the first section upstream of the reservoir; the finer sediment will continue in ward of the reservoir as a density current, later it will stop, and settle on the bottom. (See figure bellow) Figure 2.12 Accumulation of sediments in dams. [START_REF] Maeck | Sediment Trapping by Dams Creates Methane Emission Hot Spots[END_REF] There are reservoirs where no such current is formed; and in the reservoir or in large part thereof, a generalized turbidity will occur and evolve according to the particular dynamics of storage [CNA, 2011]. These include the construction of works that directly interfere with rainwater or the draining through the rivers, to prevent its passage, confine it, manage it, store it or change its speed and flow. The works commonly built to reduce flooding caused by the overflowing of rivers, are:

 Perimeter barriers along populations or important buildings  Longitudinal barriers along one or both sides of a river.

 Longitudinal walls along one or both sides of the river.

 Permanent traps through floodways or channeling structures, in which the water is directed into other channels, lagoons, the coast or directly to the sea and not returned to the river.  Temporary diversions to gaps or low areas of the floodplain. The water returns to the river when lower discharges are present.  Cut of streams or corrections to increase the slope of the river and therefore its capacity hydraulic line.  Dams storage, which can be one or more staggered.

 Dams breaks peaks, usually built several staggered.

 Dams to retain silt, which do not affect the hydrographs but avoid siltation of other channels and therefore the hydraulic capacity.  Channeling or piping of a channel, are used in sections where streams or rivers cross-towns or cities. They should be built with additional capacity to absorb peaks, or designed in conjunction with permanent diversion structures.

Even when a nation develops a tightly integrated infrastructure, the failure of one element can lead to a domino effect of further indirect consequences. For example, the failure of electricity systems can lead to pumping station failures, which could worsen both the depth and impact of a flood event. In addition, road failure leads to the inability of emergency responders to reach affected populations. [CNA, 2011].

Therefore, planned redundancy is an idea developed to increase the capacity of systems so that even if a proportion of the infrastructure is affected, the extra demand can still be absorbed elsewhere. In power generation grids this could be achieved by having reserve capacity in the system. [CNA, 2011].

Non-structural flood mitigation measures

Flood warnings are arguably the most fundamental mechanism for flood risk management, since even where structural flood defenses are provided, residual risks remain. Therefore, a flood risk management strategy that uses flood warnings, either solely or in conjunction with other management options can help make the occupation of floodplains and coastal flood risk zones more sustainable over time [Messner et.al, 2007].

Flood warning systems are one part of a larger system known as flood forecasting, warning and response. The performance of flood warnings depends greatly upon floods being detected. Warnings systems may under-perform, or indeed fail, if flood detection and/or flood forecasting is flawed somehow.

Growth of population in high-risk areas and insufficient application of building codes, are the principal reasons for the increase of losses from natural disasters in recent years. Kunreuther (1994) examined why homeowners commonly do not adopt cost-effective protective measures or purchase insurance, even when studies of the added costs of materials and labor for hurricane-resistant designs indicate that it will add 4-5% to the cost of a new home and that this additional expense is not significant relative to the added benefits of safety and security.

According to the author, individuals might perceive a sufficiently low probability of a disaster causing damage to their home such that the investment in the protective measure will not be justified; a key question is "What is the maximum amount that a person would be willing to pay for protection?" If property owners concentrate on the expected benefits from the mitigation measure during the time they plan to live in the structure, then the WTP depends on the amount of the loss reduction and the anticipated length of stay in the home.

One of the arguments used to explain why individuals do not adopt protective measures is that they assume substantial assistance from the government will be available if they suffer losses from a disaster. However, there does not appear to be any evidence to demonstrate this is true. The two principal reasons given in this study as to why private insurers do not offer policies to cover water damage from hurricanes and floods are the uncertainty of the risk and a fear of the severe financial cost of a catastrophic disaster.

Frequent disasters, such as fire, make it possible to evaluate such risks accurately. Events of low probability and high consequences such as hurricanes, floods, and earthquakes; present more problems because of the relatively limited past data available, and therefore, insurers rely on risk assessments carried out by meteorologists, hydrologists, and seismologists, and such studies carry uncertainty and ambiguity with respect to the chances of a particular disaster occurring in a specific area. [Kunreuther, 1994] The challenge is how to promote investments in loss reduction instruments, while placing the weight of recovery on those who suffer damages from natural disasters. Theoretically, insurance is an effective policy tool for achieving both objectives, because it rewards investments in cost-effective mitigation measures with lower premiums. In practice, however, insurers do not charge premiums that encourage loss prevention actions. It is believed that few people would adopt these measures based on the small annual premium reduction, as compared to the upfront cost.

One way to promote the acceptance of cost-effective loss reduction measures is to have countries include them into their building codes and give each building that meets or surpasses these standards a seal of approval. To strengthen this procedure, financial institutions could require an inspection and certification of the facility as a condition for obtaining a mortgage, and insurers should reward well-designed buildings with lower premiums. [Kunreuther, 1994] Furthermore, modern communications developments in flood control have become accesible, such as modern forecasting and early warning systems as well as remote sensing and the technology for converting forecasts from mathematical models of meteorological weather situations into warning systems. [START_REF] Plate | Flood risk and flood management[END_REF].

A flood-forecasting model was implemented in Germany in 1995 to avoid flooding of cities on the lower end of the River Lenne, the main tributary of the Ruhr River. An online flood forecasting model was developed based on a distributed deterministic catchment model. From the application of this model, strategies for the operation of the Bigge Reservoir during floods derived. [START_REF] Goppert | Flood forecast model for improved reservoir management in the Lenne River catchment, Germany[END_REF]]. However, according to Ferraris et al (2002), warning systems based on rainfall observations and rainfall-runoff modeling do not provide opportune predictions required to implement the required precautionary civil protection measures. Social safety demands that hydrologists predict ground effects 24 hours in advance.

In a study by [START_REF] Werner | Flood Forecasting and Warning at the River Basin and at the European Scale[END_REF]; a European Flood Forecasting System (EFFS) developed to deliver flood warnings at lead times of between 5 and 10 days was described.

Furthermore, in recent years, flood forecasting systems have been gradually moving towards the adoption of ensembles of numerical weather predictions (NWP), known as ensemble prediction systems (EPS), to produce their predictions. In a 2009 study the scientific reasons of this change towards such 'ensemble flood forecasting' was reviewed and several issues related to best practice in using EPS in flood forecasting systems where discussed [START_REF] Cloke | Ensemble flood forecasting: A review[END_REF]. However, flood forecasting and warning is only one aspect of the application of communication technology, as it also allows the dynamic operation of flood control systems. A reservoir for flood control, for example, can be controlled based on forecasting results to provide optimal protection by eliminating the peak of the flood wave. In other cases, a series of barrages can be operated through remote control to provide maximum storage of floodwaters in the retention space of the barrage system [START_REF] Plate | Flood risk and flood management[END_REF].

Impact of river control structures

Normally, all sections of all streams reach a certain degree of balance, which means that, if not changed artificially, the water and sediment will continue draining as they are doing. Conversely, if modified naturally or artificially, some parameters will over time slowly change the river reach to a new equilibrium condition. Therefore, it should be emphasized that the presence of a structure in the riverbed, alters and modifies its runoff and hence the equilibrium or natural process that is subject to. Alterations produced in the flow of a river immediately translate into erosions or deposits on the stream, which can be very local or cover large stretches of the river.

It can be said that there is a balance between the flow, the solid ammounts entering the stretch, the material characteristics, the longitudinal slope of the river and the geometry of the cross section. [CNA, 2011].

A modification to any of these parameters, influence the others and leads to a new equilibrium state. Modifications may be slow or rapid, natural or man made.

Furthermore, in plains is where there is a greater potential for economic development, however, most of these are prone to flooding, therefore, these areas require more structures for protection, as much as the development justify these. The structures for flood control are built in the channels or basins to guide, lead, confine, hold or store the runoff. With them the maximum flows are reduced, they facilitate the free passage of water; and protect populations and extensive areas from the effect of runoff. The various studies and flood control methods involve:  Control measures in watersheds to reduce runoff and minimize the costs of flooding.  The holding capacity storage or flood channel capacity.

 Deviations, with channels to other areas.

 Confinement of flooding in a certain area; known as temporary flooding.

Normally, the economic life of a projection measure is selected as the useful life; since its cost is compared with the benefits it will bring over a period of time, regardless of whether the structure can last longer. Among the factors to consider in selecting the type of measure to be done are:

 The Consequences of failure of the measure, especially in loss of life.

 The real life expectancy of the measure and not only economic life.

 The cost of increased security.

 Economic availability. Also, to know the levels reached by the water at any point of the study area and at any time during the passage of an avenue, a physical or mathematical model is used to analyze the flow of the avenue along the stretch of the river under study and its respective plain. [CNA, 2011].

Examples of mitigating measures in Mexico.

The main causes of the impacts of flood damage in Mexico according to the National Water Commission (CNA) are:  Lack of infrastructure.

 Weakness of state agencies to exercise police power.  Indifference of the population.

In Mexico, the illegal occupation of the federal land in several states of the country is constant (Figure 2.13).

So in the rainy season, settlements built on low ground are flooded, and desperate actions are carried out to mitigate their effects. Therefore, interim defenses have been frequently built; but some are abandoned after the flood event and destroyed due to lack of maintenance; so in the next flood, the works start over [START_REF] Cna | Water atlas of Mexico[END_REF]. On the other hand, there are no programs for relocation or refurbishment of houses. Furthermore, some developers occupy federal or private land, they settle in low places, and some receive "preferential treatment", and this has major economic benefits for some construction companies. Some constructions are done in low areas authorized by the municipalities [START_REF] Cna | Water atlas of Mexico[END_REF].

Figure 2.13 Irregular occupation of federal land in Mexico City. [Milenio, 2016] Another problem is the construction of levees, which offer a false security, as there is danger of massive flooding if they collapse.

However, there are virtually no cases in which it is possible to solve flooding problems permanently. Some of the most important reasons that do not allow the solution are the cost of the structures, conflicts of interest involving land use, and poor economic feasibility of such projects.

Regarding the cost of construction of structures, it is based on the frequency of flooding. In the protection of farmland, for example, the design flood frequency can be between 5-25 years because major events may require works worth more crops to be protected. In other cases, where flooding can cause loss of life it may be preferable to install warning systems or relocate the population that is at risk, rather than projecting works for frequencies of occurrence of 10,000 years. Also, the results of the hydraulic and geomorphic studies provide forecasts on future developments and current estimates of magnitudes of the mean, minimum and increasing flow rates, the minimum levels, maximum and average, the potential flood zones, flow rates, and transport capacity [CNA, 2011].

The most common structures in natural currents are:  Works for torrential transverse control. They operate like small weir dams.

 Braker walls for diversion of flow lines.

 Braker walls to promote sedimentation processes.

 Works built to harness a natural flow to a passage structure, e.g. a bridge, culvert, sewer, among others.  Longitudinal bank protection works against scour.

 Flood protection. They are works that control the maximum expected level within the floodplain.

Learning to live with floods means not only to have ways and means of exit when they occur, but also to take advantage of the good they bring, and learning from them. This is, ultimately, the knowledge accumulated over generations by people living outside the major rivers of a country and the reason why many people changed their way of life.

After the floods, the land is more fertile, pastures are more succulent and water is more abundant; people know and therefore prefer to risk losing everything occasionally instead of having the agricultural yields reduced and a lifetime living in remote areas of rivers.

Flooding of the Nile, for instance, was considered the blessing of the gods, who fertilized their seeds buried in the muddy land and developed commercial activity between Upper and Lower Egypt, and between them and the peoples of then Mesopotamia. Herodotus, the Greek historian, said that Egypt was a gift of the Nile. But not only did the Egyptians knew how to take advantage of floods for agriculture, also they measured and allocated land across for farming families. It was due to the planning of land use after the floods and the need for rapid measurement of fields and their division between farmers that the rope of thirteen sections and twelve knots was invented, which transformed the circular sections into straight angles, allowing a better space utilization, in what later came to be transformed into the famous Pythagorean Theorem. [CNA, 2011].

The complexity of the design and management of systems of irrigation canals and the division of land, not only contributed to the development of geometry, but also the techniques of utilizing materials that were applied in the construction of the seven world wonders. Therefore, living with floods means, besides of making the most of the elements of nature to achieve development, to also produce new scientific knowledge that can be applied for other purposes, in other circumstances and places.

For this, the strategies to follow are:

 Assume the reality of the region.

 Prepare the population for adversity.

 Do not alter the physical environment as this turn against man. •  Do not fight the river, but know its effects  Prevent the negative action of the river as it grows.

 Construction of lake dwellings.

 Laws that include the relocation of families at risk of flooding.

 That the population with flooding problems should be aware of the risk to which it is exposed and be prepared to face it, one of which is: have some means to move (boats), having rescuers, know the minimum standards of rescue.  Drills coordinated by Civil Protection.

 Campaigns in radio, TV and newspapers.

In a particular way, the cheaper alternative that can help flood control projects is to live with recurrent flooding, assume the reality of recurring floods in the region and prepare the population for temporary adversity, besides to not alter in the physical environment which can generate more complex problems to solve. Consideration should also be given to moving (temporary and / or permanent) of families at risk of flooding. Figures 2.14 and 2.15 show houses built in flood plains. 

Case of the Gaviotas Sur neighborhood, Villahermosa, Mexico.

The neighborhood of Las Gaviotas was in 1980 a low-income neighborhood located on the right bank of the river Grijalva, on the opposite side to the city of Villahermosa (see figure below).

Figure 2.16 Gaviotas Sur neighborhood in the city of Villahermosa. [START_REF] Wikimapia | IHP guideline for flood forecasting[END_REF] Most of the houses were built of tree trunks or palm-roofed palapa and had minimal furniture, usually a grill, a table, chairs, and instead of beds, sunbeds. Hardly there were houses with a cement floor as it usually was dirt. Because of its location, residents were aware that every year the river rose enough to exceed the small board that protected and caused a "light flood" (about 20 cm on average).

The inhabitants knew that living away from flood, meant having to walk half an hour or an additional hour to reach their workplaces, which otherwise were five minutes across the river in collective boat. Additionally, the search for land in "no flood" area, involved time because there were not many dry lands and resources to buy the land and for the subsequent construction of housing. On the other hand, the people knew long ago that the flood lasted on average about two or three weeks. So in a rapid assessment, it can be seen that there are positive and negative factors to this:

 Positive factors:
-Houses of little commercial value, easily repairable, few household goods, and proximity to the workplace.

 Negative factors:

-Few sites for relocation, remoteness of the workplace, additional time to transport, overcoming the flooding time.

Taking these factors into account, the less aggressive solution is to stay in place and not seek alternative sites for new housing, even when they had to withstand flooding during the time it lasted. Although it seems hard to believe, the people of Las Gaviotas, chose the option to withstand flooding and take life as in harmony with the flood, so to avoid major inconvenience. The actions for living with floods consisted on placing bricks at the base of furniture to lift them gradually as the flood grew and hang the hammocks in higher brackets. When the water level comes down, the reverse operation is made, until the water level is back to normal. [CNA, 2011] In Mexico, other examples show how man can harness the knowledge on the occurrence of discharges to exploit efficiently the floodplains available in cities.

For instance, the Santa Catarina River; which crosses the city of Monterrey in Northern Mexico from West to East, usually takes a minimum flow of water throughout the dry season and only during the rainy months it increases runoff. To take advantage of the large excess surface of the river, a channel was built which covers a quarter of the total width of the river and the remaining three quarters has a plain where sports fields are conditioned, and a site where transient events like circuses are installed, among others. [CNA, 2011] Authorities in Monterrey are all aware that at some point the river can increase the level and destroy everything that has been built there, but it is known that the frequency of such a flood, makes the cost of the damage to be absorbed by the cost of having to build all these buildings in more remote and dispersed locations; (see picture 2.17) Figure 2.17 Sports fields in the floodplain of the Santa Catarina River in Monterrey, Mexico [CNA, 2011] A similar case happens in the city of Torreon Coahuila, which is also partially crossed by the Nazas River, which also forms the border between the states of Coahuila and Durango. Here the river contains recreational buildings and roads that work most of the time since the Nazas River is controlled by upstream dams El Palmito and The Doves [CNA, 2011]. Several times it has happened that increases in the level of the river has caused the roads to be closed to vehicle traffic and cleaning and repair after floods was required, but that represents a lower cost than finding other space within the city for roads.

A third example is the city of San Luis Potosi, which is crossed by the Santiago river ( 

Proposal of alternatives

According to CNA (2011) the motivation to determine an action by decision makers frequently is a result of the proposal of a company, academic institution, etc; that offer a "solution" to the problem of flooding that presents the area. Therefore, if the proposal is for a construction company, the offer will be to build a civil work such as a dam or levee; if the proposal is by company specializing in dredging, the offer will obviously invlolve dredging of the sediment in the channel to increase the capacity thereof; if the proposal comes from an academic institution, it will surely include the installation of an early warning system; just to mention some examples. [CNA, 2011] This process must be reversed: first identify the problem, then study site conditions and just then raise a number of alternatives that, by themselves, or wise combinations of them can solve the problem.

 To this point, the following must be known:

 The topographical conditions of the areas at risk and around it to implement any of the possible alternatives. This, of course, must include the "floodplain" which is nothing but the natural extension of the stream to handle extreme discharges, and this generally with higher vertical resolution than the rest of the area of interest,  Conditions for the development of the area, city maps, population statistics, paths and roads, critical infrastructure such as schools, hospitals, among others,  The geometry of sufficient cross sections of the riverbed,  The definition of the return period for which alternative flood control measures will be designed. The return period is decided based on the risk to human life, the economic value of goods that may be damaged, among other reasons. The flow rate corresponding to the return period is obtained from the data, and studies, whether meteorological and / or hydrological.  Flow in the section of interest,  The areas to be flooded for that design flow and the water depths over these areas.

In general, a flood control program is an integration of several of the alternatives to produce the lowest cost or the best benefit to cost, based on the comparative study of the various alternatives. [CNA, 2011] In general, the various alternative measures for flood control can be classified into two broad categories:

 Structural measures.
 Non-structural measures.

Structural measures are associated with works (in the field of civil engineering) that allow the design flow to be driven through the study area without causing flooding and can manifest in many different ways. Non-structural measures are associated with no attempt to changing the capacity of the channel through civil works, but instead minimize harm to the population (in their lives, possessions or activities) through other means. [CNA, 2011] It is possible that some of these non-structural measures involve a certain amount of civil work, but rather as an accessory, not as the control mechanism itself. For example, the establishment of an early warning system may require the construction of houses for the installation of rain gauges and telemetry limnigraphs in the basin upstream of the area concerned, but still considered a non-structural extent that it does not attempt to modify the flow conditions on the stream, but increase the information on it.

Chapter 3. MEXICO CITY CATCHMENT AND FLOOD PROCESSES

Summary

Mexico City is located in the Southern part of the Basin of Mexico, an extensive high mountain valley at approximately 2,200 meters above sea level and surrounded by mountains reaching over 5,000 meters above sea level. This valley is commonly referred to as the Valley of Mexico. Every year, Mexico City is affected by severe flooding events, which are affecting deeply the urban environment and the 20 million inhabitants. This situation is becoming more and more serious and represents a major risk for the population. The situation is the result of a complex process that combines hydrological characteristics and urban development. This chapter describes in detail the processes influencing flooding in the city, and cites all the recent studies about the hydrology of the catchment and the types of flood problems occuring freuquently, as well as recent actions to overcome these issues.

Mexico City catchment

General

The Mexico City catchment was originally an endoreic basin and the only way of runoff evacuation were through evaporation. After a series of large floods, which occurred in 1604, it was decided to build an artificial outlet for the basin, and the idea to construct a canal was conceived. Before the canal works were finished, several flood events occurred, especially between 1629-1635, when an estimated total of 30,000 people died and a similar number left the City. After this event, the idea to relocate the city was explored.

The contruction of the channel outlet of the basin was begun until 1866. It was designed as a channel of 39.5 km, which began on Lake Texcoco and ended in Tequixquiac tunnel, at nearly 10 km of length. The work was the second artificial outlet for draining the Valley of Mexico and was completed in 1900, which was thought to be a definitive solution to the flooding of the city, which in those years was inhabited by under a million people. (Figure 3.1)

The system worked fairly well until 1925, year in which large-scale flooding occurred again. At that time it was found for the first time that differential subsidence affected the collector system.

The population growth was exponential from 1930, when it is estimated that the city was inhabited by a million people, which increased to two million in 1940, to three in 1950 and five in 1960. In those years, thousands of miles of canals for drainage were built and the construction of the dam system for the regulation of floods in the west of the city began. Furthermore, from 1930 to 1960 thousands of kilometers of drainage ducts were constructed as well as a system of dams to regulate the discharges in the west of the City. In addition, several pumping stations were installed with a cumulative capacity of more than 100 m 3 /s and the rivers crossing the City were enclosed in ducts to avoid flooding. For example, the Mixcoac, Piedad and Magdalena rivers, which drain the catchment in a direction predominantly from West to East, are first intercepted by the drain system by gravity and after by the great channel through the use of pumps. [CNA, 2011]. Despite the work done in those years, between 1941 and 1951 recurrent and increasing flooding occurred. In 1950, the newspaper 'El Universal' wrote that two-thirds of Mexico City was flooded with water and mud and five people died.

The solutions carried out included the construction of large pumping stations in the main collectors of the Grand Canal and the substantial increase in the capacity of this, by extending it and constructing the second tunnel of Tequixquiac, completed in 1954.

Between 1954 and 1967 thousands of kilometers of collectors were built, and pumping plants with a cumulative capacity of over 100 /s, an interceptor in the West, the piping m 3 of the rivers La Piedad, Consulado, etc.; but these works continued to be inadequate by the rapid growth of the urban area and, above all, by the sinking of the city. [CNA, 2011] The deep drainage system was a solution initiated in 1967. This work consisted in two receptors of 5 m in diameter and 18 km in combined length, with a depth varying from 30-50 m. This work, considered by many as "definitive", opened in 1975. [Dominguez, 2000] Figure 3.1A view of the Grand Drainage Canal (Gran Canal Desague), which carries wastewater and stormwater runoff from the Mexico City Metropolitan Area. The canal exits the Basin of Mexico through the Tequisquiac tunnel and empties into the Moctezuma River, a tributary to the Panuco River, which flows into the Gulf of Mexico. [START_REF] Luege | Hidrological sutainability program[END_REF] 

Water supply in Mexico City

As mentioned above, attempts to control flooding and provide water and wastewater services in the metropolitan area of Mexico City have included massive engineering projects, such as a deep drainage system and the importation of water from the Cutzamala Basin. The prevailing conception among the population has been that water resources are state property and, therefore, their use is a constitutional right (though not identified as such in the constitution) and free of charge. Traditionally, water supply and drainage services have been strongly subsidized by the federal government for decades.

The results of this, for several decades, were financial deficits and waste of the resource through leakage and inefficiency of use. Quick urban growth and insufficient finances have restricted the capacity to satisfy demands, extend the distribution system to areas with poor service, and provide adequate wastewater treatment prior to disposal. [CNA, 2011] In 1988, Mexico initiated reforms in water resource allocation and water services, and the case of Mexico City can be consdeiered as an extreme scenario that could be faced in many other cities. ,1995]. Exhaustive investigations were conducted as well as deliberations over a 30-month period, and, according to the authors, the integration of information on water supply, distribution, drainage, quality, flooding and institutions was no easy task in the case of Mexico, as the data collected by federal, state, and local authorities for water management and planning were disparate, not in a published form and not collectively integrated or analyzed by the scientific community. [NAS, 1995] 

Description of the Mexico City aquifer and its exploitation

The Basin of Mexico is located in the central part of the Trans-Mexican Volcanic Belt and has an approximate area of 9,000 square kilometers. The basin, at an altitude of 2,200 meters above sea level, is the highest valley in the region, and is surrounded by mountains that reach elevations of over 5,000 meters above sea level. Average annual temperature is 15 degrees centigrade (or about 60 degrees fahrenheit). Most of the 700 millimeters of annual rainfall is concentrated in severe storms from June through September. [NAS, 1995]. The basin is a naturally closed depression that was artificially opened in the late 1700s to control urban flooding. Sources of ground water recharge in the basin are largely derived from infiltrated precipitation and snow melt in the surrounding mountains and foothills, which move as subsurface flow toward the lower elevations. In its natural state, the basin contained a series of lakes, ranging from fresh water lakes at the upper end to those at the lower end where salt is concentrated due to evaporation. The ground water flow produced numerous springs in the foothills and upwellings in the valley (Figure 3.2 illustrate this process). of precipitation and snow melt in the surrounding mountains forms a deep water table (A) with downward gradients, some of which exits at shallow water tables (Bi) in the lower foothills or piedmont regions, and the majority flows under the valley floor and upward through the clays as diffuse discharge (Bii) and as thermal springs (Biv) through fractures in the deep aquifer. All discharge from the closed basin is by evapotranspiration [Durazo and Farvolden, 1989] The geology of the south of Sierra Guadalupe is the best-investigated portion of the Basin of Mexico. This area, which contains Mexico City, is often referred to as the Valley of Mexico, because it is partially divided by several low mountains from the remainder of the basin. Likewise, the aquifer system in this region is often referred to as the Mexico City Aquifer. [NAS, 1995].

Superficial lacustrine clay deposits (i.e., the layer of clay at the former and existing lake bottoms) cover 23 percent of the lower elevations of the Basin of Mexico. The deposits are present in two formations divided by what are referred to as "hard layers" (Capa Duras) composed primarily of silt and sand. The Capa Duras occur between 10 and 40 meters deep and are only a few meters in thickness. The lacustrine clay layers, which reach to a depth of 100 meters, are considered to be an "aquitard," because they are considerably less permeable than the Capa Duras or the underlying alluvial sediments.

The Capa Duras produced the first artesian wells when ground water was exploited early in the 19th century. [NAS, 1995] 

Hydrologic zones

Three major hydrologic zones are defined for the Basin of Mexico: the lacustrine zone described above, the piedmont or transition zone, and the mountain zone. The distribution of these zones can be inferred from the elevation map in Figure 3.3. The lacustrine zone corresponds to the lowest elevations. The piedmont region generally occurs between the historic lakebed and the steep mountains. Here, the lacustrine clays become interbedded with silts and sands, or, in the areas closer to the base of the mountains, the piedmont is composed largely of fractured basalt from volcanic flows. The basalt formation is highly permeable with good storage capacity, and is considered to be a component of the principal aquifer. [CNA, 2011] The piedmont (also known as the transition zone) is important for natural recharge of the aquifer. The mountains ringing the Basin of Mexico are volcanic in origin. The Sierra Nevada range is to the east and the Sierra de Las Cruces is to the West. The Sierra Chichinautzin to the south forms the most recent chain. Its eruption, approximately 600,000 years ago, blocked what was primarily a southerly drainage and effectively closed the basin. The Sierra Chichinautzin is the most natural important recharge zone for the Mexico City Aquifer due to the high permeability of its basalt rock. The large Xochimilco springs on the basin floor are a discharge point for the underground flow, and some of the most productive wells are located there. [NAS, 1995] The Mexico City aquifer has two deeper permeable units: an intermediate and a deep aquifer. These are considered to be independent of the principal aquifer. The intermediate aquifer is composed of Miocene volcanic deposits (Units 9, 10, and 10a of Figure 3.4). The underlying Cretaceous limestone formation (Units 11a and 11b of Figure 3.4) may also be an aquifer. Where it is exposed outside the southern portion of the basin, it is currently exploited for ground water. Pliocene mountain range, (8) Pliocene lower lacustrine deposits, (9) Miocene volcanic deposits, ( 10) and (10a) Oligocene volcanic deposits, (11a) and ( 11b) Cretaceous limestone platform. The upper portion of the main aquifer is composed of units ( 2), (3), and (4). The lower portion of the main aquifer is composed of unit (6). Units ( 9), (10), and ( 11) are considered lower aquifers distinct from the main aquifer in exploitation. [Mooser, 1990] Historically, the principal aquifer and the shallow aquifer (or Capa Duras) were subject to artesian pressure so that all wells on the valley floor flowed at the surface without pumping. The natural hydraulic gradients caused water to move upward and through the overlying clay aquitards. In the 19th century, the proliferation of wells changed the natural hydrologic conditions. Now, the gradients and flow in the upper layers of the deposits are generally downward toward the heavily pumped zones. [NAS, 1995] 3.1.5 Water level declines in the aquifer and land subsidence.

In the 14 th century, the Aztec city of Tenochtitlán made use of an elaborate system of aqueducts to carry spring water from higher elevations of the southern portion of the Basin down to the city situated on land reclaimed from the saline Lake Texcoco.

After defeating the Aztecs in 1520, the Spaniards rebuilt the aqueducts and continued to use spring water until the mid 1850s, when the discovery of potable ground water under artesian pressure motivated well drilling.

In the 20th century, increasing ground water extraction and artificial diversions to drain the valley resulted in the drying of many natural springs, shrinking of lakes, and a loss of pressure and subsequent consolidation of the lacustrian clay formation on which the city is built.

Consequent land subsidence has been a serious problem in the Mexico City Metropolitan area (MCMA) since the early 1900s. By 1953, it had been demonstrated that subsidence was linked to ground water extraction, and many wells inside the urban area were closed. [NAS, 1995] The first signs of ground water level declines were the drying up of natural springs in the 1930s, coinciding with intensive exploitation of the main aquifer through deep wells (100-200 meter depths). In 1983, systematic monitoring of the water levels in the aquifer began. Since that time, the average annual declines in ground water levels range from 0.1 to 1.5 meters per year in the different zones of the city.

Water level measurements during the period from 1986 to 1992 show a net lowering of 6 to 10 meters in the heavily pumped zones of this region. [NAS,1995] Figure 3.5A well casing rising about 7 meters above the ground in a Mexico City neighborhood [Lesser-Illades et al. 1990].

When the shallow aquifer was pumped extensively in the mid to late 1800s, land subsidence was already in progress. By 1895, subsidence had reached an average of 5 centimeters per year. From 1948 to 1953, increased pumping rates, combined with deeper extraction wells, resulted in subsidence rates of up to 46 centimeters per year in some areas. [START_REF] Cna | Water atlas of Mexico[END_REF] According to the Mexico Valley Water Authority, the net subsidence over the last 100 years has lowered the central, urbanized area of the MCMA by an average of 7.5 meters. The result has been extensive damage to the city's infrastructure, including building foundations and the sewer system.

Figure 3.5 shows a well casing rising about 7 meters above the ground in a Mexico City neighborhood [Lesser-Illades et al. 1990].

One of the serious problems resulting from subsidence is the lowering of the elevation of Mexico City relative to Texcoco Lake, which is the natural low point of the basin. In 1900, the bottom of the lake was 3 meters lower than the median level of the city center. By 1974, the lake bottom was 2 meters higher than the city. These changes have aggravated the flooding problem and are reflected in the evolution of the complex drainage system to control flooding [START_REF] Cna | Water atlas of Mexico[END_REF].

Moreover, in the early 1900s drainage of the city was conducted by gravity through the Grand Drainage Canal and out the Tequisquiac Tunnel at the north end of the valley. By 1950, the sinking of the city was such that dikes had to be built to confine the stormwater flow, and pumping was required to lift the drainage water under the city to the level of the drainage canal.

The relative rise of the lake level continued to threaten the city with flooding, and work on the deep drainage system and excavations to deepen Texcoco Lake had to be carried out. In 1925, Roberto Gayol did surveys that showed Mexico City was sinking, and stated that the cause was likely subsurface drainge related to the recently completed construction of the Grand Drainage Canal and the Tunnel of Tequisquiac. [NAS, 1995]. Furthermore, the relation between subsidence and exploitation of the aquifer was carefully examined since that time. Carrillo, (1948) was the first to develop a mathematical model linking subsidence to the hydrology, and in the following decades, modern ground water models were developed for the semiconfined, multiple aquifers in the southern portion of the Basin of Mexico City, and applied to the question of subsidence [Herrera and Figueroa, 1969;Herrera, 1970].

Moreover, in the 1990s, a network of 320 observation wells was created for determination of water level and flow direction. Every two years, since then, more than 1,400 surveys have been performed to gauge changes in subsidence.

Currently for the supply of water for Greater Mexico City, 470 million cubic meters from the Cutzamala System are received yearly, 151 million cubic meters from wells in the Lerma River Basin and 85 million cubic meters of dams that collect water from rivers and springs within the valley. In addition, 1.876 million cubic meters per year are extracted from the aquifer; and these accounts for a total of 2.583 million cubic meters annually. [START_REF] Cna | Water atlas of Mexico[END_REF] The rapid and uncontrolled growth of the urban area and the overexploitation of aquifers cause a serious water imbalance, as currently more than twice of the recharge rate is extracted from the aquifers. The origin of subsidence, according to Dr. Nabor Carrillo is the pressure loss in the confined aquifer, caused by pumping which produces a compression process. Figure 3.8 shows another example of a water pump casing that is elevated above ground level due to subsidence. , 2012]. In addition, the drainage works built for waste water and rain water during the decades have been exceeded by the demand and in cases have reduced their capacity due to the sinking which reduces the slope of the drainage [START_REF] Luege | Hidrological sutainability program[END_REF]. Table 3.1 Drainage networks in the Valley of Mexico are insufficient. [START_REF] Luege | Hidrological sutainability program[END_REF] The capacity of the drainage system of the metropolitan area is insufficient and is an obstacle for the sustainability of the region. This confirmed by comparing the capacity it had in 1975 (280 m 3 /s) to 2010 (195 m 3 /s). This decrease is attributed to the collapse of more than four meters on average suffered Mexico City during the period 1975 to 2007 (see Table 3.1). In addition, the occurence of storms and heavy rainfall of unprecedented magnitude in the Valley of Mexico increase the risk of severe flooding. It should be noted that the Central Drain, built to carry rainwater in storm peaks, operated for over 15 years beyond its design capacity and is used continuously without maintenance (see figure 3.9). In addition, this drain conducts wastewater, disrupting its original design of rainwater conduction, which also causes accelerated wear [START_REF] Luege | Hidrological sutainability program[END_REF]. The reduction of leakage in the hydraulic network is considered essential for achieving the hydrological balance in the region. To help solve the current problem, the federal government has invested in several emergency constructions such as the four pumping stations to increase the flow in the Grand Channel and the West Drain to an additional 30 m 3 /s. This partial recovery of the carrying capacity of the Grand Channel Drainage allowed for the inspection of the Drain and to make urgent repairs necessary. [START_REF] Cna | Water atlas of Mexico[END_REF] Furthermore, in August of 2008 the construction of the East Drain started. According to [START_REF] Luege | Hidrological sutainability program[END_REF], this tunnel will thoroughly solve the problem of the drainage system as it will provide an alternative to the Central Drain, and is expected to reduce the risk of flooding in the city and its suburbs considerably. Moreover, during the rainy season, it will run simultaneously with the current drainage. (Figure 3.10) This tunnel, with a capacity of 150 m 3 /s will avoid the risk of flooding in the city and its suburbs, protecting their inhabitants. The tunnel construction is delayed and authorities estimate it will be finished in 2018. [START_REF] Luege | Hidrological sutainability program[END_REF] The Eastern Drain not only will double the drainage capacity of the Basin of Mexico, but it will also conduct the wastewater to the new treatment plant built in Atotonilco de Tula, Hidalgo, with a nominal capacity to treat 23 m 3 /s of wastewater. (Figure 3.11) Scheduled to be completed in late 2017, this treatment plant will provide pathogen free water to irrigate 80,000 hectares for agriculture, and will clean up to 60 % of the wastewater generated in the Valley of Mexico, where currently only 11 % is treated.

Figure 3.11 Construction of the wastewater treatment plant in Atotonilco. [START_REF] Luege | Hidrological sutainability program[END_REF] In addition, this plant will substantially improve the health conditions of the inhabitants of the region for whom the incidence of various waterborne diseases will be reduced, and the farmers will have the option to develop more profitable crops. Furthermore, the Atotonilco plant does not generate pollution with methane, which is a greenhouse gas, as the methane will be exploited to produce up to 70 percent of the electricity required by the plant. [START_REF] Luege | Hidrological sutainability program[END_REF] As mentioned above, the rapid population growth in Mexico City has increased the need for water supply and resulted in more groundwater extraction. The water has been pumped from below the city, which has actually caused the city to sink. In the last 100 years, parts of Mexico City have sunk as much as forty-two feet. [START_REF] Luege | Hidrological sutainability program[END_REF] Therefore, the East wastewater tunnel is planned to work together with the Atotonilco water treatment plant which will reduce the need of extraction of deep water in the Mexico City Valley.

Chapter 4. HYDRO-METEOROLOGICAL DATA IN MEXICO.

Summary.

To set a design flow without having a hydrometric station, the method used commonly is to obtain rainfall data in and around the basin that feeds the river of interest. There are different levels of detail of rainfall studies that can be performed, depending on the information. The conversion of rainfall in the catchment to runoff that reaches the river is done through so-called rainfall-runoff models. This chapter presents an outline of the hydro-meteorological data available in Mexico.

Meteorological data.

In the most typical conditions rainfall data available have the following characteristics:

 Temporal resolution of one day,  A density of precipitation stations not less than one station every 400 km 2 .

 The period of time covered by each station will be different. For example, records from 1939-1988 in one station and 1959 to 2005 for another station. The intervals common to all stations will generally be much shorter than the typical interval for each station individually.  Each rainfall record will have a certain fraction of voids or days with missing data.

The days without data generally will not match from one station to another. Once the basin of interest is defined, station locations within or in the vicinity thereof are identified. Here it is necessary to emphasize that the important thing is to have the exact geographical distribution of rainfall within the basin. [START_REF] Cna | Water atlas of Mexico[END_REF] Once the rainfall records of each of the stations are obtained, it is necessary to select the cases of significant rain that could end up providing the highest discharges to the channels or streams of interest for each year. [START_REF] Aparicio | Fundamentos de Hidrología de Superficie[END_REF] 

Methods to obtain the rainfall distribution.

Depending on the rainfall-runoff model to be used, what is sought is an average rainfall for the entire basin in the day under study (for lumped parameter models) or a distribution of the rain that day inside the basin (for models of distributed parameter). The latter are physically superior to the first but, even today, the former are much more common. [START_REF] Cna | Water atlas of Mexico[END_REF] Traditionally several options to calculate the average values within the basin are considered: 



 Geographically weighted regression (GWR)

The arithmetic average has no physical basis and should be avoided in all applications except when rough estimates are done in the field, and it makes sense only when the stations are equidistant.

The method of Thiessen polygons has a very intuitive physical basis and is relatively easy to manually apply. Its main disadvantage is that a different set of Thiessen polygons must be developed for each distinct combination of measuring stations. [CNA, 2011] The IDW was developed by the U.S National Weather Service in 1972, that interpolation method determines cell values by using a weight average of sample points in the neighborhood [START_REF] Goovaerts | Geostatistical approaches for incorporating elevation into spatial interolation of rainfall[END_REF].

With the IDW method, the accuracy of interpolated values will decrease if the neighboring points are unevenly distributed. There are many different forms of IDW interpolation, but the simplest form is proposed by Shepard (1968).

The Spline method is an interpolation method that estimates values using a mathematical function that minimize overall surface curvature, resulting in a smooth surface that passes exactly through the input points [Tao, 2009].

The Kriging method consists of a family of least-square linear regression algorithms used to estimate random fields from which observed data are considered to be drawn as a sampling of a field realization. [Goovaerts, 1997[Goovaerts, , 1998;;Tobin et al., 2011] The weights of Kriging are based not only on the distance between the measured points and the prediction location but also on the overall spatial arrangement of the measured points.

The geographically weighted regression, is a method developed to interpolate spatially the rainfall. [Brunsdon et al., 1998] It is a local spatial statistical method used to examine and determine the spatial non stationary, when the relationships among variables vary from location to location [Fotheringham et al., 2003] 

Analysis of rainfall.

The precipitation occurs as rain, snow, hail, among others; and in Mexico often the most important is the first one, although there are some areas in parts of the North where melting snow can cause major avenues.

In the hydrologic analyzes the basic characteristics of precipitation are:

 Height of precipitation: The amount of water that precipitates during a storm in a given time; its units are usually expressed in mm. It is also known as rain sheet.  Precipitation intensity: It is the amount of water that falls in a certain time, expressed in mm / h.  Duration: It is the time interval in which the precipitation occurs, expressed in hours.

For representative precipitation over a basin, first an analysis of the data recorded in each of the stations in the basin is required. The precipitation characteristics are different in each basin. Hence precipitation data recorded in different areas only provide an adequate approximation of precipitation in the immediate region where the measurement was performed. [START_REF] Cna | Water atlas of Mexico[END_REF].

According to Chow (1964) a small basin is one that is sensitive to high rainfall intensity and short duration, i.e. prevailing physiographic basin characteristics on the streams. Chow set as the limit for considering a small basin one that is less than 25 km 2 .

For practical purposes it is proposed to use the basin size classification shown in Table 4.1.

Basin size (km 2 ) Classification

<25

Very small

25-250 Small

250-500

Intermediate-Small

500-2500

Intermediate-Large

2500-5000 Large

>5000

Very large Table 4.1 Basin classifications by size. [Chow, 1964] In Mexico, a conventional weather station is a small outdoor installation about 3 x 4 meters within a lattice of approximately 1.20 m in height. [START_REF] Cna | Water atlas of Mexico[END_REF] Typically it has the following instruments:

• A gauge that captures rainwater in a cone of standardized dimensions and placed in a cylinder with cross-sectional area to make readings • Two mercury thermometers that measure the ambient temperature and record the maximum and minimum ends of the column. These are sheltered in a small wooden house, allowing free passage of air therethrough, but preventing the solar radiation to fall directly onto them, • An evaporimeter where the evaporation film is measured daily with a vernier screw mechanism. • A small mast with a weather vane and a plaque that allow to qualitatively assess the speed and wind direction.

Every morning, usualy at 8:00 AM, an operator manually measures the levels of precipitation and evaporation of the last 24 hours, instant room temperature and the maximum and minimum temperatures reached in the last 24 hour. Also notes whether in the last 24 there was fog, thunderstorms or hail. He also notes the perception of the sky as clear, partly cloudy or cloudy. [CNA, 2011] About the wind, at 8:00 AM it is often totally calm and this is not a variable that is recorded in the national climatological data base (BDCN).

The operator makes records of the measurements and observations in a notebook, then withdraws and empties the gauge, restores the level of water in the evaporation pan (if necessary) and returns maximum and minimum markers of the standard thermometer to their starting positions.

Moreover, approximately 5,000 weather stations have operated over time in Mexico, and the maximum numbers of stations that have been operating simultaneously were 4,300. Today there are around 3,300. Measurements of these weather stations represent the backbone of the network of atmospheric measurements of the country [START_REF] Cna | Water atlas of Mexico[END_REF].

Nominally, once each month, staff of the CNA collects data and sends them to state or regional offices.

A subset of these stations have access to phone (formerly radio and even before a telegraph) so to transmit their data immediately after making measurements at sites of concentration giving access to the CNA, in what might be called "real time" for a network of this type. The subset of near real time is about 900 stations. It is this subset from which daily precipitation maps are obtained. [CNA, 2011] 

The Climatological Data Base of Mexico (BDCN)

The BDCN is the dataset of weather stations that have so far been digitized. It is internally organized into records that group a month of measurements of a single variable in a single season. Thus, all measurements of a station during the 31 days of May 1999 make a record. This may facilitate the interpretation of the total volume of data available, as this is reported usually using the "records" as units. [CNA, 2011] Each season has different operating ranges, typically identified with a start date of operation and an end date of operation, but can also have several segments. For example, a station may have operated February 1948 to September 1986 and again from July 1990 to November 2008. The fact that a specific day, such as June 25 th of 1957, is in the interior of these intervals does not guarantee that measurement for that day exists, during that season of the variable of interest. This is because even within these intervals there is a certain nominal porosity, (i.e. missing values that are marked with a conventional flag). [START_REF] Luege | Hidrological sutainability program[END_REF] Thus, to characterize the true availability of data, it is done through the start and end dates of operation and the percentage of the nominal data in that range available. In the previous example:

• February 1948 to September 1986 92% • July 1990 to November 2008 84% Furthermore, complete uniformity in all variables for the same station on the same date cannot be expected. Some of them may contain the banner of "lack of information" and the other may exist.

It is important to differentiate bewteen the number of stations operating in a certain historical period and the number of available stations at that time. Moreover, there is always the possibility that some operating station at one time have lost their original records. [START_REF] Cna | Water atlas of Mexico[END_REF] Several interesting features are observed: Indeed for more than 10 years after that captures the increase in digital data availability between 1961 and 1990 was obvious. But a capturing effort has been made from about 2002 to currently. Today we have a relatively high availability of digital data not lower than 85% at any time. [CNA, 2011] It should be noted that the technology used in traditional weather stations in Mexico is very old. Without equivocation it can be assured that equivalent instruments existed since 1850 (although at higher prices than current). Moreover, it is difficult to finely manage a system that has 3,300 workers distributed throughout Mexico that are not supervised more than occasionally by formal employees of the operating institutions. Under these conditions the control and quality assurance are very difficult tasks to perform [START_REF] Cna | Water atlas of Mexico[END_REF]. On the other hand, strong asymmetries are generated in the investments made.


On one hand the cost of travel for data collection is very high when compared with the amount of data collected at each site. On the other hand, despite more is spent to obtain and collect measurements than in digitizing the data, the fact is that the first is done but the second tends not to be done (at least timely). That is, money is spent in collecting but the extra pennies are not spent to make the data actually available. [START_REF] Cna | Water atlas of Mexico[END_REF] Some of these problems can be solved with automatic measuring equipment, but at relatively high costs. In recent years, new technologies have cheapened the price of an Automatic Weather Station (AWS) and this solution begins to be feasible, although, so far there have only been operational test programs of this type of equipment. Like many other technological changes, it is necessary to overcome the existing inertia. [START_REF] Luege | Hidrological sutainability program[END_REF] However, it is foreseeable that in the relatively near future, the system could have at least hourly measurements that define the climatology of the diurnal cycle, the data are digital of origin and these do not depend on the handling of one of the 3,300 different operators.

CNA (2011) stated that never such an important system for Mexico has received so little support to operate, ideally in perfect conditions (exact, accurate, timely, available to all, with density related to the phenomena that seeks to define, with appropriate technology, etc.). Still, the wealth within the database is outstanding and, paradoxically, even today underutilized.

Physiographic and hydrological data

Physiographic data are the area, terrain and vegetation cover in the basin, slope and length of the main channel, topography and geology of the area, among others. In Springall (1970) a description of physiographic features and how to calculate them can be consulted.

A difficulty that arises in the hydrological design is to have information of rain, runoff, evaporation, temperature, etc. In Mexico these can be obtained in existing hydrological bulletins published by the CNA, through CDs, by the Federal Electricity Commission (CFE), the National Weather Service (NWS) and in the International Commission Boundary and Water Commission (IBWC). [CNA, 2011].

Following, a description of the database for surface water data of Mexico (BANDAS), which was used in the present study, will be given. This database of surface waters includes: flows in rivers, sediment transport in rivers, the free surface levels in rivers and storage in dams. The available data are daily, monthly averages and annual averages. These data come broadly from the hydrometric network of the National Water Commission (CNA), which operates through its Basin Organizations and Local Offices coordinated by the Management of Surface Water and River Engineering and it served to carry out the deterministic hydrological model of Mexico City catchment.

The catalog of hydrometric stations has listed 2,175 different locations on the national territory, while the catalog of dams list 168. The numbers of years of registration and the specific ranges for them are different in each station. PRS can be distributed freely to the interested population in a set of 10 CDs, corresponding to the hydrometric stations in riverbeds and on the operation of dams. [CNA, 2011].

Furthermore, in the SIAS application of Mexico (SIAS is an acronym for Information System of Surface Water), in which the measured raw data are captured in hydrometric stations such as: reading scales, summaries and sediment gauging and hydrometric processes. Mathematical calculation is performed where products are: average daily discharge, instant discharges, monthly and annual data and charts, the relevant flows, rating curves, hydrographs, etc, and the weather information (rainfall and evaporation) is captured.

It is important to note that hydrometric data in Mexico City is not available for several years since records began, and this leads to difficulties when validating and calibrating the results of hydrological models. [CNA, 2011] Chapter 5. THE MODELING APPROACH: STRATEGY, DATA AND APPLICATION Summary.

Mexico City is facing problems of flooding in some areas at certain times of the year, causing important losses and damages on properties and residents including some casualties. Therefore, it is important to carry out a flood risk assessment in the catchment of Mexico City and estimate damages of probable flood events. However, limited data of observed discharges and water depths in the main rivers of the city are available, and this represents an obstacle for the understanding of flooding in Mexico City. The premise of this study is that with the limited data and resources available, the catchment can be represented to an acceptable degree by the construction of a deterministic hydrological model of the Mexico City basin. The objective of the developed tool is to provide an efficient support to management of the flood processes by predicting the behavior of the catchment for different rainfall events and flood scenarios. The capability of a model based on MIKE SHE modeling system for the Mexico City catchment was evaluated by comparing the observed data and the simulation results during a year after a careful development based on the most important parameters for characterizing the processes. Significant and operational results (>0.7 for Nash Sutcliffe coefficient) have been obtained on one of the major sub-catchments of the Mexico basin. These results demonstrate the interest to implement a deterministic hydrological model for assessing flood risks in a dense urban environment where data availability is limited. Furthermore, the resulting discharges form the hydrological model in MIKE SHE in rivers were used to carry out a flood hazard assessment. The discharges in 7 rivers and the water level downstream were input in MIKE 21 as boundaries for the model. Moreover, these results were used in the MIKE 21 model for assessing the extent of the areas of flood risk and the flood depth in Mexico City. In addition, a grid size sensitivity analysis was carried out for the topography used in MIKE 21. Grid sizes of 50 m, 30 m and 20 m were used in a MIKE 21 model to create flood maps and analyze the differences in flood extent and depth.

Deterministic hydrological model of Mexico City.

Methodology

For the Mexico City Valley, and based on the selection criteria for modeling methods in section 1.6, the suggested methodology for this study is based on the implementation of a hydrological model using the MIKE SHE and MIKE 11 modeling system. In addition, discharge and water level data in the Mexico City catchment, are available for only a limited number of years, and daily precipitation data is also available for a few years in Mexico City; some of which coincide with the discharge data available. Therefore, the precipitation and the DEM data were used to build a hydrological model and simulate discharges in rivers using MIKE 11 and MIKE SHE. This software, however, has the capability to include more components in the model and increase its complexity regarding land use, soil types, unsaturated and saturated zones, groundwater and several other parameters due to its modular set up, in which the different components can be activated or de-activated for each new simulation. In addition, thanks to the Polytech Nice-Sophia, this software was available for unreserved use during this research, as opposed to other softwares, which were also considered. The analysis will evaluate the discharges in several rivers of the City and compare the estimated values with gauged data to see whether the model can represent the full hydrological process with sufficient accuracy for the operational management of the catchment.

Figure 5.1 outlines the methodology followed for the hydrological model of Mexico City and the flood modeling for risk assessment. MIKE SHE allows the simulation of all the processes in the land phase of the hydrologic cycle. That is, all of the process involving water movement after the precipitation leaves the sky. Precipitation falls as rain or snow depending on air temperature -snow accumulates until the temperature increases to the melting point, whereas rain immediately enters the dynamic hydrologic cycle. Initially, rainfall is either intercepted by leaves (canopy storage) or falls through to the ground surface. Once at the ground surface, the water can now either evaporates, infiltrate or runoff as overland flow. If it evaporates, the water leaves the system. However, if it infiltrates then it will enter the unsaturated zone, where it will be either extracted by the plant roots and transpired, added to the unsaturated storage, or flow downwards to the water table. If the upper layer of the unsaturated zone is saturated, then additional water cannot infiltrate and overland flow will be formed.

This overland flow will follow the topography downhill until it reaches an area where it can infiltrate or until it reaches a stream where it will join the other surface water. Groundwater will also add to the base flow in the streams, or the flow in the stream can infiltrate back into the groundwater. [START_REF] Dhi | MIKESHE User Manual[END_REF] Overland flow is required when MIKE 11 is coupled with MIKE SHE, as the overland flow module provides lateral runoff to the rivers. The overland flow can be calculated using either a semi-distributed method or a finite difference method. The finite difference method should be used when the interest is in calculating detailed overland flow, while the semidistributed, simplified method should be used for regional applications, where detailed overland flow is not required. [START_REF] Dhi | MIKESHE User Manual[END_REF] Moreover, when the rainfall rate exceeds the infiltration capacity of the soil, water is ponded on the ground surface. This water is available as surface runoff, to be routed downhill towards the river system. The topography and flow resistance, as well as the losses due to evaporation and infiltration along the flow path determine the exact route and quantity. The water flow; on the ground surface, is calculated by MIKE SHE's Overland Flow Module using the diffusive wave approximation of the Saint Venant equations [START_REF] Dhi | MIKESHE User Manual[END_REF] As the dynamic solution of the two-dimensional St. Venant equations is numerically challenging, the complexity of the problem is reduced by eliminating some terms of the momentum equation, therefore ignoring momentum losses due to local and convective acceleration and lateral inflows perpendicular to the flow direction. This is known as the diffusive wave approximation, which is implemented in MIKE SHE [START_REF] Dhi | MIKESHE User Manual[END_REF]. The simplified form of the Saint Venant equations is:

S fx   x z g  h     z x (Eq. 9)
S fy   y

z g  h     z
y (Eq. 10) where S f is the friction slopes in the x-and y-directions, the ground surface level is z g (x, y), and the flow depth is h (x, y).

Use of the diffusive wave approximation allows the depth of flow to vary significantly between neighbouring cells and backwater conditions to be simulated. However, as with any numerical solution of non-linear differential equations numerical problems can occur when the slope of the water surface profile is very shallow and the velocities are very low. [START_REF] Dhi | MIKESHE User Manual[END_REF] In this work, data inputs were first collected and processed according to the format of the software MIKE SHE coupled with MIKE 11. These inputs include: DEM, rainfall, river geometry, land use map, soil map, boundary conditions of discharge and other parameters. The model was set up using the input data along with the methods for the physical processes. In terms of processes, while the overland flow used the method of finite difference, the river flow employed the wave approximation of high order fully dynamic, which is used for relatively steep rivers without backwater effects. There are four possible flow descriptions available in MIKE 11. The flow descriptions can be selected globally for the system and/or locally for individual branches. Locally specified flow descriptions must be specified for the whole branch. In general it is recommended to use the 'fully dynamic' or the 'high order fully dynamic' flow descriptions. Only in cases where it can be clearly shown that the 'diffusive wave' or the 'kinematic wave' are adequate should they be used.

The latter two flow descriptions are simplifications of the full dynamic equations. These are provided to improve the computational efficiency of models in specific circumstances. [START_REF] Dhi | MIKE 11, User Guide[END_REF] The hydrodynamic module of MIKE 11 provides fully dynamic solution to the complete nonlinear 1-D Sain Venant equation:

u t  u u x  g h x  g(S  S f )  0 (Eq. 11)
The coupling between MIKE 11 and MIKE SHE is made via river links, which are located on the edges separating adjacent grid cells. Because the water exchange occurs along the edges of the grid, it is noticed that the more highly resolved the grid, the more accurate the representation of the river network will be. Locations of MIKE SHE river links are determined automatically with reference to the co-ordinates of the MIKE 11 river points that define the branches of the hydraulic model. During a simulation, water levels within the coupled reaches are transferred from MIKE 11 H-points (points along the river model for which water levels are calculated); in turn MIKE SHE calculates the squares and the riveraquifer exchange. These terms are fed back to the corresponding MIKE 11 H-points as lateral inflows or outflows for the next computational time step. (Figure 5.2) Regarding flow in the unsaturated zone, there are three options in MIKE SHE for calculating vertical flow:

 The full Richards equation, which requires a tabular or functional rela-tionship for both the moisture-retention curve and the effective con-ductivity,  A simplified gravity flow procedure, which assumes a uniform vertical gradient and ignores capillary forces, and  A simple two-layer water balance method for shallow water tables.

In this study, the two-layer method was used, as no data on the water table characteristics of Mexico City are available.

For the Mexico City basin, the model is based on the most relevant variables, which may produce results with a reasonable accuracy. In order to define the most efficient approach, three scenarios were considered with different levels of complexity: a. A hydrological model for the Mexico City catchment has been developed, the following components included: b. A second model for the Hondo river sub-catchment in Mexico City with all of the above components and additionally, a distribution of roughness values used for runoff according to land use. c. Finally, a third model for the Hondo river sub-catchment including all of the components of model 2, plus the unsaturated zone component.

The accuracy of the three models when representing the hydrological processes is assessed by quantification and evaluation of the root mean squared error RMSE and of the Nash Sutcliffe coefficient E, presented in equations ( 12) and ( 13) respectively:

𝑅𝑀𝑆𝐸 = ∑ 𝑛 𝑖 = 1 (𝑋 𝑜𝑏𝑠,𝑖 -𝑋 𝑚𝑜𝑑𝑒𝑙,𝑖 ) 2 𝑛 [ 12 ] ; 𝐸 = 1 - ∑ 𝑛 𝑖 = 1 (𝑋 𝑜𝑏𝑠,𝑖 -𝑋 𝑚𝑜𝑑𝑒𝑙,𝑖 ) 2 ∑ 𝑛 𝑖 = 1 (𝑋 𝑜𝑏𝑠,𝑖 -𝑋 𝑜𝑏𝑠 ) 2 [ 13 ]
where X obs is observed values and X model is modeled values at time/place i.

Nash-Sutcliffe efficiencies can range from -∞ to 1. An efficiency of 1 (E = 1) corresponds to a perfect match of modeled discharge to the observed data. An efficiency of 0 (E = 0) indicates the model predictions are as accurate as the mean of the observed data, whereas an efficiency of less than zero (E < 0) occurs when the observed mean is a better predictor than the model. The closer the model efficiency is to 1, the more accurate the model will be. In addition the lower the RMSE will be, and the better the model simulation performance.

Furthermore, a study by [START_REF] Bathurst | Validation of catchment models for predicting land-use and climate change impacts: Blind validation for internal and outlet responses[END_REF] revealed model evaluation criteria for multisite validation. These authors stated that spatially distributed models couldn't be considered fully validated unless they are able to reproduce internal as well as external responses. Moreover, the evaluation of the model was also carried out by visual inspection of the hydrographs. The calibration of the model is conducted by a trial and error procedure in which the influence of the different parameters is analyzed after several simulations and parameters were set differently before the following simulation until results are sufficiently close to observed data. Furthermore, the spatial variation of rainfall has an important effect on both runoff generation and hydrologic process in a catchment [START_REF] Moon | Stream flow estimation using spatially distributed rainfall in the Trinity River basin, Texas[END_REF]. The spatial variability of rainfall may introduce significant uncertainties during the calibration process [START_REF] Chaubey | Uncertainty in the model parameters due to spatial variability of rainfall[END_REF]. Several studies suggest a minimum number of rainfall stations per square kilometer. For example, [START_REF] Segond | The significance of spatial rainfall representation for flood runoff estimation[END_REF] recommends that a network of 16 rain gauges is acceptable for every 1000 km 2 . Therefore, for a catchment of 2,800 km 2 , a number of 44 stations would be considered acceptable. In order to distribute the rainfall over the catchment the Thiessen method was used.

 River network: The hydrographic river network consists of a linear shape file system. A network file was completed in MIKE 11 and 27 branches were included.  Daily average observed discharge data were obtained for 11 stations for the year of 1981 and compared with simulated discharges.  The unsaturated zone (UZ) component, including physical and hydraulic characteristics of the types of soils. The 2-layer set-up was chosen in MIKE SHE for the unsaturated zone, and 6 types of soils were included for the soil type distribution. The data was obtained from the National Institute of geography and statistics (INEGI) and is shown in figure 5.6.

The values necessary for the MIKE SHE unsaturated zone module, such as permeability of soils, water content and hydraulic conductivity were also included.

A simulation period of 1 year was used (1981). This year was chosen because the data were available for all rainfall and gauging stations without any missing days of data, compared to other years in recent history. Moreover, the observed discharge data available is not complete for more years before or after 1981. 

Application to Mexico City Basin.

The analysis is focused on the local flood problems in the the rivers Magdalena, San Javier, Piedad, Tlalnepantla, Mixcoac, Tacubaya and Hondo, where urban growth has caused an increase in runoff and discharges to the rivers. The analysis concerns also the low areas where the discharges accumulate naturally, especially when the drainage network is working at maximum capacity.

The methodology proposed was applied to the three models described. In this section, the characteristics of the catchment are described, the available data are listed, the development of each model is explained in detail and the results of the simulations are presented.

As mentioned above, the rivers modeled in are the San Javier, Tlalnepantla, Hondo, Tacubaya, Mixcoac, Piedad and Magdalena, and the channels included are the Great Channel, the National canal, and the Remedios. Only the rivers in the West of the City were modeled because these supply the largest part of the discharge to the Valley of Mexico; especially the Magdalena, Mixcoac, Hondo and Tacubaya. Figure 5.7 shows the Mexico City catchment, and the hydro meteorological network. 

Development of 3 study cases. a. Case 1:

A model for the Mexico City catchment was created .The components include the following:

 Topography: The digital elevation model has a resolution of 5 meters. To speed up the simulations, a 90 meters resolution version of the DEM associated with a projection in UTM zone 14N was generated and used in the topography component of MIKE SHE. It should be noted that the geometry of the catchment is the most important factor in a model, and a good quality DEM can assure a good representation of the hydrological processes.  Precipitation & evaporation rates: Historical observed precipitation and evaporation data from 44 stations in the Valley of Mexico were obtained from the surface waters division of the National Water Commission (CONAGUA). In order to distribute the rainfall over the catchment the Thiessen approach has been used. The Thiessen polygons were generated in GIS from the point shape file of the stations. The polygons were added to MIKE SHE model in order to define the precipitation spatial distribution. Several studies suggest a minimum number of rainfall stations per square kilometer. For example, [START_REF] Segond | The significance of spatial rainfall representation for flood runoff estimation[END_REF] recommends that for largely rural catchments a network of 16 rain gauges is acceptable for 1000 km2, and between 4 and 7 stations for 80-280 km2. Figure 5.8 shows the rainfall distribution for the 44 stations in the Mexico City climatological network. The gauging station density is considered acceptable for the use of the Thiessen polygon distribution method. This methord consists of drawing a polygon around each gauge with the boundaries at a distance halfway between gauge pairs.  River network: The hydrographic river network consists of a linear shape file system.  Cross sections: Cross sections: The cross sections were obtained from the DEM using the River Bathymetry Toolkit of HEC-RAS and exported to the cross section editor in MIKE 11. In addition, one cross section was created for every 1000 meters approximately. The U.S. Army Corps of Engineers (USACE) created HEC-RAS; specifically the Hydrologic Engineering Center (CEIWR-HEC), formed in 1964 to institutionalize the technical expertise that subsequently became known as hydrologic engineering.

 Daily average observed discharge data were obtained for 11 stations for the year of 1981 and used to create time series and compared with simulated discharges.  At the initial stage, discharge boundary conditions were set to 0.1 m3/s in all river upstream ends to avoid the initial drying of the bed.  The water level boundary was set to a constant value in the outlet of the Great Channel based on the bed level.  A uniform Strickler roughness value of 20 was used for the overland component of MIKE SHE, and a uniform value of 30 for all riverbeds, defined in the hydrodynamic module of MIKE 11.

b. Case 2.

For the second case study of the Hondo catchment, a model of Hondo sub-catchment was constructed including river network, rainfall, topography, and a map of distribution of the Strickler number based on vegetation data. The figure 5.9 shows the location of the River Hondo sub-catchment in the catchment of Mexico City and the hydro meteorological network is shown in figure 5.10. The model area is 173 km 2 . Furthermore, in the second model, the Strickler coefficients have been distributed over the Hondo river basin according to the vegetation types. The overall distribution is presented on the figure 5.11. Strickler coefficients, also known as Manning roughness coefficients, were obtained from the 'Guide for Selecting Manning's Roughness Coefficients for Natural Channels and Flood Plains', prepared by the U.S. Department of the interior, Geological survey (1989).

In addition, five rainfall stations were used for the Hondo model, and Thiessen polygons were created in GIS and added to MIKE SHE. The used rainfall distribution is shown on figure 5.12. The model was applied for the same period as in model 1 (the year of 1981), and the resulting hydrograph was compared to observed values in Molino Blanco station. 

c. Case 3:

For the third study case of the Hondo catchment, the unsaturated zone (UZ), evaporation and land use components of MIKE SHE were included in addition to the same Strickler number distribution. The used rainfall distribution for case 3 is the same as in case 2. The land use information was extracted from digital maps and added to the land use module of the model. The 2-layer set-up was chosen in MIKE SHE for the unsaturated zone, and 6 types of soils were included in this set-up. The soil type polygons were obtained from INEGI.

According to the MIKE SHE reference guide (2007), the Two-Layer Water Balance Method is an alternative to the more complex unsaturated flow process coupled to the Kristensen and Jensen module for describing evapotranspiration. The main purpose of the module is to calculate actual evapotranspiration and the amount of water that recharges the saturated zone. The module includes the processes of interception, ponding, infiltration, evapotranspiration and ground water recharge. Furthermore, while MIKE SHE's unsaturated zone module requires a detailed vertical discretisation of the soil profile (unsaturated zone), the simplified ET module considers the entire unsaturated zone to consist of two 'layers' representing average conditions in the unsaturated zone.The input for the model includes the characterisation of the land use and the physical soil properties.

Other values necessary for the MIKE SHE modules of land use and unsaturated zone, include permeability of soils, leaf area index of vegetation, root depth, Strickler coefficients, water content and hydraulic conductivity of soils. Figure 5.13 shows the soil types boundaries. For all cases, a period of 1 year was chosen (1981) because data were available for all rainfall and gauging stations in this year. The simulation time step was 10 seconds in MIKE 11 (hydraulic component of Mike She).

The time step control values used, necessary to control the simulation in MIKE SHE, are listed below. The setup of the three study cases was successful and a series of simulations was done to calibrate the model. The purpose of calibration is to confirm that the model is able to reproduce the hydrological processes with reasonable accuracy. However, it is a complex procedure due to the large amount of model parameters involved, and the computational requirements for simulations.

Therefore, calibration is considered one of the most time consuming phases when building a hydrological model. [START_REF] Vazquez | Effect of grid size on effective parameters and model performance of the MIKE SHE code[END_REF]. The model was calibrated for one year (1981); however, the land use data provided by INEGI was generated in 2009, which presents a considerable difference with the land use distribution of 1981, due to the urban development in the last decades. However, as the land use data (from INEGI) is not available for 1981, we can only wait for the discharge and rainfall data of 2009 (or close to this year to be avaiable).

A series of simulations was carried out to calibrate each of the three models. In this research, calibration was done through trial and error, where a variable was changed at a time before every simulation, until the desired results was obtained. The parameters calibrated in this study were the simulation time step and the discharge boundary conditions in the upstream intitial points of each one of the rivers. It should be noted that several hydro-informatic issues were faced during simulation. Several errors and warnings when running MIKE 11. For example, warning 65 about abrupt changes in the river elevation, and warning 47 which notifies about the drying of the riverbed. The river elevation can be adjusted using the cross section editor, and determining a constant flow in the inlet of the river branch can solve the drying of the riverbed. Warnings do not prevent the model from running after coupling with MIKE SHE, however, they can cause errors that cause the simulation to stop.

Furthermore, the time of simulation was considerably high due to the DEM grid size, and it was therefore decided to increase the grid size from 5 m to 90 m for the first simulations.

The original grid size was restored after calibration. However, the issue that took the most timed to resolve in this study was error 25 of MIKE 11. This error occurs when, at a certain point, the water depth is greater than the maximum allowed depth by a factor of four. It was found that increasing the allowed factor for exceedance in the Mike11.ini file was the best solution as suggested by the DHI user guide for this issue.

Results

The predictive capability of the model set-up was evaluated by comparing the resulting hydrographs against independent observed data. The results of the three cases described in the methodology are presented in the following paragraphs.

a.Case 1:

The model of Mexico City catchment includes topography, rainfall and river network. In the Molino Blanco station, the resulting hydrograph is remarkably close to the observed data, however, there are important discrepancies in the months of June, July, August and September. Also during December, the model did not stabilize. This may be caused by different factors and all the variables in the model should be carefully analyzed to determine their influence on the result. In St. Teresa station, the results follow successfully the main processes and trends but the model doesn't succeed to present properly the intensity of several flood events appearing during September and October in the Magdalena River. The representation of the processes in this model may be too coarse, and do not integrate enough variables for representing the hydrological behavior of the catchment.

b.Case 2:

For the model of the Hondo river sub-catchment, the Strickler coefficients have been distributed over the basin according to the vegetation types. This model was applied for the same period as case 1 and the resulting hydrograph was compared to observed values in Molino Blanco station. The hydrograph can be seen in figure 5.16. The model produced a value of 0.71 for the E coefficient and 3.48 for the RMSE coefficient. The results of case 2 followed relatively well the main trends of the observed data, and it stabilized well in the month of December. However, this model has a consistent difference between the gauged data, especially from July to September.

c. Case 3:

The third model includes the land use data and the unsaturated zone data. The results obtained are a rather high RMSE of 3.05 and and a reasonable E coefficient of 0.77. The results of model 3 follow the main trends of the observed data. According to the hydrograph, it can be stated that the effects of the soil types and the land use data provide a benefit for the representation of the hydrological process in the catchment compared to the first two models; however, an important difference can be observed in July and August, when an excessive amount of simulated discharge appears.

It should be noted that even when the results of the MIKE SHE model regarding discharge in the rivers are satisfactory, the simulation period of one year limits the understanding of the behavior of the catchment during a longer period. Therefore, it is recommended to do a longer period of simulation in order to verify the applicaility of the model.

Therfore, a simulation with a preriod of 5 years was carried out including the unsaturated zone component and land use, and the resulting hydrograph is shown in figure 5.18. As the observed discharge is not available for these years; because no data was collected or it has not been captured or published yet, the hydrograph shows only the simulated discharge. However, the water commission (CNA) recorded the date and times of the maximum discharge for each month during this 5-year period; and this information was used to analyse the hydrograph. The hydrograph presents an obvious increment of discharge for each year.

To analyse the simulated discharge, the recorded peak discharge was used to compare with the simulated discharges. The date and the flow magnitudes of the two maximum discharges recorded in Molino Blanco station are presented in table 5.3. The maximum simulated discharges were all obtained during the rainy season from June to September in the 5 years, and discharge decreased during the dry season as it occurs in reality. However, it can be inferred from the table that simulated discharge increased abnornally compared to maximum discharge observed from 1979 to 1983. This should be investigated and carry out a proper calibration.

Flood hazard mapping with 2D hydraulic modeling

In this section, a method for flood map creation using MIKE 21 software is proposed to assist in flood risk management in the basin of Mexio City. The Université de Nice Sophia Antipolis provided this software.

DHI Water and Environment's MIKE 21 two-dimensional modeling system has been one of the leading models used in full two-dimensional flood analysis in several countries. Over the years a number of improvements of MIKE 21 have enhanced its ability to model floodplain flows. (McOwan et al, 2001). Due to these improvements, MIKE 21 has been applied in recent years in several flood hazard studies worldwide. For example, Chandra and Ahsan (2009), carried out a rapid flood hazard assessment using MIKE 21 2D hydrodynamic model.

In a more recent study, [START_REF] Filipova | Urban flooding in Gothenburg-A MIKE 21 study[END_REF] created a two-dimensional hydrodynamic simulation model using MIKE 21, developed as a tool to simulate storm water related flooding in the central part of Gothenburg, Sweden. These recent studies suggest that flood hazard assessments using MIKE 21 have a reduced cost, provide an understanding of flood risk areas more rapidly than conventional studies and allow flood risk studies in urban catchments.

The analysis in the present work is focused on the flood problems in the high surrounding areas of the West part of the City, and low areas where the discharges accumulate in artificial channels, especially when the drainage network is working at maximum capacity.

Application of MIKE 21.

For this model, a bathymetry with an area of 980 km 2 was used. This area covers only the downstream area of the catchment because the focus was on the area where the flooding events of the highest magnitude occur; as opposed to the area of study in the MIKE SHE hydrological model (2.800 km 2 ), in which our focus was on simulating runoff from the several rivers.

The components to construct the MIKE 21 model are:

 Topographical data covering the floodplain area of Mexico City were the most severe and frequent flooding events occur. The bathymetry resolution used was 30 meters.  Boundaries obtained from the time series of discharge of MIKE SHE hydrological model for 7 rivers, and a time series of water level for the outlet of the river network.

 Rainfall time series and Thiessen polygons distribution for the simulation period and for the 44 rainfall stations.

The method applied for the generation of flood maps is the following:  Generate discharge hydrographs using MIKE 11 for the main rivers of the West of the catchment of Mexico City, and the water level time series for the downstream end of the network. The discharge was calculated in locations of each river selected previously based on the points corresponding to the upstream ends of the MIKE 21 model network, including: San Javier (at 3.8 Km), Tlalnepantla (at 13.6 Km), Remedios (at 13 Km), Tecamachalco (at 18.8 Km), La Piedad (at 14.9 Km), Mixcoac (at 20.2 Km), San Angel (at 9.3 Km); and the water level at 18.2 Km of Gran Canal was calculated for the downstream boundary condition of the MIKE 21 model.  Select a simulation period of 15 days from 01/09/1981 to 15/09/1981. The month of September was chosen because Mixcoac station presented the highest simulated discharge of all stations in September; above 50 m 3 / s. Based on the hypothesis that the flooding of highest magnitude could occur in this month, this period was used to simulate the flood depth.  Introduce the time series of the discharge of each river as a source in MIKE 21 software and the water level time series in the location of the outlet of the catchment.  A rainfall distribution was applied based on the Thiessen polygon method.

 Select a constant Manning value of 60 m (1/3) /s for the resistance. This value was based on the land use of the downstream area of the catchment, consisting of urban area mostly.

Results.

The resulting maps of maximum water depth from the MIKE 21 simulation using topography of 50 meters and 30 meters are shown in Figure 5.19 and Figure 5.20 respectively, as well as the point where the Remedios channel and the Great channel intersect. These results suggest that the depth and the extent of flooding are dependent on the resolution of the topography. For instance, it can be seen in figure 5.120 that with a grid size of 30 m, more water flow into the rivers and channels, causing flooding in areas of the city that were not flooded when the 50 m resolution was used, such as the area around the point of intersection between the Great channel and the Remedios channel, and causing a reduction in the flood extent in other areas. The flood event simulated caused water depths between 0.5 and 1 meter in the areas covering the Benito Juarez international airport, the northern part of Nezahualcoyotl, Chimalhuacan, the Valley of Ecatepec, the historic center (west of the Great channel), and an area East of the Carretas reservoir in Tlalnepantla.

After obtaining the flood extent map with 30 m grid size, it can be considered that this map is sufficient to carry out the operational management of the catchment. The appropriate land use is determined based on the vulnerability to flooding of the building type or its occupational use. With the flood map obtained, the types of buildings affected can be recognized and also their number. For example, a hospital is typically considered a highly vulnerable use and, therefore, it is more appropriate to locate hospitals in areas at lower probability of flooding. The flood map let us know what are the areas of higher flood depth, and this is useful when planning the building types in those areas.

The total flood area is expected to change when increasing the resolution of the topography, however, the general flood hazard zones can already be delimited with the flood map of 30 m grid size. Furthermore, land use plans incorporating flood risk management through the creation of flood zones, and development frameworks that specify appropriate land use provide guidance about the type of development that can occur and where it can occur.

However, this guidance should be accompained by regulation to legally control development. Such regulations will need to interface with existing land use control, planning and building control legislation and will be limited by the strength of current land use planning procedures. [START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] Typically regulations include: Furthermore, the flood map obtained with a 30 m grid size already allows recognizing areas where structural flood control is needed. For instance, when the flood area corresponding to a flood depth above 2 meters was analyzed, the only zones that presented this flood depth are the ones covering the international airport and the area west of the Carretas reservoir (North of the Remedios channel). It should be noted that the area covering the airport is protected from flooding by the reservoirs to the East; however, the areas of flood risk to the North of the Remedios Channel in Tlalnepantla are still in need of protection from future flood events. Therefore, it is our recommendation to construct a barrier along this channel or take other infrastructural measures in order to reduce the damage from flooding.

Topography grid size sensitivity analysis.

The discharges in 7 rivers, and the water level downstream, obtained in MIKE SHE, were input in MIKE 21 as boundaries for the model. Furthermore, these results were used in the MIKE 21 model for assessing the extent of the areas of flood risk and the flood depth in Mexico City. In addition, the effect of changing the resolution of topographic data was studied to determine the impact of DEM accuracy and case studies on the effect of resolution of topographic data are discussed. DEMs with larger grid sizes have less detailed information as they have one elevation value for a larger area. DEMs with high resolution or smaller grid sizes represent elevations of smaller areas and can better represent the smaller topographic details. Grid sizes of 50 m, 30 m and 20 m were used in MIKE 21 to create flood maps and analyze the differences in the results of flood extents and depths. These results suggest that the depth and the extent of flooding are dependent on the resolution of the topography. For instance, it can be seen in figure 5.22 that with a grid size of 30 m, more water flow into the rivers and channels, causing flooding in areas of the city that were not flooded when the 50 m resolution was used; such as the area around the point of intersection between the Great channel and the Remedios channel, and reducing the flood extent in other areas.

Similarly, the flood map produced with a 20m DEM shows that with a grid size of 20 m, more water flow into the rivers and channels, causing higher flooding in some areas of the city and reducing the flood extent in other areas. The flood depth was estimated for September in 1981, and the statistical flood area for each topographical grid size (50m, 30m and 20m) and for each flood depth interval can be found in Table 5.4 The flood event simulated caused water depths between 0.5 and more than 5 meters in the areas covering the Benito Juarez international airport, the northern part of Nezahualcoyotl, Chimalhuacan, the Valley of Ecatepec, the historic center (west of the Great channel), and an area East of the Carretas reservoir in Tlalnepantla for the three grid sizes. The analysis of total the flood extent obtained with grid sizes of 50m, 30m and 20m indicate that the flood area increased when reducing the grid size. However, the study by [START_REF] Haile | Effects of LiDAR DEM resolution in flood modelling: a model sensitivity study for the city of Tegucigalpa, Honduras[END_REF] as shown in figure 2.5 in chapter 2, found that the flood area increased when the resolution was increased from 7.5 m to 2.5 m. Moreover, the flood area decreased when the resolution was changed from 10 m to 7.5 m. Therefore, further research in the catchment of Mexico City will have to concentrate on using a finer grid size, and a larger range of resolutions to compare the depth and extent of flooding.

Flood hazard analysis of buildings

Hazard is defined as the potentially damaging physical event, phenomenon or human activity that may cause the loss of life or injury, property damage, social and economic disruption or environmental degradation. UNISDR (2004) Flood hazard maps are important tools for understanding the hazard situation in an area. Hazard maps are important for planning development activities in an area and can be used as supplementary decision making tools. Type of flooding, depth, velocity and extent of water flow, and direction of flooding characterize them. They can be produced based on specified flood frequencies or return periods. Flood hazard is determined by the conjunction of climatic and nonclimatic factors that can potentially cause a flood and is usually estimated in terms of a rainfall event or 'design flood'. The estimation of flood probability or hazard combines statistics, climatology, meteorology, hydrology, hydraulic engineering, and geography. In places where the flow data are not available because there are no gauges, or are of poor quality, other approaches are used. [CNA, 2011]. Moreover, this information is combined with topographic, infrastructure, population and other geographic data in order to compute the flood hazard.

Urban areas are often located in hazard-prone locations such as low-elevation coastal zones, or in valleys at risk from flooding as in the case of Mexico City. (OECD, 2009). Urbanization causes expansion as cities grow outwards in order to accommodate population increases. Urban expansion alters the natural landscape, land uses and land cover by changing water flows and increasing impermeable areas. Moreover, urbanization in river flood plains and other areas of catchments could change the frequency of flooding. The changes in land use caused by urbanization have an effect on soil conditions and the nature of run-off in the area. Increased development of impermeable surfaces leads to an increase in overland flow and reduced infiltration. Furthermore, urban centers reduce rainfall and increase night-time temperatures and urban heat islands caused by lack of vegetation, can modify the hydrology of an area. (OECD, 2009) Some of this increase in urban expansion can also be associated with inefficient land use and planning policies. However, there is a need for accommodating expanding urban populations. Also, higher densities are not necessarily a solution for redusing urban flood risk, as they often go together with increases in non-permeable surfaces, occupation of vulnerable terrains, and levels of congestion, which can compromise the operation of infrastructure services. Figure 5.24 depicts the impact of flooding on an informal settlement. The fact that rapid urban expansion typically takes place without following structured or agreed land use development plans and regulations makes conditions even more problematic. In addition, as the urban poor are often excluded from the formal economy, they lack access to adequate basic services and because they cannot afford housing through the market they are located in densely populated informal slum areas that may be vulnerable to flooding. [UN-HABITAT].

Houses of poor people in these most vulnerable informal settlements are commonly constructed with materials and techniques that cannot resist extreme weather. In addition, fast urbanization in low-income and middle-income nations normally occurs in such high-risk areas. Therefore, an increasing part of their economies and populations are put at risk. [World Bank, 2008] In order to analyse the flood hazard of some building types in Mexico City, the flooded area contained in the red cyrcle as shown in figure 5.25 was assessed, using data from the institute of geography and statistics (INEGI), which lists the buildings and infrastructure in each neighborhood of Mexico City and their address, according to the economic activity they are involved.

This area could possibly be flooded due to overflow in the Grand Channel or the Remedios Channel. The flooded area include parts of the following neighborhoods: Altavilla, San Miguel Jalostoc, 25 de Julio, El coyol, Arcos Esmeralda, Atzacoalco and González Romero.

According to the data of buildings and their economic activity, provided by INEGI, the buildings and parks that would be affected by the flood as well as the flood depth experienced by them are shown in table 5.5. Table 5.5 Buildings types affected by flooding in the neighborhoods of Altavilla, San Miguel Jalostoc, 25 de Julio, El coyol, Arcos Esmeralda, Atzacoalco and González Romero, and the flood depth for each building type.

In addition, figure 5.26 depicts the flooded area analysed and the location of the affected buildings and parks. 

Conclusions about modeling approach and results.

As a conclusion, the hydrological modeling approach gave acceptable results based on the simulated discharge and these results proved to serve the propuse of serving as boundary conditions for a flood hazard model in MIKE 21.

The flood maps generated in MIKE 21 are the first ones for the Mexico City catchment that cover the entire area of the basin. Flood maps of smaller sections of the catchment have been developed by the National University (UNAM) and by the center for disaster prevention (CENAPRED), however, these maps are not publicly available. Therefore, a comparison with those maps was not possible.

However, images where found of a conference presentation made by the water comission of Mexico [CONAGUA, 2011] for the flooded area where the Remedios channel enter the reservoir East of the airport. This area is contained in the red circle in figure 5.27. According to CONAGUA, (2011), these simulations where carried out for a hypothetical case of failure in the channel that would cause over-flow in the points indicated by the red points and arrows. These images provide a starting point for comparing the results of this study with other flood hazard models as seen in figure 5.30 However, as the data of flood extension and depth produced by CONAGUA is not available to the public in a raster format or vector format, a comparison of area is not yet possible.

North of Remedios channel

South of Remedios channel. However, the present study can be considered as the first hydrological study of the Mexico City catchment that incorporates land use and soil types data, as well as the rainfall-runoff process of the entire catchment.

In addition, due to its modular set-up, future work will be able to integrate more data that becomes available in the future, such as new gauged data of discharge and rainfall, groudwater data and new land use data taking into account the increase in urbanization.

This work helps the local authority in its ability to responding actively with future floodings. However, the flood map only supply the flood depth and flood area. Other information will have to be presented in the next studies, such as duration and velocity. Regarding to the potential flood damages, these will be discussed in the following chapter.

This flood model will be presented to the council of science and technology (CONACYT) nd to the water comission this year. A presentation of the hydrological model last year had a positive response by the flood modellers in the water comission and in the national university. According to these institutions, it is a priority for the near future to carry out further studies of flood hazard in more areas of Mexico City and the country of Mexico, and if the authorities decide to apply this hydrological model to aid in their decision-making, it would be considered an important success.

What each stakeholder wants to know about flood damages varies between stakeholders and sometimes between decisions. Some of the different choices of the different stakeholders are:

 Those who have an interest in implementing flood risk management measures have to consider the benefits and costs of the measures in their decisions before the event has occured.  Provincial ministries should have an estimate of the amount of tax money to be spent on flood protection.  Emergency planners are interested in defining the high risk areas of flood damage to concentrate their efforts in this areas more than others.  National governments in countries that were hit by a flood event, usually have interest in knowing the magnitude of the flood, the estimate of damages and the total loss for the nation and the economy was.  Insurance companies are interested in calculations of economic flood damage, specifically in insured financial loss referring to their clients.  Private firms and even private house owners might also be interested in the amount of damages that potential floods events might cause to their property. Based on this information they decide to buy a flood insurance policy or invest in private flood protection measures. For this porpouse, researchers in several countries have developed equations that relate the height of flood and the corresponding flood damage based on standarized buiding types. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF]] Jonkman et.al (2008) pointed out that an approach was missing which could bring together the modeling of physical damage, environmental damage, public health impacts, and economic damage.

Regarding to the economic damage, the following was written: "a modelling framework that captures the working of an economic system, as well as any disturbances therein is needed".

In order to have a more standardized approach for damage assessment, governments in several countries have been developing standardized systems for the estimation of damage due to flooding. Some examples are: The HAZUS methodology developed in the USA, and the guidelines for cost-benefit analysis (CBA) developed in the UK.

In 2007, Messner et.al, published guidelines aimed at governmental authorities and implementing bodies dealing with ex-ante flood damage evaluation in countries just starting with flood damage evaluation studies and in experienced countries as well, in order to have a consistent set of assessment principles for flood damage evaluation to improve the quality of these studies.

Historically, it is government agencies that have used economic evaluations to their decision-making; however, the new emphasis on governance gives this responsibility to the stakeholders. That changes the participation of experts from determining the optimum intervention strategy to advising the stakeholders on what they want to know but also what they need to know.

Types of flood damage.

Although the terminology differs occasionally, flood damages are mostly categorised firstly in direct and indirect damages and secondly in tangible and intangible damages [START_REF] Smith | Floods, Physical Processes and Human Impacts[END_REF]Parker et al. 1987;[START_REF] Penning-Rowsell | The benefits of flood and coastal defence: techniques and data for 2003[END_REF]Messner & Meyer 2005).

Direct/indirect damages: Direct flood damage is related to the physical contact of flood water to humans, property and the environment. This includes damage to buildings, economic assets, loss of standing crops and livestock in agriculture, loss of human life, immediate health impacts, and loss of ecological goods.

Indirect flood damages are caused by disruption of physical and economic linkages of the economy, and the extra costs of emergency work to prevent flood damage. Some examples are: reduced economic activity and individual financial hardship, as well as adverse impacts on the social well being of a community. Indirect damages include disruptive impacts, such as loss of trading time and market demand for products. [Department of Natural Resources and Mines, State of Queensland, 2002] Tangible/intangible damages: Damages that can be represented in monetary terms, such as damages on assets, loss of production etc. are called tangible damages. Casualties, health effects or damages to goods and services which are not traded in a market cannot be assessed simply in monetary terms.Table 6.1 combines the two differentiation criteria and gives some examples for each category. [Messner et.al, 2007] Furthermore, Smith & Ward (1998) distinguish among primary damages, which result from the event itself, and secondary damages, which are somewhat removed from the flood. For example, the loss of production of a firm, which is flooded, would be classified as primary indirect loss. The induced losses of production of customers or suppliers due to backward and forward links would be designated as secondary indirect damages. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] In regard to indirect damages, figure 6.1 represents the functioning of an economic system over time as a trajectory. When the economic system is affected by a perturbation, it declines and slowly recovers.

Figure 6.1. Perturbation of an economic system hit by a flood. [Messner et.al, 2007] The magnitude of indirect damage has been determined in past studies by three factors [START_REF] Cochrane | Economic loss: myth and measurement[END_REF]  Where the economic boundary is defined  The degree of economic integration  Pre-disaster economic conditions

Actual and potential damages:

The consideration of potential versus actual damages presents an additional difficulty.

Commonly, an assumption is made that nothing will be done to subtract susceptible assets from the area vulnerable to flood. However, displacing possessions to flood-free areas can attain decreases in potential damages. Factors such as the warning time, access to flood free refuges and the flood readiness of the community at risk must be taken into account (see Figure 6.2) 

Methods for estimation of direct economic flood damages

The methods for estimation of economic flood damage are generally focused on direct damages that can be assessed through three types of procedures: Vulnerability analysis, conceptual methods and direct evaluation.

The direct evaluation methods have been the most developed of the three, and different methodologies exist in several countries. Some significant studies include the work of Penning-Rowsell and Chatterton in England (1977), [START_REF] Jonkman | Integrated hydrodynamic and economic modelling of flood damage in the Netherlands[END_REF] in the Netherlands, [START_REF] Boyle | Developing Geographic Information Systems for Land Use Impact Assessment in Flooding Conditions[END_REF] in Canada, [START_REF] Dutta | The Uncertainty in the Prediction of Flash Floods in the Northern Mediterranean Environment[END_REF] in Japan, Nascimento et al (2007) in Brazil, andBaró et al (2007) in México.

These studies focus on the detailed evaluation of impacts considering the inventory of damage in affected areas after the event, or modeling a flood event constructed to predict potential damages. These procedures relate the damage to variables such as water depth, flow velocity and flood duration. A method commonly used to estimate direct damage is the application of depth/damage functions. This method requires a spatial database for the specific area of study, which includes information on land use, hydrology and human activities, and the objective is to obtain water depth/damage curves and functions. [Baró et.al, 2007] The damage to residential and commercial property by floodwaters depends on the value of the building structure, the value of its contents, and the vulnerability of each to damage.

Property inundation levels are calculated using information on ground heights, flood heights and property floor levels. Ground heights may be estimated from topographic maps, sewerage plans and building approvals. Flood heights are predicted using numerical flood modeling or flood extent maps of previous flood events. Floor levels are estimated from building approval records or by traditional survey techniques.

Indirect damages such as clean-up costs for residential and commercial properties are commonly measured as a proportion of direct damages due to the difficulty of calculating them. [Department of Natural Resources and Mines, State of Queensland, 2002] According to [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] three basic steps must be followed in every flood damage evaluation study.

Step 1:

Find an adequate approach for a certain damage evaluation study. The choice depends on the scale, the study objective, the availability of resources, and the availability of preexisting data.

Therefore, the size of the area under investigation is important. Due to the fact that very precise methods require more time and resources than less detailed methods, and that the resources are usually limited, the most precise methods are often restricted to small areas under investigation, while studies with a research area of regional size have to rely on less detailed methods.

Furthermore, the method to be chosen and the precision of the results of a specific study must match with the objective of the study. If the goal of the study is to know an approximate of the amount of damages, a less precise method might be sufficient. On the other hand, if single flood protection measures have to be assessed, then a more precise method will be necessary.

This will determine the resources needed. Although it would be desirable for every study to come to results with the highest level of precision, this is often not possible due to budget or time restrictions.

Indeed, the effort or costs to carry out a certain method of damage evaluation can be reduced if the required data already exists. If, for example, land-use data already exists, this may facilitate the application of detailed approaches on a regional or even national scale.

Step 2.

Determine which damage categories should be taken into account. In general , the parameters which have the greatest impact upon the total damage should be identified. Usually, direct, tangible damage contributes a significant proportion of the total damage. Nevertheless, indirect and intangible damage categories should both be taken into account. Direct tangible damage can further be divided into categories such as buildings, inventories, infrastructure, cars, etc; and it can be reasonable to include only the most important damage categories to reduce the effort of the study.

The third step is the estimation and calculation of the values of potentially damaged tangible assets and the gathering of sound information for this task.

The area and depth of inundation are the most important information to be obtained; but also the duration, time of occurrence and velocity could have a significant influence on damage.

Moreover, in order to measure damage in monetary terms, information on the value of assets at risk needs to be quantified. This information can be integrated in two different ways: First, the total value of all assets at risk in a study area is estimated, the damaged share of this total value is then calculated by relative damage functions; or second, the value of elements at risk is integrated in absolute damage functions, showing the absolute damage depending on flood heigth, duration and velocity.

Finally, damage functions are required to provide information on the dependability of elements at risk against inundation characteristics. They show either the damaged share or the absolute monetary amount of damages per property or square metre of a certain group of assets at risk as a function of the magnitude of certain inundation characteristics.

Currently, the more developed studies around the world consider the inundation depth as the main parameter in these damage functions (depth-damage functions). Others, like velocity, duration and time of occurrence are rarely taken into account. Table 6.2 shows a listing of these parameters and their relevance on flood damage. Furthermore, as the susceptibility of assets at risk depends on their type and attributes, properties of similar type are represented by an approximate damage function. The extent of this categorisation varies between the different approaches.

Inundation characteristics Relevance

Area

Determines which elements at risk will be affected

Depth

Has perhaps the strongest influence on the amount of damage

Duration

Special influence on damages to building fabric

Velocity

Only high velocities will lead to increased damages

Rise rate

Influence on damage reducing effects of warnings and evacuation

Time of occurrence

Especially important for agricultural products Table 6.2 Parameters affecting flood damage and their individual relevance. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] Chapter 6 -Economic Flood Damages 206 Moreover, in damage evaluation, depth of inundation is considered the most important information because of the perception that inundation depth has the strongest influence on damage magnitude; however, it should be noted that studies of empirical damage data showed that the variability of damages can only be explained to an extent by the depth of flooding experienced. According to Merz et al. 2004, as other flood characteristics are normally not recorded it is difficult to quantify their influence. For example, the duration of flooding is important when calculating production losses but could also influence direct damages. Penning-Rowsell et al. ( 2003) found higher damages from longer duration of flooding in elemts such as mortar, drains, timbers, plasterwork and tiles. They distinguish between short (< 12 hours) and long duration of flooding (> 12 hours) in the damage functions. (Figure 6.3) Furthermore, the time of the year is important when calculating damages to agriculture. For instance, damages would be high if flooding occurs just before the harvest, but will be relatively low in wintertime.

Land use data

Land use data is required to know the number, location and type of elements at risk. This information can be obtained by field survey (primary data) or from pre-existing data sources (secondary data). The spatial resolution of land use data may vary considerably: sometimes single properties are considered (object-oriented data) and sometimes objects are concentrated to areas of relatively homogeneous land use (aggregated data). To receive detailed results of damage evaluation, land use information is necessary, especially on buildings. For a damage evaluation with high precision, object-oriented land use information on buildings is recommend. For micro-scale studies, the information is derived from field surveys. For an application of object-oriented data on the meso or macro levels, secondary sources have to be used. If such a database is not available, aggregated land use data sources are sufficient. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] After defining the hazard by flood characteristics it is necessary to define the elements at risk as well as their value and their susceptibility against flooding. From the perspective of damage evaluation the ideal land use dataset provides the minimum of variance within a category and the maximum of variance between categories. The advantage of survey data is that all required land use information can be collected at that level of detail as it is needed for damage evaluation. The disadvantage is that field surveys are time-consuming and costly.

However, secondary data can be costly too, especially if very detailed information is needed. But in general it will require significantly less effort and costs to apply existing data in damage evaluation.

The level of detail of land use data is determined by its spatial resolution and the degree of differentiation between different land use types. Detailed data contains information about the location and type of every building. Damage evaluation methods based on this data can be called property-by-property approach. [START_REF] Penning-Rowsell | The benefits of flood and coastal defence: techniques and data for 2003[END_REF] In other data sources properties or buildings are aggregated to areas of more or less homogeneous land use. In the following this type of data will be called aggregated land use data.The spatial information is nowadays mostly stored and presented in digital maps, either in the form of address points, discrete areas or lines (vector data) or in grid format.

The other criteria, the level of differentiation of land use types correlates more or less strongly with the spatial resolution: Data with a high spatial resolution often also has a high differentiation of land use categories.

However, it is important that the categorisation of land use matches with the categorisation used for the quantification of values and for the damage functions. It would not make any sense to differentiate buildings in more than a hundred types when later only one approximate value and one approximate damage function are used. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] Object-oriented land use data is often available from secondary sources and varies between countries. Two different kinds of data are address-point data, where each property is represented by a point in a map, and cadastral maps, which also give information on ground floor area of properties in buildings.

It should be mentioned that address-point data, but sometimes also cadastral maps, focus on information on buildings. For the assessment of other areas, like agricultural or traffic areas it might be necessary to use additional use data. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] 

Aggregated land use data

In contrast to object-oriented data, other secondary land use data sources aggregate several properties to areas of more or less homogeneous use. However, the spatial extent of these areas is rarely the same as that of the inundated area, therefore, intersections between land use data and inundation area have to be made in order to estimate which part of the aggregated land use units is affected. Therefore, the application of aggregated land use data can lead to some inaccuracies.

Other data

In some studies geomarketing data is used to integrate additional socio-economic information. Geomarketing data is not an official data source but mostly stems from commercial providers. It provides information on a small spatial scale, e.g. for postcode districts, election districts, street sections or single address-points. While the main purpose of this data is to facilitate commercial marketing, it can also be valuable for damage evaluation as additional to land use data described above.

In the Netherlands, for example, such data is used in the standard damage evaluation approach (Kok et al. 2004). In this way information on the number of inhabitants, number and type of flats as well as number and branch of employees per geographical unit is added to get more precise information on these elements at risk than is provided by official land use data. In many damage evaluation studies not only one source of land use data is used. The reason for this can be, for example, that one data source does not cover all types of land use.

Determination of the value of assets at risk

After documenting the location, number and type of elements at risk it is necessary to quantify their value in order to calculate damages in monetary terms. This information can be integrated in the process of damage evaluation in two different ways:

 The total value of elements at risk in the study area is evaluated.

 The value of elements at risk is integrated in absolute damage functions for each category, showing the absolute damage depending on magnitude of inundation characteristics. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] Which of both approaches is chosen depends on the type of available data. For example, if detailed data on the value of assets is at hand the percentage of property approach may be convenient. If on the other hand a complete set of absolute damage functions already exists the absolute damage estimation approach could be more appropriate. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] The formula for the calculation of the total damage for a flood event depends on the type of approach chosen and the type of data used. In a general this can be described by: (Eq. 14)

with:

susceptibility i, j = f (characteristics entity i, j , inundation characteristics k, socioeconomic characteristics l ) i = category of tangible elements at risk (n categories possible) j = entity in an elements-at-risk category (m entities possible) k = flood type/specific flood scenario l = type of socio-economic system susceptibility: measured in percent Such a calculation leads to a single direct, tangible damage amount in monetary units for each flooding scenario considered. This damage value can be used for the calculation of flood risk (the annual average damage) and for the calculation of net benefits or costbenefit ratios in the context of flood protection measures.

However, since flooding events and their damages are usually highly spatially diverse, it is advisable not to present the results in terms of one monetary number, but also to prepare maps to show the spatial distribution of damages. This is possible by means of geographical information systems (GIS). Finally, it must be emphasised that all methods for flood damage analysis include uncertainties in their results. These arise, among others, from inaccuracies and generalisation in the data used. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF] 6.4 Calculation of economic damage.

As described above, methods of damage evaluation vary considerably regarding the type of data used. Nontheless, the general procedure followed in nearly all approaches can be described as follows:

To begin with, all the information on inundation characteristics, land use, asset values and susceptibilities have to be related to each other. In other words, inundation data and land use data have to be combined, (intersected by means of GIS) to find which land use units would be affected and what area of them.

Furthermore the asset values and damage functions have to be assigned to the different land use units. As mentioned earlier, two basic approaches can be considered:

1. The absolute or direct damage estimation approach, where information on the value of assets and on their susceptibility against certain inundation depths is used to develop absolute damage functions; and data on inundation depth and land use information are used these absolute damage functions to make a direct estimation of the absolute damage amount for each property 2. The percentage of property value approach where land use information and asset values are brought together to calculate the total value of assets at risk. This maximum damage potential is then overlaid with data on the specific flooding scenario, and the resulting damage for each is calculated by means of relative damage functions, showing the damaged share of the total value as a function of inundation depth.

Stage-damage curves

They define the association between levels of inundation and damage suffered. For their production surveyed damage estimates for a range of flood levels are obtained. Where locally specific data does not exist, it is recommended to use available stage-damage curves produced as a result of previous flood damage studies. Furthermore, 'synthetic data' can be estimated not for actual properties but for standardized, typical property. For this, standard buildings types are defined by their typical size, construction and inventory components; then, the value of these components is evaluated and the vulnerability of each of these items is estimated by expert inspectors or from existing databases. Finally, a damage function for each building type can be derived.

Synthetic stage-damage curves were first proposed by White (1964) and the ability in obtaining them is in deciding on the number of building types to be considered. [START_REF] Smith | Flood damage estimation: A revirew of urban stage-damage curves and loss funtions[END_REF] In a more recent study, [START_REF] Dutta | The Uncertainty in the Prediction of Flash Floods in the Northern Mediterranean Environment[END_REF] The integrated flood damage model discussed by Jonkman et.al (2008) is based on a database of geographical information, which covers the identified area affected, by a hazard and the asset categories in each unit of this area. The model combines different modules consistently inside one geographical area through a mutual geographical attribute.

To estimate direct physical damage through this method, the flood characteristics are determined, information is assembled on land use data and maximum damage amounts, and functions of stage-damage are applied. The hydrodynamic model produces information about the development of the flood flow, and insight in flood characteristics, such as water depth, flow velocity and the rate at which the water rises. These characteristics can be represented on a map. Because an area can get flooded in more than one way, several flood scenarios are modeled.

In this work, five main categories of assets at risk were distinguished: General land use (for example urban area), infrastructure, households, companies and public utilities and facilities (for example pumping stations). Several sources of data were used to determine the amount of maximum damage for different asset categories and for each of these categories, a specific stage-damage function was estimated and used in the direct physical damage assessment by correlating historical damage data with flood depth.

To evaluate the total direct damage, information on flood characteristics and land use was combined with the stage-damage functions.

In a different study, Baró et.al (2007a) proposed a method for standardized quantification of tangible damages caused by flooding in residential areas and agricultural land, which is based on a catchment located on the upper reaches of the Lerma River in Mexico.

The authors created a database in order to analyze the flood damages, including information on land use and human activities, which in the case of residential areas, consist of the following data:

• After defining the assets in each housing type, a percentage of damage was determined for these assets depending on the water level reached inside the house. In the case of damage to structures, a consultation with builders and insurers was held.

With these numbers a graph was constructed (figure), where the horizontal axis corresponds to values of water height, and the vertical axis to the economic damages in Minimum Wage units.

Based on this information a regressive mathematical model was constructed. The model chosen was the one which had the highest value of the coefficient of determination (R2), and with this equation it is possible to calculate potential direct damages. [Baró et.al, 2007a] After developing the curves, the authors selected the flood recurrence intervals from previous studies of the area, as well as the estimated flows in the streams of study. Using these flows, the maximum water level was determined, using the HEC-RAS model. Only the predominant type of housing affected was considered for this study and the number of houses affected was determined using the affected surface. For this, a uniform area and distribution of this housing type was considered. Using the stage-damage curve for this type of housing, the damage was estimated for one unit and for each water depth of the different recurrence intervals, and then multiplied by the number of houses to find the total. [Baró et.al, 2007b] 

Estimation of flood damage for a flooded area of Mexico

City.

In the present study, a hydrological model in MIKE SHE coupled with MIKE 11 served to make boundaries of discharge for a flood model case of Mexico City. This modeling tool allowed for the creation of maps of foold area and depth. These maps were used to estimate flood damages. In the last chapter, the types of buildings affected by flood in an area of Mexico City were identified and quantified, as well as the flood depth correspoing to each building affected.

This section will present the results of an economic flood damage assessment. These estimations will be for direct economic damages to buildings only. Factors affecting the vulnerability including preparedness of the population were not taken into account as no data exists reagrding that.

A rough or approximate calculation of damages was done due to the lack of economic values for bulding types and the assets inside, which are nessesary to create flood damage curves, which in turn allow the production of standarized damage functions.

Damage to housing.

In the case of the Mexico City catchmet, the damage equation for economic housing units produced by Baró et.al, (2007b) was applied to estimate damages in this flooded area. This equation is the following:

Eq. 15 𝐷𝐷𝐻 = 1016.6𝐿𝑛(ℎ) + 2030.7

Where:

DDH=Direct damage to housing Ln=Minimum wage.

h= Depth of flood. Baró et.al, (2007b) created this equation through a method in which the percentage of damage was especified for each flooding depth to the house and to the following assets: Then, the authors calculated the cost of damage per depth interval from 0 to 2.5 meters as seen in figure 6.4 The graph represents flood damage in mexican pesos, against height of flood in meters.

In addition, 5 types of houses where defined by the authors: With this information, a mathematical model was created and equation 15 was produced. This graph uses minimum wage as a unit for damage, as the total damage to the house was divided by the minimum wage.

 Precarious  Economic  Public housing  Regular  Good
According to INEGI (2016) the neighborhoods considered in the present flood damage asessment of the catchment of Mexico City are considered of low income. Therefore, the housing type 'economic' was chosen for the flood damg estimation, as precarious housing are not found in this area of Mexico City.

It should be noted that an average of the flood depths was used in order to calculate the total damage to housing.

In order to analyse the flood damages of some building types in Mexico City, the flooded area contained in the red cyrcle in figure 6.5 was assessed. In addition, figures 6.6, 6.7 and 6.8 depict the national investory of housing website designed for public consultaion, as well as examples of housing units per block and of number of inhabitants per block. It should be noted that the consultation system does not allow the downlowad the data, therefore, only a visual inspection was done to estimate an apporximate of housing units and inhabitants affected.

According to this inspection of the national inventory of housing, constructed by the geography and statistics institue (INEGI), approximately 5,100 residences are contained in this area of flooding, and 25,000 residents inhabit his area. The flood depth modeled in MIKE 21 varies from 0.5m and 5 meter. Because of the lack of data of houses, only a visual inspection could be carried out, and not a precise determination of the number of units affected for each depth interval. Therefore, an average of 2.75 of depth was used to calculate an approximate of damages. In addition, as the equation for flood damage was designed to use with a varying value of minimum wage, the present value of 73.04 Mexican pesos was used.

Therefore the equation for direct damage to housing would result as follwing:

(eq. 16) 𝐷𝐷𝐻 = ( 1016.6 ( 73.04 )( 2.75 ) + 2030.7 ) = 206,224.97 This value corresponds to one unit; therefore, it was multiplied by the number of houses to obtain the total damage to housing: Total damage to housing: (206,224.97)(5,100)= 1,051,747,377 mexican pesos. This is equivalent to 56,873,401 dollars and 51,044,583 euros.

Damage to buildings.

An important ammount of time and effort was put into the research of building types and their values. This research included contacting the cadastral authorities in Mexico City, the UNAM, re-insurance companies including Munich Reinsurance, and the company Natural Risks Evaluations (ERN).

All of them stated that economic values of buildings in Mexico are confidential information kept by insurance companies, and past studies by the CENAPRED about flood damage did not separate from flood damage, wind damage, fire or other types of damages It was the opinion of these experts that currently only a rough estimate can be carried out for industrial, commercial and office buildings using values of contruction per . 𝑚

2

The table bellow lists the building types, the flood depths, their quanities in the affected Table 6.4 Building types, quantities, flood depth and value per square meter. [START_REF] Neodata | [END_REF] These values are standard values for Mexico in MX pesos. This research found that some building types are not listed in documents publicly available, therfore some generalizations were made. For example, the value of chuches and factories were not available so they were considered same as those of stores. Similarly, the value of hospitals was taken the same as hotels.

In the following table the total value of each type for a determined area of construction is presented. This area was estimated by visual inspection of the buildings using Google earth tool, and the value multiplied by the value per square meter of contruction, and by the number of buildings. Moreover, because no data is available of the vulnerability of each area and each building, the total value of construction will be taken as the total damage for each building type. In the case of buildings with two or more levels, the damage will be considered for the first floor, as it is the one that is affected by flooding.

The total damage in the area is as follows: The approximate total of direct damage for buildings and houses in the area of study is equal to 78,749,457.79 euros.

Conclusions.

As mentioned before, this is a rough estimate, and the uncertainties with this calculation will be discussed in the following chapter.

The methodology proposed for estimating direct economic flood damage, can be applied to other areas of Mexico City and of the country of Mexico. However, as no damage funstions exist in Mexico; except for the residential and agricultural cases, only an approximate of damage is the possibility to this day.

Further work will need to make an effort in obtaining values of buildings and the assets they contain. This information could be provided by the insurance companies to the government as confidential data, and then used to create damage functions.

Furthermore, it would be of great help to have the housing land use data available for download as raster or vector format. This data can then be combined with the flood maps created during modeling and the exact number of residences affected identified.

Nevertheless, this results represent the first known assessment of flood damages in Mexico City in which the flood extent and depth is modeled using results from a deterministic, physically based hydrological model; proving the capacity and competence of this type of models.

The following step will consist on comparing this methodology with the method used by the water authorities and by researchers in Mexico, in order to contribute to the enrichment of the hydrological studies in Mexico.

unrealistically high or low, the maximum of the day is checked to be higher than the minimum of the day, among other measures. But it is perfectly possible that erroneous data (either because they are incorrect on the paper record or because they were wrongly transcribed by capturing) are present.

The Mexican water comission (CNA) in recent years has undertaken additional efforts to assess the quality of the data. Internally the CNA uses quality ratings for prioritizing which data (from the millions available) should be verified against the original paper record. But the correction of errors found may take several years. [CNA, 2011] 

Potential problems in homogeneity

There may be problems that limit the usefulness of the data in the CNA database. This problem is the lack of homogeneity of the time series of some variable in some stations.

There could an abrupt change, which can be difficult to identify by the user. There are proven techniques to identify these in-homogeneities automatically or semi-automatically. The CNA, in recent years has made efforts to identify at least the first apparent abrupt inhomogeneity in each series.

Not all in-homogeneities in the time series are abrupt. For example, the fact that a tree, originally sufficiently small and sufficiently far from the station that it does not affect the exposure of the gauge to rainfall, grows over time and begins to decrease this exposure when the wind is directed from the tree to the station. The gradual scope of the urbanized area on the site of the station can also affect this exposure of the gauge to the rain. This occurs gradually, creating an effect of rising or falling ramp-shaped statistics, and these inhomogeneities are much more difficult to identify. [CNA. 2011] 7.1.2 Possibility of delay problems.

The fact that data does not exist in the database does not necessarily mean that no such measurement exists. The data, although measured, may still be in possession of the operator, can be expected to be digitized or may be waiting to be ingested by the database. The reality is that in a world with diminishing government personnel, data are not collected as frequently as they should, nor are digitized as fast as it could. This possible delay in the appearance of recent data is especially important when a recent event motivates the relevant authority to take flood control measures. Intuitively, this last event tends to be taken as the "design" of the measure of flood control.

Uncertainties in streamflow simulations

Moreover, operational flood management and warning requires the delivery of timely and accurate forecasts. The use of distributed and physically based forecasting models can provide improved streamflow forecasts. However, for operational modelling there is a trade-off between the complexity of the model descriptions necessary to represent the catchment processes, the accuracy and representativeness of the input data available for forecasting and the accuracy required to achieve reliable, operational flood management and warning.

Uncertainty in hydrologic modelling may arise from several sources: model structure, parameters, initial conditions, and observational data used to drive and evaluate the model (Liu & Gupta, 2007).

In spite of the effort made to reflect the reality of the hydrological cycle in the catchment, the MIKE SHE model of the present study did not achieved an optimal result due to these inaccuracies. The statistical coefficients such as Nash Sutcliffe, correlation coefficient, and RMSE can be greatly improved. Hence, this model has many potential uncertainties to simulate the hydrological process.

The land use, soil property or roughness coefficients, which are simplified, are important causes of underestimation or overestimation of this model. Another issue influencing significantly the model uncertainty is the rainfall which is a key factor in hydrologic processes. Rainfall spatial variation affects heavily both runoff generation and hydrologic processes in a catchment [START_REF] Moon | Stream flow estimation using spatially distributed rainfall in the Trinity River basin, Texas[END_REF]. The quality of spatial rainfall distribution usually depends on the characteristic of the study area and the rain gauge density. In this model, the rainfall input is considered as a source of uncertainty.

Moreover, the insufficiency of ground water data is seen as a major source of uncertainty for simulating hydrological process, and in Mexico City no data exists, therefore, this component was not taken into account. Regarding to the method solving process in MIKE SHE, selecting the method for modelling components of the model also adds several sources to uncertainty. For example, there are three functions to select for unsaturated flow such as Richards equation, Gravity flow, 2 layer UZ. The Richards equation is estimated to be the best method for simulating unsaturated flow but for this study, however, the 2 layer UZ was chosen by the simple and short processing time. So, it can be stated that the algorithm for a model component has a particular impact with the model accuracy.

The coupling between MIKE SHE/MIKE 11 additionally adds potential uncertainties. It could affect notably water exchanging between flood plains and river beds. The number of simulating branches and solved intervals in MIKE 11 is considered as a primary uncertainty source. In this model, the number of cross section is of restricted quantity, even when it is acceptable. In addition, the quality of hydrologic model for reproducing hydrological process is affected by the time factors. The time step in this MIKE SHE model of six hours might not represent thoroughly what occurs in the hydrological cycle of a catchment. Moreover, the time perios of the model is only 5 years, which can be not sufficient to bring represent extreme events of a higher return period.

Uncertainty in the gauged discharge data.

For standard stream gauging methods World Meteorological Organisation (WMO) (1994) estimate the measurement uncertainty of gauged streamflows as 5% standard error at 95% confidence interval. Usually, guging personel do several measurements of the ammout discharge with a corresponding water depth, and a rating curve is used to estimate flows. In the case of Mexico, the CNA has aknowledged that in several stations, this method was not followed. Instead, an average of discharge was estimated using several measurements with no specific time interval. This will cause a poor resolution over some intervals due to the lack of gauging. The CNA is starting new gauging efforts currently with the aim of creating rating curves, however; this data is not yet published. [START_REF] Butts | An evaluation of the impact of model structure on hydrological modelling uncertainty for streamflow simulation[END_REF] 

Uncertainties in flood damage assessments

The assessment of flood damages imports uncertainties from the climatic/hydrological/hydraulic domain, adds some of its own uncertainties, and exports the resulting composite uncertainties into the decision domain. [START_REF] Messner | Evaluating flood damages: guidance and recommendations on principles and methods[END_REF]].

Although good progress has been made over the last years to improve the precision of exante flood damage evaluation, the results of even very sophisticated methods are approximate estimations. Uncertainties in the results may arise from the land use data, the value assessment, and last but maybe most importantly from the damage functions.

These uncertainties are caused for example by generalization and categorisation of land use data, the usage of aggregated data on asset values or faults and inaccuracies in the basic data used or in the methods to evaluate them [USACE 1996] As mentioned in chapter 2, flood depth is a deciding point for the method of flood protection as the pressure caused by the weight of water being held above the pressure point will put stresses on walls and will also drive floodwater through walls. Moreover, if the flood depth is predicted to be greater than 90 cm, as it was found to be for some building types in this study, a flood proofing is not likely to be reasonable. The consensus between experts is that the maximum depth acceptable for wet-proof is 60 cm. Also, it has been found that flood depths greater than 60 cm have more capacity to result in structural damage to buildings. Furthermore, flow velocity is an important factor in the magnitude of flood damage, however, this hazard model did not quantify its impact and its influence was therefore not taken into account.

In addition, the materials used for buildings and the condition of the building can also influence the extent of damage caused. Masonry construction; which is the main type of construction used for housing in Mexico City, will be able to withstand the impact of floodwaters up to a point but, being a porous material, it will absorb a large volume of water and take considerable time to dry out.

Building quality also has an impact on the ability of a building to withstand flooding. Flash floods in urban environments represent higher risks with respect to damage to buildings. As mentioned before, high levels of density and congestion characterize large cities like Mexico City. Safety standards are frequently overlooked in this city and as a result, floods cause higher impacts. Floodwaters carry with them the debris of waste and the materials from buildings damaged are also swept along, and in an overcrowded space this may lead to considerable additional damage. Therefore, existing buildings located in flood zones are at a particular risk. Therefore, regulations in Mexico should be designed to restrict or prevent new development, and when possible, new buildings can be designed to withstand the effects of flooding by appropriate use of materials and flood resilient measures.

Damage caused to public buildings such as hospitals, clinics, educational buildings, and significant sites such as churches can lead to further indirect impacts like the disruption to education, and a reduction in the capacity for providing both immediate and longer-term health care. Moreover, floodwaters can mix with raw sewage and increase the incidence of water-borne diseases and also the uncontrolled release of various chemicals -some of which may interact with each other -poses a considerable risk to public health. Therefore, the decision makers and the public should know these factors that cause damages, as well as the ammount of uncertainty in the flood hazard assessment results. If decision makers know how certain or uncertain the damage evaluation estimates are, they can judge for themselves, if these estimates are sufficient as a decision criterion for their decision. [Merz et al. 2004] Chapter 8. CONCLUSIONS AND PERSPECTIVES 8.1 Conclusions.

As it has been happening since the time of the Aztecs, floods are a fundamental part of the problems in Mexico City. Experts agree that the flood control works outlined here, which are under construction, should be implemented as soon as possible. Otherwise, they will not be many years before flooding that could affect millions of people are present. In the long term, the urban growth should be well planned in the Valley and restricted were nessesary, not only in relation to flooding problems, but also with all services, like the drinking water and transportation. Here the general conclusions for each section of this study are presented.

Hydrological model.

The objective was to develop a methodology for flood event estimation within Mexico City in the specific constraints of limited data sets. The developed approach was based on deterministic distributed model of the catchment of Mexico City based on the physical characteristics of this, most importantly on the geometry or topography.

A deterministic hydrological model was constructed and 3 cases were studied with the data available from Mexican institutions. Results have been compared with discharges recorded at gauging stations. This was done with the aim of testing the premise that a deterministic hydrological model could be an efficient tool for representing the hydrological processes in a catchment when data and resources are limited.

The software calculated the statistical coefficient values of RMSE and E coefficient in Molino Blanco station for the three models studied. As the St. Teresa station was not assessed in models 2 and 3, its results are not included in the table.

 Case 1 gave results reasonably close to the observed data; however, the discrepancies in the months of June, July, August and September reduce the accuracy of the model. Furthermore, in December, the model did not stabilize.

 Case 2 obeyed relatively well the main trends of the observed data. In addition, it stabilized during the last months of simulation, as opposed to model 1. However, the results present a regular difference between the gauged data, especially from July to September.  Case 3 produced results that follow effectively the main trends of the observed data.

The unsaturated zone and land use components provide a benefit when representing the hydrological behavior of the catchment. However, an important difference is observed in July and August, when an excess of simulated discharge takes place. The different variables incorporated that conform the unsaturated zone and land use sections should be analyzed to try to find the causes of this difference.

Nevertheless, case 3 provided the best result when representing the hydrological processes of the Hondo River catchment. However, the issues associated to all cases should be resolved before a recommendation of which type of model to be used can be made.

The importance and interest of the deterministic approach in MIKE SHE has been demonstrated for the Mexico City catchment; as the developed tool allowed us to establish a diagnosis on the runoff processes that generate flooding events in Mexico City. The importance of this study should be highlighted since a hydrological study, which includes data of land use and soil types, has not been previously carried out for Mexico City.

Therefore, the results of this study can be considered as a basis for all future physically models of the catchment.

The distributed model allows generating, for a specific rainfall event associated to a given return period, the hydrograph to consider for protection design and population awareness. However, even when the results of the MIKE SHE Model regarding discharge in the rivers and water level in the downstream are satisfactory, it should be noted that the simulation period of one year limits the understanding of the behavior of the catchment over a longer period.

Moreover, it should be noted that when facing up to the basin with scarcity of data, modellers have to be knowledgeable enough to find the major factors that have effect on model results. There are model structures such as schematization of processes, river geometry cell sizes (DEM and river network), drainage density, rainfall distribution techniques as well as rain gauges density.

Model parameters are the secondary factors to improve the model performance. After that, sensitivity analysis and uncertainty assessment are highly recommended to execute for getting the better model outputs.

The results of the study also confirm that MIKESHE/MIKE11 can be applied to develop physically based hydrological models in the context of lack of data for water resources management. More especially, this tool can be utilized to significantly improve the model results when bearing the physically distributed parameters and its diversity is also displayed by means of encompassing many different hydrological processes such as overland flow, river flow, unsaturated flow and evapotranspiration and their interactions.

It is proposed that in the physically based hydrological model, the calibration should be omitted. Instead, the availability of data allows the modellers to move to a new paradigm of Installation, Validation and Exploitations runs [Cunge, 2003] 

Flood hazard mapping in 2D modeling.

A deterministic hydrological model was constructed and used with the data available from Mexican institutions. Results have been compared with discharges recorded at gauging stations. This was done with the aim of testing the premise that a deterministic hydrological model could be an efficient tool for representing the hydrological processes in a catchment when data and resources are limited, and that the results of discharge from this model can serve to carry out a flood hazard assessment. The MIKE 21 model allowed for the generation, for a specific rainfall event, of the flood extent and depth. These flood maps should be considered for protection design and population awareness. Moreover, according to the flood maps, it is considered that a grid size of 30m is sufficient for the operational management of the city; to take decisions on structural and non-structural measures, and for land use planning because it shows a well defined flood extent and depth. However, taking into account the increase in computational time, a finer DEM resolution should be used to study the benefits of having more topographical detail.

Grid size sensitivity analysis

As mentioned above, the MIKE 21 model allowed for the generation, for a specific rainfall event associated to a given return period, of the flood extent and depth in the catchment. Furthermore, the analysis of total the flood extent obtained with grid sizes of 50m, 30m and 20m, indicate that the flood area increased when reducing the grid size, as opposed to the findings of the reviewed studies, which found that a smaller grid size produces a smaller flood area.

Therefore, further research in the catchment of Mexico City will have to concentrate on the flood hazard evaluation using a finer grid size to compare the depth and extent of flooding, but also a larger range of grid sizes to observe better the trends in flood extent variation.

In addition, applying a high-resolution topography would provide a more accurate flood map. Moreover, the existing flood maps, such as the national flooding index produced by Agroasemex S.A.; a national insurance company, and the flood maps produced by the National Center for Disaster Prevention (CENAPRED) will have to become available in the future to be compared with the results of this study.

Flood control and mitigation

Several choices of measures for flood control have been described, indicating its main functional features as well as some of their advantages and disadvantages, some of its capabilities and limitations and emphasizing negative effects that can propagate upstream or downstream. In a flood control program, several of these options should be compared to achieve the purpose of managing the flow with the design return period. As the solution has to arise from a rational approach of the problem and a study of the various combinations of options, it should not be the result of receiving a proposal from a company or institution. Finally, it is important to note that the inhabitants of regions affected by frequent flooding, must learn how to live with floods, so that they are less harmful than usual.

Perspectives

The following step in flood hazard assessment will have to concentrate on the use of a finer grid size.

Applying a high-resolution topography would provide a more accurate flood map, compared to real flood conditions. Furthermore, research efforts will have to concentrate on the damages assessment of flood according to the flood risk maps and land use maps. Further research on the economic value of different assets such as industrial and commercial buildings will be required to develop the stage-damage curves in Mexico for these types of buildings. The studies previously carried out in Mexico to estimate direct flood damages have produced stage-damage curves for residential and agricultural areas.

For residential areas, housing types were selected and percentages of damage specified for the assets and the houses. In the case of agricultural land, maize crop has been the subject of study. However, there is still a need for research on other types of crops and on industrial and commercial assets in order to develop the corresponding stage damage curves and loss functions.

Furthermore, damages for this areas need to be evaluated based on hydrodynamic models using the most accurate and recent data, including elevation, historical rainfall, flow rates, past flooding conditions, and information on values and percentage of damage depending on water depth.

In the case of industrial and commercial areas, the assets in each industry type will be defined, and a percentage of damage will be determined for these assets depending on the water level reached inside. In the case of damage to structures, a consultation with builders and insurers will be carried out.
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Figure 3 .

 3 Figure 3.3Hydrologic zones of the Basin of Mexico. The lacustrine zone occupies the lower elevations of the basin (clear). The piedmont region, or transition zone, occurs on the lower and upper slopes. The two highest elevation classes roughly correspond to the mountain zone. [NAS, 1995] 

Figure 3 .

 3 Figure 3.4Mexico City aquifer. (1) The southern portion of the basin, exploited for ground waters as of 1995 (2) alluvial fill, (3) Pleistocene and more recent basalt including Sierra Chichinautzin, (4) Tarango formation, (4a) high mountain range, (5) volcanic hills and deposits, (6) stratified volcanic deposits,(7) 

Figure 3 .

 3 Figure 3.6 shows progressive sinking of the city relative to the Grand Drainage Canal [NAS, 1995].

Figure 3 .

 3 Figure 3.6Progressive sinking of the city relative to the Grand Drainage Canal [NAS, 1995].

Figure 3 . 8

 38 Figure 3.8 Water pump showing the soil subsidence.[START_REF] Luege | Hidrological sutainability program[END_REF] 

Figure 3 . 9 

 39 Figure3.9 Internal deterioration of the Central Drain.[START_REF] Luege | Hidrological sutainability program[END_REF] 

Figure 3 .

 3 Figure 3.10. East Drain. View of the final lining work with slipform.[START_REF] Luege | Hidrological sutainability program[END_REF] 

  The arithmetic average  Average for Thiessen polygons  Inverse Distance Weighting (IDW),  Spline,  Ordinary Kriging (OK),

  In 1902In -1909 the number of stations operating grew modestly. The MexicanRevolution of 1910-1920 reversed this trend.  In 1921-1983 the number of operating stations grew, with some fluctuations but with a clear upward trend.  From 1984-1993 there was a significant decrease until 2007 and then it stabilized. In early 1990 an intensive effort to capture data from 1961 to 1990 was performed.

  Figure 4.1 and figure 4.2 show two different stations in the states of Hidalgo and Puebla.

Figure 4 . 1

 41 Figure 4.1 Hydrometric station in the state of Hidalgo. [CNA, 2011] 

Figure 4 . 2

 42 Figure 4.2 Hydrometric station in the state of Puebla. [CNA, 2011] 

Figure 5

 5 Figure 5.1. Methodology for estimating the flood hazard in Mexico City.

Figure 5

 5 Figure 5.2 MIKE 11 Branches and H_points in a MIKE SHE Grid with River Links [DHI, 2012]



  a Digital Elevation Model (DEM) with a resolution of 5 meters and an area of 2800 Km 2 , provided by the Institute of Statistics and Geography of Mexico (INEGI); the daily rainfall values from the measuring stations available and for the duration of the simulation period;  and a river network composed with cross sections extracted from the DEM.

Figure 5 . 5

 55 Figure 5.5 The Hondo River sub-catchment in the Mexico City catchment in white.

Figure 5 . 6

 56 Figure 5.6 Distribution of the types of soils used in the hydrological model.

Figure 5 . 7

 57 Figure 5.7 The Mexico City catchment and the hydro meteorological network.

Figure 5 . 8

 58 Figure 5.8 Thiessen polygon distribution and average daily rainfall for 44 climatological stations in the Mexico City catchment.

Figure 5 . 9

 59 Figure 5.9 Location of Hondo sub-catchment in the Mexico City catchment

Figure 5 .

 5 Figure 5.11 Distribution of Strickler coefficient in Hondo catchment according to land use.

Figure 5 .

 5 Figure 5.12 Thiessen polygon rainfall distribution of 5 stations in Hondo River sub-catchment.

Figure 5 .

 5 Figure 5.13 Boundaries of the 6 different types of soils used in the River Hondo set-up.

Figure 5 .

 5 14 and figure 5.15 show the resulting hydrographs from the simulation of the Mexico City catchment model compared with observed values for Molino Blanco stations in river Hondo and St.

Figure 5 .

 5 Figure 5.14 Molino Blanco station simulated discharge against observed discharge for the Mexico City catchment model (1981).

Figure 5 .

 5 Figure 5.15 St. Teresa station simulated discharge against observed discharge for the Mexico City catchment model (1981)

Figure 5 .

 5 Figure 5.16 Molino Blanco simulated discharge against observed discharge Hondo sub-catchment model including the effects of vegetation in Strickler coefficient (1981).

  Figure 12 depicts simulated discharges in the Molino Blanco gauging station compared to observed values. The figure 5.17 represents simulated discharges in Molino Blanco gauging station compared to observed values.

Figure 5 .

 5 Figure 5.17 Molino Blanco station simulated discharge against observed discharge in Hondo River catchment model with unsaturated zone and land use components (1981).

Figure 5 .

 5 Figure 5.18 Molino Blanco station simulated discharge in Hondo River catchment model with unsaturated zone and land use components for a period of 5 years.

Figure 5 .

 5 Figure 5.19 Maximum water depth using topography of 50 m of grid size.

Figure 5 .

 5 Figure 5.20 Maximum water depth using topography of 30 m of grid size.



  The appropriate uses for new development permitted in a designated zone  The requirement for flood risk assessment for all new developments  Minimum design standards for permitted development within a designated zone  Compulsory drainage and surface water management plans  Presumption against reconstruction of damaged dwellings within designated zones  Compulsory retrofitting of flood protection measures.

  The components to construct the MIKE 21 model are:  Topographical data covering the floodplain area of Mexico City. The bathymetry resolutions used were 50 m, 30 m, and 20 m.  Boundaries obtained from the time series of discharge of MIKE SHE hydrological model for 7 rivers, and a time series of water level for the outlet of the river network.  Rainfall time series and Thiessen polygons distribution for the simulation period for 44 rainfall stations. The resulting maps of maximum water depth from the MIKE 21 simulation using topographies with grid sizes of 50 m, 30 m and 20m are shown in Figures 5.21, 5.22 and 5.23 respectively.

Figure 5 .

 5 Figure 5.22 Maximum water depth using topography of 30 m grid size.

Figure 5 .

 5 Figure 5.23 Maximum water depth using topography of 20 m grid size.

Figure 5 .

 5 Figure 5.24 Informal Settlements affected by flooding. [UN-HABITAT]

Figure 5 .

 5 Figure 5.25 In order to analyse the flood hazard of some building types in Mexico City, the flooded area contained in the red cyrcle was assessed.

Figure 5 .

 5 Figure 5.26. Buildings affected by flooding simulated in MIKE 21 with a 20 m grid size.

Figure 5 .

 5 Figure 5.27 Flooded area where the Remedios channel enters the reservoir East of the airport.

Figure 5 .

 5 Figure 5.28 Southern flooded area where the Remedios channel enters the reservoir at the East of the airport, with points of hypothetical channel failure. [CONAGUA, 2011] 

Figure 5 .

 5 Figure 5.30. Comparison of simulated flood in Remedios channel using MIKE 21 with images of flood extent created by CONAGUA.



  Vulnerability of survivors.

Figure 6 . 2

 62 Figure 6.2 The relationship between actual and potential damages. [Reproduced from Read Sturgess and Associates, 2000]

Figure 6 . 3

 63 Figure 6.3 Example from the UK for Depth-Damage-Duration Data for Residential Properties [Penning-Rowsell et al. 2003]

  presented an integrated model for flood loss estimation in a river basin in Japan. The model combines a physically based distributed hydrologic model with a distributed flood loss estimation model. The hydrologic model considers key processes of the water cycle through physically based governing equations, which are solved to simulate the propagation of water in each of these processes. Furthermore, the model is formulated based on stage-damage relationships between different flood inundation parameters and land use features. It computes the economic loss to different land use features based on the simulated flood parameters obtained from the hydrologic model for any flood event In 2008, Jonkman et.al presented an integrated flood damage model currently operated and maintained by the Dutch Directorate General of Public Works and Water Management.This model was developed to integrate the calculation of both direct damages and indirect damages such as the interruption of production outside the flood area and loss of life. Moreover, the model combined information on land use and economic data, and data on flood characteristics and stage-damage functions, supported by GIS, to obtain a damage estimate for several damage categories.

  Socio-economic characteristics of the population, obtained from the 2000 Census (COESPO, 2001) and INEGI (2000). • Unit value of buildings from the Government Gazette of the State of Mexico (1998, 2002) • Information on existing assets in the houses from the Population and Housing Census 2000 (INEGI, 2000) and from field surveys. • Information of water elevation from a hydraulic-hydrological simulation model.

Figure 6 . 4 .

 64 Figure 6.4. Potential damage for 5 types of housing in Mexico and for 5 intervals of flood depth.[Baró et.al, 2007b] 

Figure 6 . 5

 65 Figure 6.5 The flooded area contained in the red cyrcle was assessed.

Figure 6 . 6

 66 Figure 6.6 National inventory of housing in Mexico created by INEGI. [INEGI, 2016] 

  for deterministic hydrological model development for the compromise of cost and quality of numerical model performance. The combination of the data-driven model and deterministic model (such as MIKESHE/MIKE11) is suggested for basins with data scarcity, especially to save significant financial resources and enhance the model accuracy [Cunge 2003; Gourbesville 2009].
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2a Standard for model selection proposed by the WMO

[Wittwer, 2013] 

Table 1 .

 1 2b Standard for model selection proposed byWMO [Wittwer, 2013] 

1.6.4 MIKE SHE performance in past studies.

  This component is simulated by a coupling with River hydraulic program MIKE 11 which was professionally developed based on an implicit, finite difference scheme for the computation of unsteady flows in rivers and estuaries. Moreover, the coupling between 1D and 2D models helps the MIKE SHE model simulate a wide range of hydraulic control structures, such as weirs, gates and culverts, for which the algorithm of MIKE SHE has been not developed yet.

	This model has also been preeminent to simulate hydrology in semi-arid areas with the
	studies of McMichael et al. (2006). These demonstrations prove that MIKE SHE have a
	strong ability for describing catchment hydrologic characteristics. This capacity is
	suitable for any topography, from lowland to mountainous or semi-arid areas.
	b. Catchment modeling scale
	MIKE SHE is used in a broad range of applications in a high number of countries Operating on a flexible mechanism, the size of cell in MIKE SHE can be changed
	around the world by organizations ranging from universities and research centers to flexibly to adapt with real situations. Thus, the algorithm does not limit the modeling
	consulting engineers companies [Refsgaard et al., 1995]. MIKE SHE has been used for scale of the study area. It leads to the advantage of using this model in watershed
	the analysis, planning and management of a wide range of water resources and hydrological simulations. Indeed, the MIKE SHE model has operated well in a wide
	environmental and ecological problems related to surface water and groundwater, such range of scales. This was illustrated throughout the research of Sahoo et al., (2006),
	as: River basin management and planning, water supply design, management and Zhang et al., (2008).
	optimization, irrigation and drainage, soil and water management, groundwater c. Simulated objective:
	management, interaction between water surface and ground water, ecological evaluations flood plain studies and impact of land use and climate change. The MIKE SHE model has been used for:
	 Hydrological process. MIKE SHE model with its advantage in taking into account Following, several examples are provided about the flexibility of MIKE SHE in most of the components in catchment's hydrology has been handled successfully hydrological modeling. This part includes the applied topography, catchment modeling to represent hydrological process for many locations all over the world. scale and simulated objective. Especially, it can be used for special objectives such as snowmelt or flood
	a. Morphological diversity simulation. Ma et al., (2013) accounted the snowmelt component in the run off of
	Throughout its history, the MIKE SHE model has validated its suitability with many 19,000 km2 mountain area at Northwest China. Integrating as much as possible
	topographical types. Andersen et al., (2001); Graham, & Butts (2005) applied the MIKE the hydrological components into the model is necessary for assessing the
	SHE model to simulate the hydrological process of Senegal River Basin. This model snowmelt flow. These authors said that after using MIKE SHE, extreme snowmelt
	was developed including all of the hydrologic components. The result was preventative floods of Seim River physiographic zone of the European Russia, was
	of the characteristics of this catchment with acceptable statistical coefficients. represented accurately in the environment of MIKE SHE. This study was realized
	Thompson et al., (2004) used this model to simulate the hydrological system in a by study of Gelfan
	lowland wet grassland in southeast England. These authors used MIKE SHE coupling
	with MIKE 11 to represent the hydrologic factors in Elmley Marshes catchment. This
	research gave remarkable results in simulating surface flooding, groundwater and flow
	in the channel. The application of the coupled MIKE SHE/MIKE 11 modelling system to
	the Elmley Marshes has demonstrated its potential to represent complex hydrological
	systems found within many wetland environments. By simulating the stream flow
	process at a catchment in China, and in Hawaii, U.S.A., the study of Sahoo et al.,
	(2006) and Zhang et al., (2008) showed the capacity of MIKE SHE to describe the flow
	in mountainous regions.
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 2 

.1: Maturity levels of flood risk management at city scale

[Batica, Gourbesville, Tessier, 2013] 

  Informal Short-term focus on flood risk management.No standardized flood risk procedures. Ad hoc approaches applied on a case-by-case basis. No understanding or experience of flood risk management. No monitoring or reporting of flood risks. Basic Knowledge of specific flood risks.Flood risk management procedures are identified and are communicated verbally.High reliance on the knowledge of individuals.

	Level Maturity	Description
	scale	
	1	
	2	

The same approach for the evaluation of technology is done by US Department of Defense (DoD)

[TRA Guidelines, 2011]

, National Aeronautics and Space Administration (NASA)

[Sauser et al, 2006] 

and the European Space Agency (ESA) [Sauser et al 2006]. 3 Initial Midterm focus on flood risk management.Flood risk management policy and procedures are implementated partially.Some flood risk management tools and templates are developed. Implementation of flood risk management elements is limited to few stakeholders.Insurance scheme available.Flood maps.Coordination of actions by city governance. 4 Coordinated Risk is identified.Best practice is incorporated into FRM framework. Capacity building of human recourses is on high level. Availability of FRM tools.FRM implementation plan exists.Insurance schemeFlood maps.Real time systems if needed. 5 Integrated Resilience concept integrated within the legal framework and at the different operational scales (country to city)Best practice of flood risk management.Learnt lessons are implemented in the FRM framework.FRM is addressing key processes. Insurance scheme.Flood maps.Real time systems if needed.

Table 2

 2 

.2 Maturity levels for existing flood management frameworks in European and Asian case studies

[Batica, Goubesville and Tessier, 2013]

.

Table 2 .

 2 4 summarizes the methods selected by Villagrán deLeon (2006) that can be used for vulnerability at different scales of interest, from national down to local.

	Serial	Methods			Remarks
	number				
	A	National Level		
	1	Disaster Risk index by	Based on historical vulnerability, for example mortality and level
		BCPR-UNDP			of damage; simple and straightforward
	2.	Hot spot model by World	Calculated to get vulnerability coefficients; based on disaster
		Bank				related mortality and losses
	3	Composite vulnerability	This method is event specific.
		index for small island
		states			
	4	Small	island	states:	Uses five specific indicators of vulnerability; representation via
		natural			disaster	scale of 1-4, (1 being of highest vulnerability and 4 the lowest)
		vulnerability indicator
	B	Megacity level		
	1	Mega	city	level	It is important for understanding the level of vulnerability of the
		vulnerability assessment	existing infrastructures and population; does not take into
		by Munich Re			account historical disasters
	C	Local Scale		
	1	Vulnerability assessment	Data acquired from local offices at municipal level,
		at local level			questionnaires and national archives, where available; several
						factors are used to assess vulnerability
	2	Household		sector	Effective for high magnitude events; surveys individual
		approach			households to gather data about their level of vulnerability
	3	Vulnerability		at	This approach provides a comparative vulnerability analysis
		community level		between communities in an area; data is primarily collected
						through questionnaire surveying and interviews
	4	Normalizing vulnerability	Vulnerability is accessed at town and city level by integrating
		and	risk	community	data from aggregation of parameters at this level
		comparison		
	5	Holistic approach		Method combines the approach as represented by exposure
						rate, social fragility and lack of resilience measures; easy to
						apply in cities but needs specific survey to gather information

Table 2

 2 

.4 Vulnerability assessment methods at different scales: [Villagran de

Leon 2006] 

Table 2

 2 Table 2.5 below presents essential issues for flood risk mapping.

	Actions	Considerations/ operations	Outputs / benefits
	Data Collection and	Actual event data, historical data, socio-	Output in the form of database
	Integration	economic and physical data	Important for integration of data
		Sources: local municipalities, regional or	from different sources and for
		national data archives, international	future vulnerability analysis of
		organizations like WMO, EM-DAT, existing	the elements at risk
		vulnerability curves for different countries	
		Field Surveying	
		Hypothetical scenario generation for	
		modeling vulnerability	
	Generation of stage	Depth of flood water for different return	Vulnerability curves are
	damage functions or	periods	important for identifying the
	vulnerability curves	Value of the elements at risk depending on	level of damage that has been
		their location, condition, material of	(or can be caused by) different
		construction, number of floors, and existence	water depths
		of cellars	
		Extracting data by graphically representing	
		the percentage of damage of the elements at	
		risk to depth of flood water due to lack of	
		resilience and adaptive capacity	
	Conversion of depth-	Importing data to GIS software (Arc GIS	Conversion of results to an
	damage-curves to	(ESRI), ILWIS (Integrated Land And Water	accessible, visual format as
	vulnerability maps	Information System; open source), GRASS	maps
		(Geographic Resource Analysis Support	Essential for illustration of
		System; open source)	zones of high, medium and low
		Map classifications based on high, medium	vulnerability for action
		and low vulnerability	prioritization
	Using vulnerability	Integration of hazard maps and vulnerability	Output is in the form of maps
	maps for risk	maps to produce risk maps	showing high, medium and low
	assessment		risk areas
			Utility tool for decision making
			to local, regional, national and
			global authorities

.5 Considerations for flood risk mapping

[START_REF] Jha | Cities and Flooding A Guide to Integrated Urban Flood Risk Management for the 21st Century[END_REF] 

  Because of the complexity of the problem and its relevance to other cities in the world, a binational study was undertaken by the Mexico Academy of Science (Academia de la Investigación Científica, A.C.), the Mexico National Academy of Engineering (Academia Nacional de Ingeniería, A.C.), the National Research Council of the U.S. National Academy of Sciences and the U.S. National Academy of Engineering. The study published in 1995 was part of a non-governmental partnership to sustain and strengthen science and technology in both countries through collaborative activities.[NAS, 1995] A planning group of representatives from the various academies met and concluded that a study of the Mexico City aquifer would be an important undertaking. The study scope was broadened to include the technical, social, economic, and institutional aspects of water service. In January 1992, a binational, multidisciplinary committee of volunteer experts was appointed by the academies of the United States and Mexico.

The study was implemented with financial assistance from the Ford Foundation, Tinker Foundation, U.S. Environmental Protection Agency, United Nations Development Program, Mexico National Science Foundation (Consejo Nacional de Ciencia y Tecnología), Mexico Ministry of Health (Secretaría de Salud), and U.S. National Research Council. [NAS

Table 5 .

 5 1 Values for the control of time steps during the MIKE SHE simulation.

	Initial time step	6 hrs
	Max allowed overland time step	12 hrs
	Max allowed UZ time step	24 hrs
	Increment of reduced time step length.	0.05
	Max precipitation depth per time step	20 mm
	Max infiltration amount per time step	10 mm
	Input precipitation rate requiring own time step	1 mm/hr

Table 5 .

 5 Teresa station in river Magdalena respectively. The resulting RMSE and E values can be seen in table 5.2. The E coefficient in the St. Teresa station was a rather low -0.03, and the RMSE was 2, which can be considered high. Furthermore, in the Molino Blanco station, the E coefficient was a reasonable 0.73, and a rather high 3.34 RMSE was obtained. 2 Statistical coefficients of the MIKE SHE model of Mexico City catchment.

		St. Teresa	Molino Blanco
	RMSE	2	3.34
	E	-0.03	0.73

Peak discharges River Hondo Molino Blanco station

  ( m 3 / s )

		Observed	Simulated
		Date/time	Magnitude	Date/Time	Magnitude
	1979	26-Jul 15:00	21	22-Jul 01:00	35
		28-Aug 23:00	20	27-Aug 04:00	29
	1980	13-aug 15:00	15	21-Jul 01:00	38
		3-Sep 21:00	18	07-Aug 21:00	30
	1981	8-Jul 17:00	28	20-Jul 18:00	80
		27-Aug 20:00	40	27-Aug 08:00	77
	1982	03-Aug 17:00	20	10-Jul 10:00	114
		18-Aug 18:00	16	05-Oct 2:00	130
	1983	12_Jul 17:00	29	06-Aug 16:00	170
		18-Jul 18:00	26	11-Aug 5:00	223

Table 5 .

 5 3 Maximum discharges recorded for Molino Blanco station in the 1979-1983 period and maximum discharge simulated.

Table 6 .

 6 1. Types of flood damages and examples.[START_REF] Penning-Rowsell | The benefits of flood and coastal defence: techniques and data for 2003[END_REF][START_REF] Smith | Floods, Physical Processes and Human Impacts[END_REF] 

Table 6 .

 6 3 gives a short overview of the types and examples of land use data described in this chapter.

	Source	Types & examples	Spatial resolution
	Primary	Field surveys	Object oriented: Single properties
		Cadastral maps	
		Detailed aggregated data	Address points,
			Ground floor areas
	Secondary	Low detailed aggregated data	Aggregated:Blocks of similar use
		E.g. CORINE Land Cover	
			Postcode areas, election districts,
			etc.
	Table 6.3 Overview of different land use data types [Meyer, 2005]

Building type. Quantity Total value in MX pesos.

  

	Government administrative.	1	6,700,000
	Hotels	1	6,698,000
	Churches	3	9,216,000
	Hospitals	1	44,346,000
	Stores	5	52,288,000
	Factories	1	449,085,000
			Total: 568,248,000

Table 6 .

 6 5. Total damage to each building type, for a determined area of construction, and for ground floor only.

Table 6 .

 6 6. Total damage to each building type.

	Building types	Total damage in MX pesos.
	Housing	1,051,747,377
	Other types.	568,248,000
		Total: 1,619,995,377

Figure 5.21 Maximum water depth using topography of 50 m grid size.
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Description of catchment.

The study area of model 1 has a size of 2800 Km 2 . The rivers included in the hydrological model are the San Javier, Tlalnepantla, Hondo, Tacubaya, Mixcoac, Piedad and Magdalena, and the channels included are the Grand Canal, the National Canal, and the Remedios Canal. Figure 5.4 shows the Mexico City catchment, its location in Mexico and the river network. Furthemrore, the area of study in models 2 and 3 covers 173 Km 2 and includes the subcatchment of River Hondo as shown in figure 5.5

Chapter 6. ECONOMIC FLOOD DAMAGES

Summary

There is a considerable amount of international publications that provide evidence of extensive knowledge in the field of damage estimation for different types of assets and for human life. However, experts and academics disagree about the methods and models to be applied. The division of damage into direct and indirect, and tangible and intangible is routine, but interpretations of what is considered a direct and indirect impact differ. [Jonkman et.al, 2008] Additionally, there are various viewpoints regarding damage appraisal, such as financial and economic valuation based on market values or imputed values accounting for the depreciation of assets based on historical values or replacement values, while variation is also found regarding the scale of analysis.

This chapter discusses some of the approaches for flood damage estimation in several countries. In addition, an approximate estimation of damages is carried out for a flooded area of Mexico City corresponding to the flood maps in chapter 5.

6.1 Flood damage.

General

A flood is considered a flow or invasion of excess water by surface runoff or by the accumulation of these on flat lands caused by a lack or insufficiency of both natural and artificial storm drain. The magnitude of a flood caused by hydro-meteorological events is dependent on the intensity of the rain, its distribution in space and time, on the size of the affected watersheds on the characteristics of the soil, and on the natural and artificial drainage of basins. [Bremer and Lara, 2001].

Flood damages are normally quantified to determine which combinations of floods and affected populations result in the greatest damages, or to determine the relative effectiveness of alternative intervention strategies.

Chapter 7. ANALYSIS OF UNCERTAINTIES.

Summary

The several components and methodologies associated with hydrological modeling carry a certain level of uncertainty to the results obtained in these studies. Therefore, these uncertainties should be listed, so that decision makers have a clear understanding of the validity of the results and can take well-informed decisions taking this into account.

In this chapter, the following sources of uncertainty are discussed:

 Possible quality problems of rainfall data in Mexico specifically.

 Uncertainties in streamflow simulation,  Rainfall uncertainty,  Uncertainty in the discharge estimation

Possible quality problems of the rainfall data in Mexico

One source of uncertainty is the rainfall data. It is expected that for a well-calibrated hydrological model that adequately represents the important runoff processes within the catchment that the major factor contributing to the uncertainty in the predicted flows is the uncertainty in rainfall.

Several authors suggest that this is the most important contribution to model uncertainty. For example, Refsgaard et al. (1983) showed that variations due to uncertainty in rainfall estimations are significantly larger than the uncertainty due to parameter variations. However, this conclusion depends strongly on catchment size and response time, on the model and on the assumptions made in representing the different sources of uncertainty. Rainfall uncertainty may arise from instrument bias or error, inadequate spatial or temporal resolution and in the case of forecasts, the inherent chaotic nature of weather systems. [CNA, 2011] When entering the digitized data through the meteorological databse, certain quality control criteria are applied. For example, the temperatures are checked not to be APPENDIX Appendix I. Climatological stations.

In this annex, the rainfall gauging stations used in this study will be presented. These are seen in the figure bellow, which includes the river network, and elevation.

Rainfall stations and evaporation stations in red.

The following table shows the names of each of the climatological stations used, the authority in charge of them, the altitude and their gaographic location.