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Abstract

Before the Spanish conquest of Mexico, around the year 1519, the Valley of Mexico was a closed
basin. As a result, at the bottom of the valley, an extensive system of shallow lakes, lagoons, and
swamps was formed due to precipitation and permanent river’s discharge from the Sierra Nevada
mountains. This lacustrine system occupied around 1.000km? of the total surface of the valley.
Lakes Zumpango, Xaltocan, Chalco, Xochimilco, Texcoco, and Mexico were distinguished. The
capital of the Aztec empire, Tenochtitlan, was founded and built on an island in the middle of
Lake Mexico.

The Aztecs were known for their impressive constructions and hydraulic structures. At the time
of the Spanish conquest, they had a complex system of approximately 95 hydraulic structures
(Palerm, 1973), of which the most impressive one was the Nezahualcoyotl dike. This structure
was roughly sixteen kilometers long, eight meters’ height and three and a half meters’ width. Its
principal function was to protect the city of Tenochtitlan from high water levels in Lake Texcoco.

Nowadays, there are no remains of the dike and most of the lakes were drained. The purpose of
this thesis is to characterize the lacustrine system and the Nezahualcoyotl at the time of the
Spanish conquest of Mexico City dike by using historical documentation and present-day climate
and terrain data. This in order to assess the reliability of the dike as a flood defense mechanism
and to compare it to modern safety levels. The dike was tested for one failure mechanism:
Overflow. A Markov chain and Copula models are proposed in order to create a synthetic time
series of precipitation and evaporation. Through a hydrological balance, the water elevation at
Lake Texcoco was obtained. In this way, it was possible to provide an estimation of the water
level fluctuation in the lake each year during the wet season. In total, a thousand years of synthetic
data were generated.

The results of this work show that the water levels in the lake system presented by Palerm (1973)
and Bradbury (1971) match the water levels obtained from a spatial analysis applied to the region.
The model was able to reproduce to a good extent the hydrology of the system resulting in a 0.003
probability of failure (PF) for the dike. In other words, a 0.3% chance of being overflown in any
one year. Additionally, the model used to assess the reliability of the dike showed to be very
sensitive to the tributary area of the basin, and to the existing water level in Lake Texcoco at the
beginning of the wet season. It is also recommended to extend this research by taking into account
the possibility that the dike could have had gates that would have allowed to control water levels
to a certain extent and also to take into account the role of the water level fluctuations at the other
five lakes. Ultimately a full analysis that characterized to the best possible manner the complexity
of the lake system and its highly intervened nature would be desirable to understand the
engineering capabilities of the Aztecs.

To the author’s knowledge, this is the first time that an attempt is made to compare the Aztec
design criteria with present time standards. This research illustrates, from an engineering point of
view, the possible design criteria of the Nezahualcoyotl dike and the uncertainties surrounding it.
This work can be used as a guideline to assess the reliability of other ancient structures or present-
day constructions all over the world whose design is largely based on informal criteria where
information for the reliability assessment is scarce.

Keywords: Nezahualcoyotl, Texcoco, Tenochtitlan, dike, overflow, copulas, hydrological
balance, water level, synthetic time series.
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1. Introduction

1.1 Background

Many centuries ago in Mexico, the first people to inhabit the country were the ones that managed
to live near the banks of the rivers, lakes or lagoons. By finding ways to take advantage of the
water and to defend themselves from it, hydraulic engineering in Mexico was born. This thesis is
focused around the XVII century when one of the most formidable cultures of Mesoamerica
flourished in central Mexico: The Aztecs.

The capital of this empire was Tenochtitlan and it was built in islands surrounded by a system of
lakes in what is today Mexico City. The first inhabitants of the city depended on the lake and the
closest springs, however as the population grew and the urban area expanded, the existent sources
of water were not enough anymore so they were forced to get water from other places. For this
reason, the necessity of hydraulic structures was inevitable (Pefia Santana & Levi, 1989).

It follows that the evolution of hydraulic engineering in Mexico is directly related to the evolution
of the country itself. Therefore by exploring the problems the Aztec’s population had to deal with
(floods), together with the necessities they had to satisfy (water supply), it is possible to determine
the circumstances that lead to the surge of their impressive hydraulic structures (Pefia Santana &
Levi, 1989).

Among the structures built by the Aztecs and that were fully operational until the time of the
Spanish conquest, the following can be distinguished (Rabiela, Ruiz, Licea, & Social, 2009):
Dikes, walkways-dikes, canalized rivers, canals, aqueducts, irrigation ditches, drainage works,
drawbridges, piers, ponds, pools and navigation channels. The purpose of these constructions was
to avoid floods, to regulate the water levels in the lakes, to control the drainage in the catchment,
irrigation, navigation, transport, and even war.

The Mexico Basin has an area of 9600 km? and the land that surrounded the lakes was once
covered with forests, bushes, pastures, and water. In the XV century six historic lakes laid in this
valley: Chalco, Xochimilco, Texcoco, Xaltocan, Zumpango and Mexico, the latter was an
artificial lake (Medina A, 2010). In the islands within the lakes and in its shores, many villages
were established: The Chalcas, Xochimilcas, Tepanecas, Mexicas, Toltecas, Chichimecas and the
Acolhuas.

Around 1447, Moctezuma I, the ruler of the city of Tenochtitlan, asked Nezahualcoyotl, the lord
of Texcoco, to build a levee that could contain the waters from Lake Texcoco to avoid floods in
the city (Medina A, 2010). Nezahualcoyotl was known as the biggest constructor of hydraulic
structures and landscaping at local and regional scale in the Mesoamerican era. Following
Moctezuma’s orders, he designed and supervised the construction of the levee that was named
after him and which became one of the most extraordinary infrastructure developments at the
time.

The Nezahualcoyotl dike had a length of approximately 16 Km and divided Lake Texcoco from
north to south, forming Lake Mexico at its west side. The dike prevented trespassing of the saline
water from Lake Texcoco towards Lake Mexico where the city of Tenochtitlan was located.
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This research will analyze levee failure mechanisms commonly considered in risk and reliability
assessments in the Netherlands and other countries. That is Overflow, Wave overtopping, sliding
of the inner slope, shearing, sliding of the outer slope, micro-instability, and piping. Focus will
be given to the most relevant to the Nezahualcoyotl’s dike (overflow) in order to perform the
reliability analysis and compare its design criteria to present day hydraulic structures.

1.2 Problem Statement

Floods are considered the most common natural hazard and third most damaging globally after
storms and earthquakes (Wilby & Keenan, 2012) they are defined as a temporary covering of
water outside its normal confines (FLOODsite-Consortium, 2005; cf.Munich Reinsurance
Company, 1997). This natural hazard has been a matter of concern for humans since ancient times
and the Aztec Empire was not an exception. However, during the Mesoamerican era, people did
not count with the advanced tools and techniques of which we rely on nowadays, for example,
international normative for construction of dikes, measurement, and processing of environmental
data, complex computer software, modern machines for the construction of the dikes, etc.

The layout of the dike and the water levels at the lakes are uncertain, consequently, information
about the performance of the dike, and flood events in the region is limited. This thesis will,
therefore, investigate the possible design criteria of the Aztecs’ hydraulic infrastructure.

1.3 Research Objectives

In particular, this thesis aims at performing a reliability analysis on the Nezahualcoyotl dike in
order to assess the level of safety and the design criteria of this structure as a flood defense and
compare it to modern safety standards.

For this main goal the following thesis objectives arise:

e To reconstruct the dike by characterization of its materials and construction techniques.

e To analyze the levee failure mechanisms applicable to the Nezahualcoyotl dike.

e To generate water levels at Lake Texcoco using a copula model considering present-day
data of precipitation and evaporation.

e To perform a reliability analysis considering the most relevant failure mechanism of the
dike.

e To identify which factors or variables have the largest influence on the reliability.

e To compare the reliability of the dike with modern safety standards.

1.4 Contribution of this Study

The Nezahualcoyotl dike was one of the most impressive hydraulic structures of the
Mesoamerican Era in Mexico, yet very little or nothing is known about how safe it was.
Therefore, this thesis aims, by means of a reliability analysis, to assess the design criteria
employed by the Aztecs in the Nezahualcoyotl dike using probabilistic tools and estimations of
different levee failure mechanisms. This analysis will allow gaining more information about the
dike from an engineering point of view.
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Nowadays, there are no remains of the Nezahualcoyotl dike in Mexico nor of the lacustrine
system. Thus, information about its materials and construction techniques will be reconstructed
from historical data and information of similar structures like the walkway-dikes or the aqueducts
that used to surround the city of Tenochtitlan. To characterize the lake system, present-day data
of precipitation, evaporation, topography, and wind will be used. However, information about the
water levels in the lake is not available. The generation of this information is one of the many
challenges presented in this thesis. In the following chapters, it will be shown how these problems
were to a good extent overcome.

The methodology and results from this thesis can be used as a starting point for further and more
complex assessments in the Nezahualcoyotl dike and its functionality. Furthermore, as this thesis
is directly linked to anthropology, it will contribute to bringing awareness of the historical context
of this dike. In particular, this thesis contributes to the understanding of Aztec engineering.

Moreover, the methodology presented in this thesis can be used as a guide to performing safety
assessment in several structures from ancient cultures. It may be used in present-day structures
around the world designed largely in an informal manner. This with the goal of understanding the
criteria under which such structures are conceived and possibly illustrate the understanding of
acceptable risk for humans in different times or parts of the world.

Research Methodology

To fulfill the main objective of this thesis, four main steps are proposed as shown in Figure 1-1:

Figure 1-1 Steps to be completed in this research.

In step 1, a schematization of the characteristics of the dike under investigation and the lacustrine
system was built from several historical sources and with present-day data. Then, in step 2, an
analysis of the levee failure mechanisms applicable to the Nezahualcoyotl dike is carried out. As
result of this analysis, overflow is selected as a failure mechanism to investigate in further depth.
Following, step 3 presents a hydrological model constructed to simulate the environmental
conditions at the valley by creating one thousand years of synthetic data sets based on present-
day measurements of the variables involved (precipitation and evaporation). Finally, the fourth
step aims at performing a reliability analysis of the Netzahualcoyotl dike for the selected levee
failure mechanism from step 2.
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1.6 Report Outline

This thesis is organized as follows: Chapter 2 presents a literature review that contains the most
relevant topics related to this research, while Chapter 3 presents a description of the area of study;
the methodology is presented in Chapter 4. The final layout of the lacustrine system and the
Nezahualcoyotl dike is presented in Chapter 5. Chapter 6 and 7 discuss the results of the
hydrological model and the reliability analysis respectively. Finally, the main conclusions of this
work and recommendations for further research are presented in Chapter 8.



2. Theoretical Background
2.1 Reliability

There are several definitions of reliability but the definition from Bagowsky (1961) is widely
accepted:

“Reliability is the probability of a device performing its purpose adequately for the period of time
intended under the operation conditions encountered”

This definition comprises four parts: probability, adequate performance, time and operating
conditions. Probability refers to the numerical information for the assessment of reliability.
Adequate performance refers to the functioning of the element without a failure. This performance
has to be maintained during the lifetime or a period of time of the element under the operation
conditions encountered during the proposed time.

According to the Eurocode (British Standards Institutions, 2001) reliability is the ability of a
structure or structural member to fulfill the specified requirements, including the design working
life, for which it has been designed. It covers safety, serviceability, and durability of a structure.

Reliability (R) can be measured as the complement of the probability of failure (PF) of an element
or structure (Eq. 1)

R=1-PF
Eq.1

Probability of Failure is defined as the likelihood that an element would fail at a given time
(Jonkman, et al., 2016). When the load S (set of forces) acting on a structure during its lifetime is
larger than its structural resistance Re (capacity of a structure or a structural element to withstand
actions without mechanical failure) the probability of failure can be evaluated. Resistance and
load effects are often random variables, resistance of elements can vary for different materials
and the loads can have spatial and temporal variation.

Loads and resistance can be represented with a probability distribution function. In this case, the
probability of failure is described by Eq. 2.

PF=P[S>Re]
Eq. 2

The calculation of the reliability of a structure aims at keeping the probability of failure as low as
possible, however, a reliability analysis focuses on the assessment of the ability of a structure to
withstand anticipated and future hazards and loads during its estimated lifetime by estimating the
material properties and strength capacity of the elements of the structure (Skrzypczak, 2017).
Lack of reliability means that a condition with certain probability was not fulfilled.
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2.2 Monte Carlo Simulations

In this thesis, the determination of the reliably of the Nezahualcoyotl dike will be carried out using
Monte Carlo Simulations. With this method, the probability of failure is calculated exactly
provided enough samples of a joint distribution may be generated. The idea behind the Monte
Carlo simulation method is to use random sampling to study the properties of a system in which
its components behave stochastically (Lemieux, 2009).

The Monte Carlo method is applied with the following steps:

1. The system is already described by a model, including a description of the joint
probability distributions for the random variables in the system.

2. A program is created to implement this model and therefore simulate the behavior of
the variables over a certain period of time.

3. Use the program to create a sample of observations.

4. Perform statistical inference on the samples to determine if the model works.

The previous is known as stochastic simulation (Lemieux, 2009).

2.3 Flood Defenses

2.3.1 Levees

A levee (or dike) is an elongated naturally ridge or an artificial fill or wall that regulates water
levels (Petroski, 2006). The most important function of a dike is to retain water, so it needs to be
sufficiently high to be able to withstand high water levels and wave run-up (Figure 2-1),
additionally it has to be resistant to wave attack and overtopping and also needs to be stable and
impermeable (Jonkman, et al., 2017).

Outer side Inner side

Dike cover

Transitional berm i o
Fore bank T N Berm/dike ditch

Dike base

Figure 2-1 Parts of a modern levee. (Jonkman, et al., 2017)

One of the most important variables in a dike is the crest level, it must be high enough to withstand
extreme water levels and in order to withstand wave attack dikes are covered with revetments of
different types: Grass, concrete elements, stones or asphalt (Jonkman, et al., 2017).

A modern dike is composed of a combination of materials: a core of sand and a cover layer of
clay. Also, modern dike design is based on design loads that change if the dike is located near the
sea, a river or a lake. Additionally, the subsoil conditions, material availability, cost, local
traditions, and experience are taken into account when designing a dike.



Theoretical Background

When analyzing the reliability of a levee the first step is to identify the relevant hydraulic-
hydrological conditions in the natural system, each location in the world is subjected to different
phenomena, so the importance of knowing the natural system is vital. For the case of this thesis,
focus will be given to the hazards that a dike can face at a lake, where high water levels and waves
caused by wind set-up in combination with inflow from rivers are the main hydraulic loads
(Jonkman, et al., 2017).

Hazard refers to unusual or severe events, for example anomalous environmental conditions,
insufficient strength or resistance (British Standards Institutions, 2001). Hazards can originate
from the natural environment or from human activity. If different hazards occur together in time
and space, a situation more dangerous than one with a single hazard can emerge (Schneider,
2006). For civil structures, such hazard scenarios are common, so this concept has to be taken
into account when assessing safety.

When analyzing the reliability of a structure the first step is to identify the relevant loads (S) that
can act on a structure, considered as hazards.

In this thesis, the main loads for the Nezahualcoyotl dike are identified in section 3.5.

233 Failure Mechanisms

A modern levee system is generally composed of several elements that include levee segments
and other structures (wall, spillways, gates, etc.) at system scale. Its main function is to reduce
flood risk, thus, failure can be defined as the unintentional inundation of the leveed area. This
failure can be either hydraulic or structural. Structural failure can induce by hydraulic failure and
vice versa (CIRIA, 2013).

e Hydraulic failure (non-structural) occurs if water ingress into the leveed area (by through-
flow, overflow overtopping of the levee), it occurs before the planned protection level is
reached and without prior damage to the system element.

e Structural failure: Occurs by a breach in the levee system that results from damages
affecting at least one system segment.

In the Netherlands, the most commonly encountered failure mechanisms are listed below. Next,
a brief description of each one of them is presented according to (Jonkman, et al., 2017).

e Overflow e Piping

e Wave overtopping e Erosion outer slope

e Sliding inner slope e Erosion first Bank

e Shearing e Settlement

o Sliding outer slope o Drifting Ice

e Micro-instability e Collision
Overflow

Occurs when the still water level (without waves or the average level considering waves) is higher
than the crest level of the flood defense and water flows to the protected area.
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Wave overtopping

Occurs when the still water level is below the crest level and overtopping is purely due to waves
running up the slope of the dike or directly overtopping vertical structures like flood walls. The
limit state of this mechanism is based in terms of critical discharge, which depends on the
sensitivity of the inner slope to erosion.

Instability of the inner slope
It is the most common mechanical stability problem in dikes. Usually analyzed with classical
limit-equilibrium methods for slope stability such as Bishop or Spencer.

Shearing (Horizontal sliding)
It can occur at the base of the dike body; the main driving force is the horizontal force of the water
exerted on the outer slope.

Instability of the outer slope

Occurs when the outside water level drops very quickly. The pore water inside the dike body
cannot follow at the same pace and the pressure of the water inside the dike causes the outer slope
to slide towards the water, this failure does not lead directly to flooding because the water level
Is decreasing but in a second water level rise, it can lead to flooding.

Micro Instability
Occurs when seepage water causes the phreatic surface to rise and reach the inner slope of a dike.

Piping

This failure mechanism starts to develop at the land side of the dike, if the hydraulic gradient in
the subsoil towards the land side is sufficiently high, soil particles start eroding, leading to the
formation of cavities or channels in the subsoil, also known as pipes, these pipes can grow till the
water-side of the dike, undermining its foundation which can lead to collapse or sliding of the
dike body.

Erosion of the foreshore

Occurs due slopes becoming steeper by erosion processes due to river currents or tidal currents
in estuaries. Actual failure is not an erosion process but a flow-slide. Two main processes can
take place in flow slides, alone and together: Liquefaction and unstable breaching.

Settlement

Certain soils are highly compressible and susceptible to consolidation, creep and settlements.
After the construction of a dike, it often settles in the years after the construction. This is not a
failure mechanism but needs to be taken into account in dike design.

As part of testing the reliability of a dike, is necessary to know which failure mechanisms apply
to the dike. Table 2-1 shows when is required to evaluate each mechanism according to standard
in The Netherlands.
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Failure Mechanism When Evaluated?

All levees should be evaluated on their crest

Overflow and Wave overtopping height

All levees with a potential piping vulnerable soil

Piping profile (Impermeable/sand boundary)

Macro Instability landside Important for all levees

Important for levees that deal with extreme

Macro Instability waterside water level fluctuations.

Micro-instability Important for levees that contain sand

For levees vulnerable to wave erosion with a

Instability of the revetment .
slope protection

Instability by infiltration and erosion at For all levees, evaluated in combination with
overtopping overtopping or stability of the revetment.

For situations with vertical sheet piles in the
Heave

levee base

When peat forms a substantial part of the levee;
Horizontal Sliding at foundation in combination with landslide stability

evaluation.

Table 2-1 Failure Mechanisms important in the Dutch evaluation. Modified from Ammerlaan
(2007).

Section 5.1 presents a discussion of the failure mechanisms applicable to the Nezahualcoyotl dike.

2.4 Markov Chains

A Markov chain is a stochastic model that describes the sequence of possible events in which the
probability of each event depends only on the state attained in the previous event (Oxford
Dictionary, 2018). In terms of climate data occurrence, such as precipitation, it means that the
probability of rain on any day depends only on whether the previous day was raining or not. So,
given the event on the previous day, then the probability of rain is assumed independent of events
of further preceding days (R. Gabriel & Neumann, 1962). This model is known as a Markov chain
whose parameters are the two conditional probabilities:

P,=P {Wet_day| previous_day_wet}
P, =P {Wet_day| previous_day_dry}

Eq. 3

As shown by the sub-indices in Eq. 3, the occurrence of a wet day is represented by the number
1 while a dry day is represented by a zero. Thus, a Markov Chain can be described by a transition
matrix P of the form:
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. Poo I:)01
Fo Py
Eqg. 4
Where:
— Py, : Probability that it will not rain given that the previous day was dry (no rain).
— Py, : Probability that it will not rain given that the previous day was wet (rain).

» - Probability that it will rain given that the previous day was dry (no rain).
.- Probability that it will rain given that the previous day was wet (rain).

0,0

Further details about Markov chain theory are presented in section 4.4.1. The results from the
application of this model are shown in section 6.1

2.5 Copulas

When testing the reliability of a structure, environmental variables need to be considered given
that they influence its analysis. Environmental variables are values of measurements for different
random processes (Precipitation, evaporation, etc.)

In reality, environmental measurements can have uncertainties due to measurement limitations,
therefore, data can be limited, not available or unreliable, thus, modeling of such data is needed
in most cases. In nature, environmental variables are dependent on each other and this dependence
also needs to be taken into account.

In the past, joint distribution models were developed using classical families of bivariate or
multivariate distributions, like the bivariate normal, log-normal, gamma and extreme values
distributions. However, the main limitation of these models was that the individual behavior of
the considered variables must be characterized by the same parametric family of univariate
distributions (Genest & Favre, 2007), therefore, in this thesis, copulas are considered as better
alternatives to perform bivariate analysis on environmental variables because they avoid the
restriction mentioned previously.

Copulas consist of functions that join multivariate distribution functions to their one-dimensional
marginal distribution functions. They are multivariate distribution functions whose one-
dimensional margins are uniform on the interval [0,1] (Nelsen, 2006). Sklar’s theorem (Sklar,
1959) states that any multivariate joint distribution can be written in terms of the univariate
marginal distribution functions and a copula which describes the dependence between the random
variables. For the bivariate case:

HXY(X1y) = C{FX (X), GY(y)}x,yeR
Eqg.5

Let H,, (X y) be ajoint distribution with marginal distribution F, (x) and G, () that lie in

the interval [0,1] and a copula C on the unit square 1? ([0,1] x [0,1]) such that for all (x, y) Eq.
5 is satisfied. If F and G are continuous then C is unique.

10
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There are many copula families available, which usually have parameters that describe the
strength of dependence between the variables. In this thesis the most common copulas are
considered:

Gaussian Copula: This copula is parametrized by p, is part of the Gaussian family. It is also
called the normal copula. See Eq. 6.

C,(uv)=4, (4 (u).6(v))
Eq. 6

Where ¢ is the bivariate standard normal ¢ is the inverse standard normal function and p is
the (conditional) product moment correlation.

Clayton Copula: Parametrized by « >0, is part of the Archimedean family and is defined by
Eq. 7. This copula captures lower tail dependence.

-1

Ca(u,v):(u’“ +v7e —1)“
Eq. 7

Gumbel Copula: The Gumbel copula is parametrized by 6 >1, is part of the Archimedean
family. It presents upper tail dependence (See Eqg. 8 below)

C,(u,v)= eXp{_(l:_m(u)]é +[—In(v)]§);}
Eq. 8

Copulas can be used to model various tail dependencies. Upper tail dependence is mathematically
defined by the coefficient A, for random variables X; and Y, such that:

A5 =limP (X, > R ()X, > B! (u)) = limP (U >ulV >u)

u—-l u-l

1
Following this definition, Gumbel copula has upper tail dependence (A4, =1-2¢) while the

Gaussian copula has no tail dependence (4, =0) therefore has a symmetric dependence in both

tails. Finally, the Clayton copula has lower tail dependence which can be defined similarly to the
upper tail dependence but for the lower quadrant. The methodology and results from the
application of copulas can be found in section 4.4.2 and section 6.2 respectively.

In order to perform statistical inference, the data needs to be fitted into a copula in order to find
the one that best represents the data. A way to do so is by non-parametric measures of
dependence, such as Spearman’s rho correlation coefficient or Kendall’s tau, both refer to the
ranks of the data achieving scale-invariant estimates (Schmidt, 2007). In this thesis, Spearman’s
rho is defined in terms of a copula as:

rs(X,Y):12.|'J‘ude(u,v)—3:12jIC(u,v)dudv—3

11
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The validation of the copula fitting process is performed using two types of tests: The sum of the
square differences based on the Cramer von Misses statistics and the Semi-Correlations. These
are introduced in the next section.

2.6 Statistical Tests

2.6.1 Sum of the square differences based on Cramer von Misses statistics

Cramer von misses statistics refers to the calculation of the sum of the square differences between
the empirical C and the parametric copula C, (for an example of its application see Leontaris,

Morales-Napoles & Wolfert, 2016). The empirical copula is a non-parametric estimator of the
true copula and summarizes the information of the pseudo-observations, that is the transformation
of original variables to [0,1] uniforms through empirical margins. For the bivariate case with two
random variables (uz, u2) the empirical copula is defined as:

C,(u) =i21(ul <u,U, <u,), u=(u,u,)e[0,1]
n+143
Eq. 9
The Cramer von Mises statistics for an empirical process A, =\/H(Cn—an) is defined as
(Remillard, 2010)

n 2

1= AT (814G, 6) =326, (U, (U,)

i=1

Eq. 10

This procedure is applied between the empirical copula and every copula under consideration, the
copula with the smallest value should be preferred.

2.6.2 Semi correlations

This test is related to the calculation of the Pearson correlation coefficient for the upper and lower
quadrant of the actual measurements transformed to standard normal margins (Leontaris,
Morales-Napoles, & Wolfert, 2016). Let ¢ denote the standard normal cumulative distribution

function, then Z, =g (Uj) for j=1...,d are the standard normal transforms of the pseudo-
observations (Joe, 2014).

The data, as standard normal transforms of observations, is divided into four quadrants, for

positive correlation the upper semi-correlation is defined as (Leontaris, Morales-Napoles, &
Wolfert, 2016):

pne :p(zllzz|zl >O’ ZZ >0)
Eq. 11

and the lower semi correlation is defined as:

Psw = P(Ly, Zz|zl <0,Z,<0)
Eq. 12

12
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The upper and lower quadrant correlations indicate whether or not there is tail asymmetry. If there
is tail asymmetry, an obvious difference is present for the two semi correlations (Joe, 2014).
Moreover, these values can be compared to the product moment correlation of all the quadrants
p and if the values of semi-correlation are larger than the overall Pearson correlation, then there
is an indication of tail dependence.

Section 6.2 shows the results from the statistical tests presented previously.

13



3 Area of Study

In this section, a description of the Valley of Mexico is given for the time before the Spanish
conquest. Additionally, a background about the Aztecs and their relationship with water
management, hydraulic structures, and floods, is presented. Finally, a description of the lacustrine
system and hydrological conditions in the region is provided.

3.1 Temporal and Geographical Position

Officially named the United Mexican States, the country of Mexico is a federal republic in the
southern region of North America. To the north it limits with the United States of America, to the
south and west with the Pacific Ocean, to the southeast with Guatemala, Belize, and the Caribbean
Sea; and to the east with the Gulf of Mexico (Merriam-Webster, Inc, 1997)

The valley of Mexico is located in the Trans-Mexican Volcanic Belt in the Mexico Basin (Figure
3-1) and is the highest valley in the region at an altitude of approximately 2200 meters above sea
level (LEAD, 2004). Its total surface area including high mountains is 9.600km? (Lombardo de
Ruiz, 1973). Surrounding the valley there are several valleys of smaller sizes that have natural
resources and ecological situations different from each other (Palerm, 1973). This highland
plateau was the center for several pre-Hispanic civilizations: Teotihuacan, Toltec, and the Aztecs.

Figure 3-1 Mexico Basin

This thesis is focused in present-day Mexico City before the Spanish conquest around 1519 at the
peak of the Aztec empire. At that time, the lakes, lagoons and swamps of the basin covered around
1000km? of the total surface of the Valley of Mexico (if the contour line of 2250 meters is taken
as the high watermark of the lakes) in which the lakes of Chalco, Xochimilco, Texcoco (saltwater
lake), Xaltocan, Zumpango, and Mexico (also known as Tenochtitlan) are distinguished (Figure
3-2).

14
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The basin of Mexico |
circa 1519

at the arrival of the Spanish

e

2 Tlacopan causeway k% =
3 lztapalapa causeway ' A

Figure 3-2 Mexico Valley in 1519. (Niederberger, 1987)

The capital of the Aztec empire, Tenochtitlan, was built at the west region of the lacustrine
system, in Lake Mexico (Figure 3-2). The extensive hydraulic intervention in the lakes, allowed
to intensify agriculture which resulted in highly populated urban centers.

The tributary area that contributed to the formation of the lakes corresponds to the Lake Texcoco
sub-basin, located within the Mexico basin and has a total area of 4959.8 Km?, as shown in Figure
3-3.

Legend

"] Lacustrine System
["] Sub-Basin Lake Texcoco
[ | valley of Mexico Basin

Figure 3-3 Lake Texcoco Sub-basin.
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3.2 Hydrology of the Region

The Mexico Valley basin has a high-altitude and temperate climate. Most of the moisture reaching
the area is associated with the easterly trade winds that bring summer rainfall. The weather in the
valley is determined by several factors like humidity, vegetation, topographic differences, among
others (Mucifiio, 2001)

According to Caballero & Ortega Guerrero (1998), the basin ranges from semi-arid in the
northeast (400mm/yr.) to sub-humid in the southwest (700-800mm/yr.). The temperature in
summer ranges from 25°C to 28°C. The highlands are moister and cooler and precipitation can be
greater than 1000 mm/yr. In general, the weather in the Valley of Mexico can be classified as
subtropical, mild, semi-dry and without a well-defined winter season. The average annual
temperature is 15°C approximately (Mucifiio, 2001).

The wet season in the basin occurs generally between the months of May and October (Mucifiio,
2001). Precipitation events at other times of the year are considered isolated events. During these
months 80 to 90% of the annual precipitation occurs. The average annual precipitation is between
385 and 1400mm. The rain events are intense and of short duration, in just one storm, 7 to 10%
of the average annual precipitation can be registered and from the total of rain registered in a
single event, more than the 50% occurs within the first half hour (Mucifiio, 2001).

The Mexico Valley basin was an endorheic (closed) basin, thus, the growth of the lacustrine area
was limited by intense evaporation (Palerm, 1973). The annual evaporation rates range from 72%
to 79% of the precipitation rates (Birkle, Torres, & Gonzalez-Partida, 1998), sometimes
evaporation rates can exceed precipitation rates to 1800-2200 mm in the Texcoco lake (Mucifiio,
2001). Due to the geographic characteristics and the precipitation pattern in the basin, most of the
rivers are defined as torrential with discharges of short duration (Mucifiio, 2001)

3.2.1 Water Balance

A hydrological balance is the basic concept of conservation of mass with respect to water fluxes
(Fitts, 2013). This balance requires:

| -O=AS
Eqg. 13
In which:
e | :Fluxesin
e O: Fluxes out
e AS: Rate of change in water stored within.

The units used in Eq. 13 are [L3/T], therefore, this is a volume balance. A hydrological balance is
useful for estimating unknown fluxes, for the case of this thesis the water level is the unknown
variable, given that the lacustrine system no longer exists. Nowadays, the following fluxes are
considered for the basin of the Valley of Mexico (Gomez-Reyes, 2013):

16



Area of Study

Consumption:

Fluxes in: e Urban use
e Precipitation Qrain e Losses
o Springs Qsprings e Residual water used by PTAR (Water
e Ponds Qponds treatment plants)
*  Qexternal e Reuse of the residual water
e Filling of water bodies
Fluxes out: Re-entry:
o Evapotranspiration Qe e Residual water
o Infiltration Qinfiltration e Treated residual water
e Outlet Qoutlet e Surface exploitation

At the time of the Spanish conquest, several of the previously listed fluxes did not exist, for
example, fluxes from consumption and re-entry; Qoulet refers to the drainage works in the basin
and Qextemnal refers to the water from a hydric system of storing, conduction, purifying and
distribution of water to Mexico City and the State of Mexico. In section 4.4.3, an analysis of the
relevant fluxes for this thesis is presented.

3.3 Lacustrine system

The lakes in the Valley of Mexico and its artificial compartments worked as communicating
receptacles. The central lake, Texcoco, extended over a big area in the southern half of the valley.
Its water was saline due to the nature of the mountain range in the surroundings and it was the
lowest of all the lakes. It received the water surplus from all the other lakes. Zumpango and
Xaltocan were the highest ones (6 and 3 meters higher than the Texcoco lake respectively);
Xochimilco was higher than Texcoco and Chalco was even higher (3 meters above Lake Texcoco
approximately) (Caballero & Ortega Guerrero, 1998; Rabiela, et al., 2009).

According to Birkle, et al., (1998) the lakes were considered as individual lakes during the dry
season, however, they were joined as one body of water during high water levels. Usually after
the wet season. The lakes connected when the water level reached approximately 6 meters above
the basin elevation, around 2236 m.a.s.l (Lewis & Torres, 2013). However, Bradbury (1971),
suggests that the lakes connected at elevation 2242 m.a.s.l and proposed that the bottom levels
for the lakes were:

Lake Elevation at the bottom of the lake (m.a.s.l)
Texcoco 2230
Mexico 2230.85
Xochimilco 2233.5
Chalco 2233.5
Xaltocan 2233
Zumpango 2236

Table 3-1 Elevations of the lacustrine system.

Moreover, Bradbury (1971), provided a map (Figure 3-4) in which the minimum, mean and
maximum levels of the lacustrine system are drawn but does not provide the corresponding
numerical value for each delineation.
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Figure 3-4 Map of the lakes in the Basin of Mexico. Adapted from J.L. Lorenzo in Mooser
et al. 1956. (Bradbury, 1971).

The water feeding system between the lakes (Figure 3-5) is described by Rabiela, et al., (2009)
as follows:

Lake Chalco constantly received fresh water from the rivers of the mountains and from springs.
Xochimilco was fed by Lake Chalco and its own springs. Lake Mexico received water from the
south and from some seasonal and perennial rivers, and from Lake Texcoco. Finally, Lake
Texcoco was the deposit of the yvat\ers of all the lakes and torrential rivers.

= —
~—

Xaltocan Lake:

Texcoco Lake
Mexico Lake

—

Xochimilco Lake

Chalco|Lake

Figure 3-5 Water feeding system in the lakes.
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According to Palerm (1973), this communication was closely related to the rain and hydrographic
regime in the zone. During the dry season, the lakes were almost dry and resembled swamps.
During the wet season, severe floods could occur in this lacustrine system. The connection
between the lakes was characterized by overflow: Once the highest lakes were full, its surplus of
water flowed towards Lake Texcoco.

Sometimes the water level at Lake Texcoco would overcome the water level in Lake Mexico or
even the water level at Lake Xochimilco. Given that the water from Lake Texcoco was saline, its
intrusion into Lake Mexico represented a bigger threat to the chinampas (Refer to section 3.4).

In order to deal with this climate seasonality and extreme differences between dry and water
surplus conditions, the Aztecs had to come up with hydraulic structures. One of them was the
Nezahualcoyotl dike, which divided Lake Texcoco in two from north to south: Lake Mexico to
the west and Texcoco to the east. Its goal was to prevent water intrusion from Lake Texcoco
towards Lake Mexico.

According to Armillas (1971), the high water mark in the lake system stood near the 2240-meter
elevation since several centuries ago. Palerm (1973) states —based on historical anecdotes- that
the high water mark stood near the 2250m contour line. Another important event described by the
Spanish conquers, and presented by Palerm (1973) was that the water level growth in Lake
Texcoco resembled a movement similar to the tides in the ocean. An extract of his book provides
the following description: “...and because this big salt-water lagoon grows and has its tides as the
sea does, water flows from it towards the fresh-water lake so strong as if it were an abundant
river”.

Palerm (1973) indicates that the Spanish could have confused seeing “tides” with the growth of
the lakes during the wet season or perhaps there were currents created as a result of wind action.
Nevertheless, this illustrates the movement of water between the lakes, which also explains why
the Nezahualcoyotl dike and the walkway dikes were created (Section 3.4).

Nowadays, the floor levels might have been raised through silting but this effect may have been
compensated by subsidence of the ground after the desiccation of the basin in the following
centuries after the Spanish conquest. However, based on old maps and archaeological evidence,
Armillas (1971) states that the changes in the floor relief through the last 600 years have been of
minor consequence. Therefore, current topography of the site can be used to characterize the area
of study.

3.4 The Aztecs and the Hydraulic Culture

In 1325 a nomad tribe from Aztlan was established in an islet where the people believed to have
found the promised signal from their God Huitzilopochtli -an eagle over a prickly pear cactus
devouring a rattlesnake- this settlement marked the beginning of the capital city of the Aztec
empire: Tenochtitlan.

At first, people used the water from the lagoons or springs. However, as the population grew and
the urban area expanded, they were forced to obtain water from other places, which led to the
birth of hydraulic structures in Mexico (Pefia Santana & Levi, 1989).

At the moment of the Spanish arrival, there were three fundamental types of hydraulic
organizations in the agriculture of the Valley of Mexico. These organizations were in full
operation and still expanding by the time of the Spanish arrival (Palerm, 1973):
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1. Small irrigation systems: Usually situated next to springs and combined with terraces.

2. Big irrigation systems: Use of permanent and semi-permanent rivers by building dams,
big deviation canals and an extensive network of ditches.

3. Hydraulic systems of the lacustrine area: The chinampas, dikes, walkway-dikes, defense
structures against floods and drainage works, construction of artificial soils for
agriculture and population, conduction of fresh water through canals, ditches and
aqueducts and formation of artificial lagoons and swamps.

The technique that the Aztecs used to construct urban and agricultural soil in the lakes was called
“chinampa” or also called floating gardens (Figure 3-6). This technique refers to the compaction
of layers of soil partly extracted from the bottom of the lakes (Legorreta, 2006).

Figure 3-6 Chinampas Model.
Source: https://www.flickr.com/photos/22887580@N06/2489191297/in/photostream/

The chinampas extended from the lakes of Chalco- Xochimilco covering most of their surface
and were expanded towards the central Texcoco-Mexico salt lake, around Tenochtitlan and
several other places (Palerm, 1973).

The construction procedure of the chinampas, either for agricultural or urban development was
very similar and is described as follows (Palerm, 1973; Rabiela, et al., 2009):

— Closure of an isolated area of the salt water body.

— Take advantage of rain and drought cycles to drain the area.

— Exploitation of the connection with canals, rivers, and aqueducts to convert the area into
a zone of fresh water.

— For agricultural use: Construction of the chinampas by piling up of soil, mud, and
conglomerate of aquatic vegetation to form a platform above the water level.

— For urban development: Placement of rows of posts as vertical piles in the bottom of the
lacustrine bed, then filled with soil.

— All the elements used for the construction of the chinampas came from the lacustrine
system.
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The chinampas formed an intensive agricultural system as never seen before in the Mesoamerican
era. By the XVI century, the chinampas in the Chalco-Xochimilco lake system extended for over
9500 hectares and were able to sustain around two hundred thousand people (Rabiela, et al.,
2009). Such system required certain control of the water levels in the lake and also control of
intrusion of salt water from Lake Texcoco. Therefore, the chinampas held a close relationship
with the hydraulic structures (Rabiela, et al., 2009)

3.5 History of Floods

The city of Tenochtitlan, now known as Mexico City has a long history of floods. The city was
located two meters above the level of the Texcoco lake (2232 m.a.s.l. See section 5.2), and during
the wet season, it was prone to floods. Next, a brief recapitulation of the floods in the city -based
on the report from the Water System in Mexico (2012)- is presented.

The first documented flood occurred in the year 1446 when abundant water coming from rain
elevated the level of the lakes until they almost reached the level of the treetops, completely
flooding the city.

After this event, Moctezuma (second Aztec emperor, fifth king of Tenochtitlan and first of such
name) asked Nezahualcoyotl, Lord of Texcoco, for a solution to prevent new floods.
Nezahualcoyotl recommended building a fence out of wood, stone, and mud, crowned by a strong
wall of masonry that will contain the flow of water from the Texcoco lake. In this way, the
Nezahualcoyotl dike was born. Its gates allowed to extract water from Lake Texcoco in the dry
season and to contain it during the wet season. The construction of the Nezahualcoyotl dike began
around the year 1450 (Palerm, 1973; Daou, 2011).

The dike was also known as the “Old dike” or “Dike of the Indians”. It cut Lake Texcoco from
north to south forming two lakes: Mexico (West) and Texcoco (East). This dike ran from the
Santa Catarina Mountains in Tepeyac to the Sierra de la Catarina near Ixtapalapa.

Around 1486, during the reign of the eighth Aztec ruler, Ahuizétl (who enjoyed having gardens
and orchards), the demand for water increased. Therefore, to cope with the supply of water, he
ordered the construction of a new aqueduct directed toward the center of Tenochtitlan. After
several warnings about the danger of the great amount of water that could flow through such
aqueduct, he decided to build the structure anyway. Years later, in 1499, heavy rainfalls caused
the overflow of the water in the aqueduct. This event indirectly took the life of Ahuiz6tl himself
due to a strong impact in his head when he was trying to escape from the water. Such flood led to
the construction of another structure: The Ahuizétl dike (located within Lake Mexico).

In 1521, the Mexica civilization had already fallen against the Spanish conquers. This event
represented an opportunity to relocate the city. However, by order of Hernan Cortés (leader of the
expedition that started the conquest of Mexico), the new city was built in the same place. He
ordered the destruction of a large part of the Nezahualcoyotl dike so his brigantines could sail
during war, some canals were used for transport and commerce through canoes. Time after the
conquest, the city continued to grow but its new governors did not understand the role of the
hydraulic structures in the lacustrine system and its surroundings. Their activities increased soil
erosion and sedimentation in the lakes, reducing its capacity to retain water during the wet season.

The first flood after the conquest happened the 17 of September of 1555. This disaster led to the
construction of the San L&zaro dike in 1556 but in 1579 the city was flooded again.
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By the year 1604, the viceroy Juan de Mendoza y Luna asked for a project to drain the lakes after
a flood that occurred that same year. However, no offers were presented. Later, in 1607 a flood
resulted from the overflow of the lake and the discharge of several springs that appeared in the
streets of the city and inside of buildings. The water level grew so much that the city was at the
edge of disappearing. Then, the viceroy at the time, Luis de Velasco Il offered a reward for the
person who proposed an effective way to drain the lakes.

Enrico Martinez proposed to drain the Cuautitlan river and the Zumpango lake trough the
Nochistongo gash towards the Tula River. The project was approved on the 23 of October 1607.
However, by 1615, Martinez had failed to execute the construction of the project properly. In
1623 the Viceroy Diego Carrillo Mendoza Pimentel ordered the destruction of some of the dikes
built by Martinez. These dikes retained water from the Cuautitlan River that ran towards Lake
Zumpango and then Lake Texcoco. The Viceroy wanted to test if the danger of doing so was as
bad as people had warned him. This decision caused one of the biggest disasters ever occurred in
the city. The resulting flood lasted six years, it destroyed most of the buildings and decreased the
population considerably. After this, the Viceroy proposed to change the location of the city,
however, the citizens were tired of the inexperience of the Viceroy and attacked the royal palace,
forcing the Viceroy to run away.

By 1629, after a continuous rainfall of 36 hours, Mexico City was again flooded. The water level
reached a mean of 2 and a half meters. Most properties were destroyed and approximately thirty
thousand people died from drowning or starvation. In 1635 the Viceroy Lope Diez Aux de
Armendariz ordered several works to repair the damage caused by the last flood and to resume
the drainage works which lasted until 1789. The project suffered several modifications. The work
was stopped and resumed several times during this period while the city still suffered from severe
floods every 15 to 20 years approximately. The second drainage work was the “Gran Canal de
Desagiie” (Big drainage canal), that started working in 1900. In this way, the lacustrine system
was drained from the basin almost entirely.

It is important to notice that during the time from the construction of the Nezahualcoyotl dike
until the arrival of the Spanish conquerors (70 years approximately) there is no mention of floods
in the city of Tenochtitlan from an increase of water level in Lake Texcoco, while after the
destruction of the dike the city was continuously flooded throughout the next 350 years. This fact
provides insight into the importance of the dike in the city of Tenochtitlan and the experience of
the Aztecs as hydraulic engineers.
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3.6 Summary

In this chapter, the area of study and the history of floods in the region was described. The
following bullets summarize essential information for the upcoming chapters.

This thesis is focused in the Valley of Mexico for the time before the Spanish conquest
when the Nezahualcoyotl dike was fully operational and the lacustrine system still existed.
The capital of the Aztec empire, Tenochtitlan, was built in Lake Mexico. The
Nezahualcoyotl dike protected this city from the rising water levels at Lake Texcoco.
The area of the Valley of Mexico is 9600 Km? and the area of the sub-basin which
contributed to the formation of the lacustrine system is 4959.8 Km?.

80 to 90% of the annual precipitation in the region occurs during the wet season (May-
October).

The lakes worked as communicating receptacles of water. During the dry season they were
considered as individual lakes and during the wet season, they were joined as one body of
water.

The relationship between the lakes was characterized by overflow. Once the highest lakes
were full, its surplus of water flowed towards Lake Texcoco, which was the lowest lake
of all.

During the lifetime of the Nezahualcoyotl dike (70 years), there are no records of floods
in the city, while after its destruction, the city was constantly threatened by floods.
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4 Methodology

This chapter presents the details and steps of the methodology carried out throughout this
research. First, the main assumptions and simplifications are presented, followed by the general
framework employed in this thesis. Then, details about the construction of the models and the
analysis of data are explained. Finally, a description of the procedure to assess the reliability of
the dike is presented.

4.1 Assumptions and simplifications

To develop this thesis, important assumptions and simplifications were made and are listed below:

— The interaction between the lakes influenced the growth of the water level in Lake
Texcoco. In this thesis, such complex relationship was not taken into account and only the
water level fluctuation in Lake Texcoco was considered for analysis.

— Datasets of present-day information of precipitation and evaporation were used (In order
to characterize the fluxes in and out of the basin in a hydrological balance). Additionally,
wind data and topography were also employed.

— The hydrological model only considers measurements during the wet season.

— The presence of gates in the Nezahualcoyotl dike was neglected.

— The reliability analysis was performed for one levee failure mechanism: Overflow.

4.2 General Framework

To achieve the main objective of this thesis and to give answers to the research questions, four
steps are proposed as shown in the flowchart of Figure 1-1:

— Step 1: Characterization of the dike and the lacustrine system.

— Step 2: Analysis of levee failure mechanisms.

— Step 3: Hydrological Model and generation of synthetic data sets.
— Step 4: Reliability analysis.

The development and results of the hydrological model depend on the failure mechanism to be
tested. In the following sections, the methodology employed to carry out each step is presented.

4.3 Step 1: Characterization of the system

The aim of this step is to depict the Nezahualcoyotl dike and the hydrological conditions in the
lacustrine system around the time of the Spanish conquest. The process was carried out as follows:

a. Gathering of information:
1. Historical documentation from the lacustrine system and the dike.
2. Current measurements of environmental variables and terrain data.
b. Data processing and analysis.
c. Representation of the system
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Figure 4-1 Flowchart of the methodology employed to characterize the lacustrine system and the
dike.

Following the flowchart shown in Figure 4-1, the steps for each section are described as
follows.

4.3.1 Gathering of information

Nowadays, neither the lacustrine system nor the Nezahualcoyotl dike exists anymore. Therefore,
information about the area of study needs to be collected from historical sources. Several
manuscripts were collected, studied and interpreted by Palerm (1973), most of the historical
information in this thesis is based on his work and some other details from several other authors.
The majority of the information gathered from these sources are related to the Nezahualcoyotl
dike’s materials, dimensions and appearance.

Meanwhile, in order to describe the hydrological conditions in the area of study, datasets of
environmental variables and terrain information are required. The variables considered are shown
in Table 4-1:

Name Description Units
Precipitation Maximum of daily precipitation. mm/day
Evaporation Maximum of daily evaporation. mm/day
Wind Speed Hourly measurements. m/s
Wind Direction  Hourly measurements. Degrees
Area Area of the lakes in the lacustrine system Km?
Topography Contour lines of the area of study m

Table 4-1 Name and description of the variables.
The information presented in Table 4-1 were obtained from Mexico’s national databases.

4.3.2 Data processing and analysis

The information from different historical sources was compared between each other in order to
create an estimation of the dike’s dimensions and its construction materials (Section 5.3) while
present-day measurements of environmental variables were used to characterize the hydrology in
the region and the growth of water levels in the Lake Texcoco. (Section 5.2). By combining these
two types of information it is possible to create a description of the dike and the lacustrine system
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at the time before the Spanish conquest. The steps followed to analyze such information are
described as follows:

Precipitation and Evaporation

Measurements of these variables were obtained from Mexico’s national database: CLICOM
(Climate Computing Project- http://clicom-mex.cicese.mx/), in the form of maximum daily
measurements. The climate stations are distributed throughout the State of Mexico and Mexico
City.

A total of 409 stations were available. In order to reduce the number of stations that were used in
this thesis, two filters were applied. The first filter was selecting the stations with more than
twenty-five years of measurements to ensure the greatest amount of data possible. The second
filter consisted of choosing the stations that were relevant according to their geographical
position, meaning that only the stations surrounding the area once occupied by the lacustrine
system were considered.

The data of the stations that met all the previous requirements were analyzed and processed. It is
common that environmental measurements contain errors that arise from different causes, for
example, damage in the equipment or a sudden interruption of the measurements due to
maintenance, among others. These errors are usually represented as an unrealistic number within
the dataset (for example -999). Faulty observations were not considered in the analysis.

Additionally, the time period of measurements for every climate variable needs to be equal, the
final time period for each station was reduced to the time period in which all variables match.
Finally, the information had to be converted from their original format (.csv) to a more
manageable format for future computations (mat files). All these steps were carried out using a
Matlab scripting.

Wind speed and direction

Wind data was obtained from the System of Atmospheric Monitoring of Mexico City “Aire
CDMX” (http://www.aire.cdmx.gob.mx/default.php). This database is subdivided into different
groups. For wind data, the corresponding database group is called REDMET (Meteorological
network), which has information since 1986 in the form of hourly measurements.

The stations considered for this thesis were chosen based on their geographical location and their
availability of data. As with climate data, wind stations presented different time periods of
measurements between each other.

In order to determine if wind data is relevant for this study, the predominant wind direction needs
to be computed for each station. According to their geographical location, it can be determined if
the wind blows in direction of the Nezahualcoyotl dike. Additionally, in lakes, wind can influence
the water level considerably by heading up the water (wind set-up), this increase of water level
can be determined as follows (Molenaar & Voorendt, 2016):

ds_.
dx qd
Eq. 14
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In which:
— S Total wind set-up [m].
— C,: Constant~~3.5*10° to 4.0*10°
— d: Water depth [m].

u: Wind velocity [m/s].

X : Fetch [m].

g : Gravity Acceleration [m/s?]

The previous equation shows that wind set-up increases with increasing wind velocity and fetch
and for decreasing water depth. If the set-up is in the order of a few centimeters or less, the
influence of wind can be neglected.

In this thesis, wind set-up is not characterized using probabilistic models, instead, it will be added
as a deterministic variable (Considering the highest wind speed measured at a given station as the
worst case scenario) to the water levels resulting from the hydrological model.

Geographical Information and Terrain

Terrain data is an important variable for the lacustrine system because it helps to determine the
elevation at the bottom of the lake, the maximum height that the dike could have had, the high
water mark and the water level fluctuations. Terrain data was obtained from two different sources:
Mexico’s database INEGI (National Institute of Statistics and Geography) and HydroSHEDS
(Lehner, Verdin, & Jarvis).

Resolution of the data is a key factor to take into account given that differences in altitude in any
given point can be in the order of several meters depending on the source. In order to select the
best topography, all the sources were compared by creating a cross section in Lake Texcoco, from
the generated profile views it was possible to observe the difference in altitude from each source
at this transect.

Additionally, a combination of historical documentation and terrain data was employed to assess
some characteristics of the dike, such as its orientation and total length (Section 5.3).

Volume-Elevation Curve

The lacustrine system was drained almost entirely, therefore, there is no information about the
water levels in Lake Texcoco or its corresponding volumes. However, it is possible, by using
terrain and topographic data to get a rough estimation of the volume and surface area of the lake
at certain depths, these are called the VVolume-Elevation and VVolume-Area curves respectively.

The procedure starts with the selection of an adequate topography. Next, by using a spatial
analysis software like ArcGIS it was possible to obtain the volume and surface area of water in
the lake at different depths.

Step 2: Analysis of levee failure mechanisms

In order to determine which levee failure mechanisms are the most relevant for the
Nezahualcoyotl dike, it is necessary to identify the hazards that the city of Tenochtitlan faced
during the wet season. Section 3.5 presented a description of the flood history in the region and
it was used as the main source of information for the selection of the most relevant failure
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mechanism. From such analysis, overflow was selected as the most relevant failure mechanism
for the Nezahualcoyotl dike (Section 5.1). This mechanism takes place when the water level at
the lake exceeds the crest of the dike. Thus, is described by the water level fluctuation at Lake
Texcoco. Consequently, overflow was the base for the development of a hydrological model that
aims to estimate the fluctuation of water level in Lake Texcoco.

4.4 Step 3: Hydrological Model

The methodology employed to develop the hydrological model is summarized in Figure 4-2. First,
a probabilistic model (of Markov chains and copulas) was employed to construct the
environmental time series. Then, the hydrological balance at Lake Texcoco was computed.
Finally, by combining the results from the probabilistic model, the hydrological balance and the
Volume-Elevation curve, the water levels at Lake Texcoco were obtained.

For this thesis, a Markov chain model was selected because it is able to characterize the rain
pattern in a location based on probabilities. This information will describe the occurrence of rain
during the wet season. While the Copula model determines the values of precipitation and
evaporation for such pattern based on the dependence between those three variables. More details
about this process are presented in the following sections.

Hydrologic Model

Markov Chain Model

Copula Model

Synthetic Time Series

Hydrologic Balance

Water level fluctuation
in Lake Texcoco

Reliability Assessment

Figure 4-2 General flowchart of the Hydrologic Model.
The model only considered conditions during the wet season (May to October) because during

that period is where most of the rainfall is registered throughout the year (Mucifiio, 2001). The
modules from the flowchart shown in Figure 4-2 are described as follows.
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4.4.1 Markov Chain Model

The hydrological model starts with a Markov Chain Model. As mentioned previously, the
measurements of precipitation and evaporation were considered only for the wet season (From
May to October). The aim of this first submodel is to define the rain pattern during this period.

A Markov Chain is described by a transition matrix P as mentioned in section 2.4. Such matrix
relies on the current state to predict the next state. In this thesis, two states are considered, wet
and dry days, represented by the number 1 and 0 respectively. The transition probabilities can be
estimated directly from the observed transitions in the data. For instance:

p,=—%
01 NO

Where N,, is the number of observed transitions from state 0 to 1 and N, is the number of
transitions that start from state 0. Thus, for the following sequence:

[0,1,1,0,1,0,1,0,0,1]

It is found that N, =4 and N; =5 which results in P,,= 4/5. The same procedure is applied for
P,. P,,and P,. Thus, N,,=1,N,=1,N, =3, and N, =4 that results in P, =1/5,P,=3/4, and
P,,=1/4. The resulting transition matrix is:

o _[V5 4
3¢ v

This model is based in terms of occurrence and non-occurrence of rainfall on any day. Through
the resulting transition matrix and the simulation tool in Matlab, a thousand years of wet seasons
are generated (185 days each). Each wet season has the form of a sequence of zeros and ones like
the example presented in this section.

A detailed summary of Markov theory is presented by Rip (2016). The estimation of the amount
of rain for each wet day is explained in the following section.

442 Copula Model

Once the rain pattern has been generated by using the Markov Chain sub-model, the
corresponding amount of precipitation and evaporation is estimated.

29



Methodology

Fitting of Marginal Distributions Copula Fitting

v

Copula Model

Synthetic Data

Figure 4-3 General flow chart of the Copula Model.

Climate variables are described as random processes. In order to have a better understanding and
description of the data sets it is necessary to find a probability distribution that best describes their
behavior. This process is called distribution fitting. The probability distributions were chosen
based on the negative log-likelihood method (NLogL) which is equivalent to the maximum
likelihood estimation (MLE). The distribution with the lowest value of NLogL was selected as
the best fit. The results from this procedure are shown in section 6.1.

To create a realistic environmental time series, the dependence and observed autocorrelation
between the variables have to be taken into account and a probability distribution does not
consider these factors. In order to include dependence and autocorrelation, the joint probability
distribution between the variables is described by bivariate copulas. Thus, the variables were
analyzed in pairs. The process to find the copula that best describes data pairs is called copula
fitting and is validated by two statistical tests: Sum of the square differences based on Cramer-
von Mises and Semi-correlations (Eg. 10, Eq. 11 and Eq. 12). The results from this procedure are
presented in section 6.2.

The pairs of data were divided into two groups according to two conditions: Wet days and dry

days. The pairs for wet days are Precipitation-precipitation (PR-PR) and Precipitation-
Evaporation (PR-E). The pair for dry days is Evaporation- Evaporation (E-E). See Figure 4-4.

! |

Precipitation-Precipitation Precipitation-Evaporation EVM‘:EE;mpomtmn
(PR-PR) (PR-E}

Figure 4-4 Flowchart for the generation of synthetic data through a Copula Model.

For the pairs, PR-PR and E-E, the relationship between these marginal distributions is described
by autocorrelation which refers to the dependence of precipitation or evaporation with lagged
versions of themselves. The same procedures described in section 2.6 may be used to fit copulas
of a random variable with lagged versions of itself.
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Once the copulas that describe the dependence and autocorrelation between the variables are
known (Eq. 6, Eq. 7and Eq. 8), the synthetic time series can be produced. The time series is made
up of two datasets: Precipitation and evaporation. Each copula generates data for a specific
variable given the condition if it was a wet or dry day. This can be illustrated as follows:

The PR - PR copula, where the conditional copula of precipitation in time t given precipitation
in time t—1 is denoted as C(PR| PRH). One may sample from this conditional copula in order

to generate data of precipitation given a wet day. The PR —E copula, in which the conditional
copula of evaporation in time t given precipitation on time t is defined as C(Et|PR1). This

copula generates data of evaporation given a wet day.

Values for precipitation on dry days are not modeled as they are already taken as zeros. The
generated dataset for evaporation given a dry day was generated based on the E—E copula.
Where the conditional copula of evaporation in time t given evaporation in time t—1 is defined

asC(EJE_,).

The previous procedure of random generation consists of the following steps:

Generation of data on wet days:
o The first value of precipitation (PR,) is generated in [0,1] using a uniform random
generator.
o The values of precipitation ( PR, , ) are calculated in [0,1] based on the previous value

(PR,) by solving the corresponding inverse conditional fitted copula.

e Next, the inverse of the corresponding conditional copula functions provides the value of
evaporation ( E, ) in [0,1] for each of the generated precipitation values ( PR, ).

Generation of data on dry days:
o The first value of evaporation ( E, ) is generated in [0,1] using a uniform random generator.

o The values of evaporation (E,,, ) are calculated in [0,1] based on the previous value (E,)
by solving the corresponding inverse conditional fitted copula.

The values of precipitation and evaporation are transformed back to their original units through
the inverse cumulative distribution function of each separate variable. Finally, the resulting values
are combined forming the time series for a wet season. In total, one thousand wet seasons were
generated. All the algorithms were developed in Matlab.

4.4.3 Hydrological Balance and Estimation of Water Levels

Once the time series has been generated, the hydrological balance at Lake Texcoco can be carried
out. The Valley of Mexico is a basin that has been severely intervened by humans for the last
hundreds of years, therefore it is important to identify the fluxes relevant to the basin at the time
of the Spanish conguest. In section 3.2 a list of the main present-day fluxes is presented.

From those, the fluxes from consumption and re-entry are neglected. Qoulet and Qexternal are not
considered either. Additionally, the contribution from springs, ponds, and infiltration are also
neglected in order to simplify the model. Therefore, based on the concept from Eq. 13, the final
configuration of the hydrological balance at the time of the Spanish conquest is:
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dv
I:)Ri ) Al'ributary - Ei ’ Aake]- = E [m3/Day]
i
Eq. 15
In which:

— PR, :The ith value of precipitation on the lake surface [m*/day].
— E,: The ith value of evaporation from the lake surface [m3day].
— Ay - Tributary area of the basin [m2].

— Ay, - Surface area of the lake j [m2].

_ v : The ith rate of change of volume at the lake at depth j [m®/day].

t ij
As shown in the previous equations, the fluxes considered for the hydrological balance at Lake
Texcoco are precipitation and evaporation. The tributary area of the basin was obtained using data
from the Environmental Secretariat of the State of Mexico (2018).

There is no information about the water level in the lake at the start of the wet season, therefore
the hydrological balance was computed for every meter depth from the bottom of the lake (2230
m.a.s.l) until the high watermark proposed by Palerm (1973): 2250 m.a.s.l (See section 3.3). In
this way, the computed water levels are relative to the given initial water depth. Moreover, wind
set up was incorporated into this model as a deterministic variable added to the computed water
levels using Eq. 14 presented in section 4.3.2.

Volume -Elevation Curve

m:::::l

Figure 4-5 Flowchart of the methodology for the computation of water levels.

The general procedure for the computation of the water levels is shown in Figure 4-5 and is
described in more detail with the following steps:
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1. An initial water depth is established.

2. The hydrological balance equation is applied, the result is the volume fluctuation dV
given the climate variables used as input.

3. The volume at the lake is computed by adding the volume variation dV to the volume
corresponding to the initial water depth.

4. The surface area ( A, ) and depth (h) at the lake corresponding to the computed volume

are obtained from the Volume-Area and VVolume-Elevation curves.
5. The process is repeated from step 2 but now A, correspond to the area computed in step

4. This procedure is repeated until the water levels have been computed for the entire wet
season and for each initial depth (From 2231 m.a.s.l to 2250 m.a.s.l)

6. Once the water levels at the lake are obtained, the wind set up corresponding to each level
Is computed as a deterministic value. Finally, the wind set-up values are added to the water
levels in order to obtain the final water elevation at the lake.

The previous procedure was applied to the thousand years of synthetic data. All the operations
were developed using a Matlab script.

4.5 Step 4: Reliability Analysis

After the synthetic datasets have been produced and the corresponding water level fluctuations
have been computed, the reliability of the dike has to be tested and only one dike failure
mechanism will be considered (Overflow).

The first step to evaluate overflow on the Nezahualcoyotl dike is to extract the annual maxima
water level of the generated water levels (Section 4.4.3). These data were then fitted to a
probability distribution function in order to characterize its behavior. The criteria used to evaluate
overflow on dike is based on the probability that a given water level in Lake Texcoco will exceed
the height of the dike (PF) and its corresponding return period. This procedure was performed
using a Matlab script. In this thesis, the aim is to make an assessment of the dike under the selected
failure mechanism given such probability.

The results from this methodology are presented in chapter 7.
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In this section, the main hazards for the Nezahualcoyotl dike are evaluated in order to determine
the most relevant failure mechanism of the dike, also, a characterization of the natural system in
the Valley of Mexico is presented based on historical information and current data, including a
description of the water level at the lakes. Finally, a layout of the Nezahualcoyotl dike is
constructed.

5.1 Selection of Levee Failure Mechanisms

In this section, the selection of overflow as the most relevant failure mechanism is presented as
an analysis between information from Table 2-1, section 2.3.3 and historical data from Chapter
3.

The flooding history of the city of Tenochtitlan (section 3.5) describes an increase of the water
levels in Lake Texcoco that throughout the years caused saltwater intrusion into the city. At the
time of the Aztec empire, several hydraulic structures were constructed in an attempt to avoid
floods, one of them was the Nezahualcoyotl dike. However, as stated in section 3.4, even though
these structures helped to keep the city safe, they also affected negatively other conditions in the
lacustrine system by constraining the natural interaction between the lakes. After the Spanish
conquest, the city was constantly affected by floods due to the lack of knowledge about the lakes
from the new governors in charge.

Overflow takes place when the water level exceeds the crest height of the levee. As stated
previously, this failure mechanism is constantly described throughout the history of the city of
Tenochtitlan, making it the most recurrent failure mode in the dike according to historical sources.
This research also considers the contribution of wind set-up at the lake given the questionable
description that the lake was influenced by tides (section 3.3). It is interesting to mention such
description, however, its accuracy is difficult to determine without adequate analysis. Wind waves
could be a factor to take into account too (See results in Section 7.1 and 7.2).

The piping failure mechanism starts to develop at the land side of a dike by a large hydraulic head
difference. This failure mechanism is relevant for cases of vulnerable soil profiles. For the
Nezahualcoyotl dike, there was no land side, both sides of the dike had water, especially during
the wet season. Thus, the difference in water levels from the Texcoco and Mexico side was not
as large as it was by the end of the dry season when Lake Texcoco was assumed to be empty. The
water in Lake Mexico could be assumed to remain more or less the same through the year given
that it was necessary to maintain the chinampa system, approximately 2 meters water depth
(section 3.5). Notice also that Lake Texcoco bottom level was lower than Lake Mexico (Table
3-1), therefore if piping were to occur, it would start at Lake Texcoco side, causing (in an
advanced situation) flooding towards that side and it would not represent a flood hazard for
Tenochtitlan. This same analysis can be applied to heave. Consequently, piping and heave are not
relevant failure mechanisms for the Nezahualcoyotl dike given that would not cause damage to
the city of Tenochtitlan nor the chinampa system.

Microinstability starts to develop at the land side of a dike. Occurs when the seepage water causes
the phreatic surface to rise and reach the inner slope of the dike (Jonkman, et al., 2017). If the
dike consists of permeable granular material, internal erosion can be initiated. The dike was
constructed with sand, stones, and mud, so this failure mechanism could be possible during the
dry season. However, there are no records of the dike failing this way, additionally, more
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information about the construction materials are required in order to make a proper estimation of
the likelihood of this failure mechanism.

Macro instability is important for levees with a steep slope in wet conditions, also it is important
for levees that deals with extreme water level fluctuations. This research focuses on the wet season
and it is known that the lake had big changes in water level due to precipitation events during this
time. However, the study of this failure mechanism would involve a detailed analysis of the
materials of the dike, which carry additional uncertainties. Therefore, to simplify the analysis,
this method is not considered as the most relevant for the dike.

Horizontal sliding at the foundation occurs when the dike has a small freeboard (water level close
to the crest). Especially when the dikes are made of a local lightweight material such as peat
which can be found in lacustrine zones. The Nezahualcoyotl dike was constructed with materials
from the bottom of the lake (same as the chinampas) so it is probable that peat was one of them.
However, soil information at the site would be needed. This failure mode aggravates after periods
of long droughts therefore if failure were to occur, water would have flown from Lake Mexico
towards Lake Texcoco, not representing a flood danger for Tenochtitlan.

Finally, a failure mechanism that was not mentioned in Table 2-1 is the failure due to non-closure
of gates. In historical sources is mentioned that the Nezahualcoyotl dike would have had gates to
regulate the flow between the two lakes. The reliability of closure, the number of demands and
the storage capacity of inflow water behind the dike has to be considered. This failure mode is
not treated in this thesis in order to simplify the analysis, however, it is an important failure
mechanism to take into account for future research.

From the previous analysis, it can be concluded that the most relevant failure mechanism for the
Nezahualcoyotl dike is overflow, at which the reliability of the dike will be tested given the
historical evidence about its occurrence through history.

52 Layout of the Lacustrine System

In order to characterize the lacustrine system, the hydrological conditions of the Valley of Mexico
need to be understood. To develop this section, information from section 5.3 was employed and
vice versa, thus, both sections feedback each other. A description of the results from data analysis
and processing is presented next.

Precipitation, evaporation
Data from a total of 378 precipitation/evaporation stations was downloaded and classified as
follows:

Number of Stations

Location
Less than 25 years measurements More than 25 years measurements
State of Mexico 157 192
Mexico City 26 34

Table 5-1 Number of stations for precipitation and evaporation data.
By applying the filters to select data presented in section 4.3.2, a total of five stations were chosen

to characterize the hydrological conditions surrounding Lake Texcoco. The stations are shown in
Figure 5-1.
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Figure 5-1 Climate stations surrounding the lacustrine system.

Table 5-2 provides an overview of the data:

Coordinates

Code Name - - Time Period
Longitude (dd) Latitude (dd)

15008 Atenco -98.92 19.54 1/1/1961-22/8/2013

15044 La Grande -98.92 19.58 1/1/1964-31/8/2014

15083 San Andres -98.92 19.53 1/5/1967-31/12/2014

15167 El Tejocote -98.92 19.44 1/12/1957-1/1/2007

15170 Chapingo (DGE) -98.90 19.48 13/3/1957-1/1/2000

Table 5-2 Summary of climate information per station.

As part of processing the data, several values had to be deleted, thus, the measurements are not

continuous. Additionally, each station had different time periods,
measurements varied from station to station. The time period between

therefore, the number of
stations and variables were

matched, in this way, the same number of measurements were obtained. Nevertheless, the total

amount of data was still representative, all of them surpass 9 years
station.

of measurements for each
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Wind Data
In Table 5-3 and Figure 5-2, a total of eight wind stations surrounding the location of the
Nezahualcoyotl dike are presented.

Coordinates M.a.s.l
Code Name Longitude Latitude (Metersabove Time Period
(dd) (dd) sea level)

ACO  Acolman -98.91 19.64 2198 01/07/2011-22/02/2018
GAM  Gustavo A. Madero -99.09 19.48 2227 01/12/2005-01/03/2018
MON  Montecillo -98.90 19.46 2252 01/02/1986-01/01/2006
HAN  Hangares -99.08 19.42 2235 01/01/2001-01/03/2018
NEZ  Nezahualcoyotl -99.03 19.39 2235 01/07/2011-01/03/2018
UlZz  UAM lztapalapa -99.07 19.36 2221 01/03/1986-01/03/2018
SAG  San Agustin -99.03 19.53 2241 01/04/2015-26/02/2018
XAL  Xalostoc -99.08 19.53 2160 10/01/1986-01/03/2018

Table 5-3 Wind stations.

|Zumpango Lake.

el ganAdustn)

S\ 4 paneres
Nezahualajot!

Legend

A Wind Stations
== Nezahuaycoyotl Dike Xochimilco Lake

[ Lacustrine System

Figure 5-2 Selected Wind Stations in the lacustrine system.

The predominant wind direction was computed for each station using a Matlab script to plot wind
roses by Pereira (2015). The result is shown in Figure 5-3.
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Figure 5-3 Wind Rose map of the lacustrine system.

In a wind rose, the frequency of wind over a time period is plotted according to wind direction.
In this case, the considered time period was the entire length of the measurements as shown in
Table 5-3. In Figure 5-3, the color bands show the wind speed ranges, and the direction of the
longest radius determines the wind direction with the greatest frequency. The wind roses for all
the stations are presented in Appendix A.

For Acolman, Nezahualcoyotl and San Agustin stations, the wind is predominantly directed to
the south at a speed between 0 and 2m/s, 2 and 4m/s and 2 and 3m/s respectively. While for
Gustavo A. Madero, Hangares, UAM Iztapalapa, and Xalostoc stations the predominant wind
direction is directed towards the southwest at velocities ranging from 0 to 5 m/s. Finally,
Montecillo station has a predominant wind direction to the north-west with velocities between 2
and 6m/s.

From the location of the stations and the data obtained from the wind roses, it is possible to
determine the relevance of wind at the Nezahualcoyotl dike. As seen in Figure 5-3, none of the
stations have their predominant wind direction towards the dike, however, most of the stations at
the east side of the dike shows that the predominant wind direction is towards the south end of
the dike, this factor is important because a long fetch favors wind set-up.

Wind set-up increases with increasing wind velocity and fetches and decreasing water depth,
therefore, for its calculation, the worst case scenario will consider the set-up at the south end of
the dike. The computation will contemplate the maximum velocities corresponding to its
predominant wind direction at each station at the east. Figure 5-4 shows the results for the stations
with the longest fetch towards the south end of the dike.
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Figure 5-4 Wind Set-Up and the south end of the dike for maximum velocities. Acolman Station
(8m/s) (Upper figure). San Agustin Station (6m/s) (Lower figure)
Left side of the dike: Lake Mexico. Right side of the dike: Lake Texcoco.

Figure 5-4 presents the layout of the Nezahualcoyotl dike (Too see how this layout was obtained
please refer section 5.3) with different water depths at the foot of the structure. It is noticed that
wind set-up does not represent a flood threat when the water level in the proximity of the dike is
not equal to the height of the dike and as mentioned previously, the higher the water level, the
smaller the wind set up. The values shown in Figure 5-4 correspond to the wind set-up for the
maximum velocities recorded for Acolman and San Agustin stations, but the wind roses show
that such velocities occur less than 1% of the time for both stations (Appendix A).

Velocities that occur most of the time (9% of the time approximately) do not exceed 4m/s and the

corresponding wind set-up is 0.004 and 0.015m for a water depth of 8 meters for Acolman and
San Agustin stations respectively.
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However, the wind set-up needs to be considered also at the center of the Nezahualcoyotl dike
given that this section corresponds to the deepest part of Lake Texcoco and it was also the location
of the city of Tenochtitlan (See Figure 5-7). The stations with the longest fetch are Acolman and
Montecillo and the corresponding wind set up at 8m depth is 0.1 and 0.15 meters respectively.

Geographical Information and Terrain Data

Geographic data were obtained from two different sources (INEGI and HydroSHEDS), in total,
three topographies were gathered (Table 5-4). In order the characterize the terrain of the lacustrine
system, a transect was drawn across the lake (including the dike) and a cross-section view was
obtained for the three topographies. Figure 5-5 shows the position of the transect:

Name Resolution
HydroSHEDS Mexico Void filled DEM 15 Arc-second resolution.
HydroSHEDS Mexico Void filled DEM 3 Arc-second resolution.

INEGI Contour lines 1:20000m scale.
Table 5-4 Geographical and Terrain data sources.
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Figure 5-5 Location of the dike and transect for cross-section view of the lake.

The point at which the dike meets the transect corresponds to 13+680m (starting from the left
side of the transect). At this point and its surroundings, the terrain for the 3 different topographies
is compared as shown in Figure 5-6.
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Figure 5-6 Cross section view of the transect for the 3 topographies.

Figure 5-6 shows that both profiles from Hydro-SHEDS agree with each other, while the profile
from INEGI differs greatly (5 meters approximately). At first, the right choice would be to use
one of the topographies from Hydro-SHEDS, preferably the one with the highest resolution (3
Arc-second). However, the data from INEGI was produced using techniques of photometry,
generating contour lines every 10m, so it can be assumed that this source is more accurate than
the Hydro-SHEDS sources.

Figure 5-7 Longitudinal Section of the Nezahualcoyotl Dike.
X-axis: Meters above sea level. Y-axis: 0.01Km.

Notice from the previous figure, that the terrain in which the dike was constructed, did not have
the same bottom level throughout the entire longitude of the dike. The middle part of the dike
(3.5-9 Km) had a level of 2230 m.a.s.l while the north (Left end in Figure 5-7) and south (Right
end in Figure 5-7) end are the highest ones (Between 2240 and 2250m). Thus, the middle section
was the lowest of the entire dike, the risk of floods was bigger for this section which also was the
place where Tenochtitlan was located approximately.

Volume Elevation Curve
The Volume-Elevation curve was generated using a spatial analysis tool (ArcGIS) together with
the topography from INEGI. The command “Surface Volume” in ArcGIS was used to perform

this task. It calculates the area and volume of a Digital Elevation Model (DEM) above or below
a given reference plane, as shown in Figure 5-8.
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The Reference Plane is set to ABOVE.
The Plane Height Location intersects the surface.

The Reference Plane is set to BELOW.
The Plane Height Location is set to intersect the surface.

Figure 5-8 lllustration of computation of Surface Volume tool in ArcGIS.
http://desktop.arcgis.com/es/arcmap/10.3/tools/3d-analyst-toolbox/surface-volume.htm

The reference plane was set to BELOW in order to compute the volume of water at the lake
system at different levels as shown in Figure 5-9.

16 Volume-Elevation Curve
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Figure 5-9 Volume-Elevation Curve
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Figure 5-10 (a) Water levels in the Basin of Mexico (Bradbury, 1971) (Top); (b) Lake at level 2231

m.a.s.| (Bottom Left); (b) Lake at level 2236 m.a.s.| (Bottom Center); (d) Lake level at level 2250
m.a.s.| (Bottom Right).

In Figure 5-10, the map proposed by Bradbury (1971) and the results from the V-E curve are
presented. A comparison between these figures was executed in order to determine a better
estimation of the water levels in the lacustrine system. There is a clear difference between the
minimum watermark of Figure 5-10a and Figure 5-10b, the surface area of water in the latter is
much bigger than the amount of water shown in the first figure, this indicates that the lowest
watermark proposed by Bradbury (1971) could have been lower than 2230 m.a.s.l, however, both
figures coincide that the lakes are not joined together. Moreover, level 2230 is the level at the foot
of the dike (Figure 5-7), therefore, it can be assumed the level 2231 m.a.s.l the minimum water
level for this thesis. The complete evolution of the water level in Lake Texcoco is presented in
Appendix B.

Figure 5-10a shows that at mean water level, Lake Texcoco has merged with the lakes from the
south but not yet with the lakes from the north, a similar delimitation can be appreciated in the
results from ArcGIS between levels 2236 and 2239 m (Figure 5-10c). The lakes from the north
are merged with the rest of the lacustrine system at level 2240 m.a.s.I (Figure 5-11b) until the
system is completely full at 2250 m.a.s.I (Figure 5-10d), the high watermark coincides with the
description given by Palerm (1973) and Figure 5-10a.

The system was not filled with water beyond the high water mark of 2250 m.a.s.l given that at
such level the water depth at the middle section of the Nezahualcoyotl dike would be of 20 meters
(12 meters higher than the height of the dike. Refer to section 5.3), thus, higher water levels would
not provide additional information to the reliability of the dike.
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- B B .
a) Lake Texcoco at level 2232 m.a.s.| (Left); (b) Lake Texcoco at level 2233 m.a.s.
(Middle); (c) Lake Texcoco at level 2240 m.a.s.l.

Figure 5-11 (

Notice that in Figure 5-10b there is almost no water in Lake Mexico, while in Figure 5-11a and
in Figure 5-11b (1 and 2 meters higher respectively), the water level in Lake Mexico starts to
become noticeable. This indicates that Lake Mexico was higher than Lake Texcoco. Moreover,
Lake Mexico was constrained to keep a constant water level throughout the year due to the
chinampa system, thus, in order to estimate the water level in this lake, it was also necessary to
obtain the elevation at the foot of the most important temple in Tenochtitlan: “Templo Mayor”
(of which there are still vestiges in Mexico City) located in the center of the Aztec capital. See
Figure 5-12.

Figure 5-12 Templo Mayor. Top View (Left' ‘
Source: Google Earth (2018).

The elevation at the red dot in Figure 5-12 is equal to 2232m. Thus, the water level in Lake
Mexico could not exceed such height in order to avoid flooding the city.

Is important to keep in mind that the volumes presented in Figure 5-9 are a rough estimation of
the system given that the procedure involved to generate such data is different from the actual
filling process that the system had. In this scenario, the system was filled with water from the
bottom of Lake Texcoco and up, while in reality, it was the other way around, the highest lakes
filled first and the water surplus flowed towards Lake Texcoco. Finally, it was possible to
compute the surface area of each lake in the system at the high water mark (2250 m.a.s.l) as shown
in Table 5-5.
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Lake Surface Area [Km2]
Chalco Lake 175.38
Mexico Lake 207.52
Texcoco Lake 534.69
Xaltocan Lake 240.59
Xochimilco Lake 107.54
Zumpango Lake 107.09

Table 5-5 Surface area of the lakes in the system at complete flooding.

All together sum a surface area of 1372.83 Km? in which the Texcoco lake occupies 27% of the
total.

5.3 Layout of the Nezahualcoyotl Dike

As described in section 3.5, the city of Tenochtitlan had to face multiple floods during its history.
At one of them, around the year 1446, during the reign of Moctezuma I (Palerm, 1973; Lombardo
de Ruiz, 1973), the water level in Lake Texcoco grew so much that flooded most part of the city
and the population had to mobilize with canoes and small boats. Moctezuma did not know which
solution apply to such a situation, so he sent his messengers to Texcoco and asked to the king of
that land, Nezahualcoyotl, for ideas on how to avoid the flood to reach the entire city, because at
that time many buildings had fallen or been completely destroyed.

After knowing this situation, Nezahualcoyotl went to Tenochtitlan and together with Moctezuma
decided that the most effective solution was to construct a fence that could stop the water from
reaching the city. The construction of the Nezahualcoyotl dike began around the year 1450
(Palerm, 1973; Daou, 2011).

The dike cut Lake Texcoco from north to south forming two lakes (Figure 5-13): Mexico (West)

and Texcoco (East) and it crossed from the Santa Catarina Mountains in Tepeyac to the Sierra de
la Catarina near Ixtapalapa.
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Figure 5-13 Position of Nezahualcoyotl dike (Red). (Modified from Palerm, 1973)

In Figure 5-13, not only the Nezahualcoyotl dike is appreciated (red line) but also the extent of
all dikes and walkway-dike system developed by the Aztecs until the arrival of the Spanish. The
walkway-dikes were cut by bridges to allow the navigation of canoes, however, there is no
evidence that the Nezahualcoyotl dike had these cuts. Other sources mention openings that
allowed to drain Lake Mexico (Palerm, 1973). If this were true, it had to exist a way to open and
close such openings to allow the dike to function as a flood protection structure and as a separation
between the Lake Mexico and Texcoco (Palerm, 1973). In this research, the presence of openings,
gates and/or cuts will not be taken into account.

The following transformations in the system are attributable to the Nezahualcoyotl dike and the
construction of the many hydraulic works in the western part of the Texcoco lake (Palerm, 1973):

a. Lake Mexico was salt-free which allowed a big extension of the chinampas, however,
these constructions reduced even more the natural drainage and the capacity of storage of
water in the lake.

b. By affecting the drainage of the freshwater lakes from the south (Chalco-Xochimilco) and
of Lake Mexico towards Lake Texcoco, the cycle of flooding on the city of Tenochtitlan
changed, sometimes due to the fresh water (due to lack of drainage) and other times due
to saltwater (Invasions from the reduced Lake Texcoco).

Given that the dike no longer exists, its dimensions are based on historical reports and vary
depending on the author. Table 5-6 presents a summary from several sources:
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Source Length [m] | Height [m] | Width [m]

Lombardo de Ruiz (1973) (1) 14484.1 - 7.3
Lombardo de Ruiz (1973) (2) 16000.0 4.0 9.0
Palerm (1973)- First Sources of the Spanish Conquest 16000.0 - -
Palerm (1973)- Spanish and Indigenous Sources of the First

Period of Viceroyalty 14484.1 - 7.3
Palerm (1973)- Late sources of the Viceroyalty 14484.1 - 20.1
Legorreta (2006) 16000.0 - -
Daou (2011) 15000.0 - -
Hernandez Cruz (2013) 16000.0 8.0 3.5

Table 5-6 Compilation of data for the Nezahualcoyotl dike.

As seen in the previous table, the estimations from the authors have big differences, while others
had not mentioned all the relevant dimensions. However, most of them agree that the dike was 16
km long. Most the sources are based on anecdotes by the first Spanish who arrived at the Valley
of Mexico, they were not engineers or constructors, therefore, their appreciation of the dike could
not have been accurate. According to Armillas (1971), the lacustrine system was shallow and this
allowed the expansion of the chinampas in the lakes (This is true according to the water level in
Lake Mexico). Therefore, it would be reasonable that the height of the dike could have been
between 3.5 to 4 meters instead of 8m as some of the sources suggest. However, as shown in the
previous section, the level at the bottom of Lake Texcoco was 2230 m.a.s.l and the mean water
level fluctuated between level 2236 and 2239 m.a.s.l (Figure 5-10c). Thus, the dike would have
needed to be higher than 6 meters in order to withstand above average water levels. The
dimensions provided by Hernandez Cruz (2013) in Table 5-6 seems reasonable.

Lombardo de Ruiz (1973) and Palerm (1973) provide a description of the materials used to
construct the dike: “Thick wooden piles were stuck to the ground forming a hollow fence, inside
the fence, big rocks and sand were deposited between the piles”. A representation of this
description is shown in Figure 5-14.

Figure 5-14: 3D Graph of the construction base for the Nezahualcoyotl dike. (Olivas Solano, 2010)

Similar structures can also provide information on the construction techniques and materials
employed for the Nezahualcoyotl dike, one of them is the Chapultepec aqueduct, described as
follows (Pefia Santana & Levi, 1989):

In 1418, Nezahualcoyotl, Lord of Texcoco, designed an aqueduct that would transport water from
the Chapultepec springs towards the center of Tenochtitlan. The first version of the structure was
constructed using rafts of reeds that were stuck through posts to the bottom of the lake to form its
base, then the rafts were sunk by loading them with grass, stones, and mud. The bases were
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aligned leaving spaces for the circulation of water from the lake. On top of the bases, the pipes
were constructed using compacted mud reinforced with wooden sticks. This first structure was
weak and it finally disappeared in the big flood of 1446, such flood led to the construction of the
Nezahualcoyotl dike in 1450.

The reconstruction of the aqueduct started in 1465 considering several changes on the
construction techniques: The new version was built using masonry; this structure was very
resistant and even survived for many years after the Spanish conquest. Figure 5-15 shows a cross-
section of the aqueduct with its relevant dimensions:

= 5-6m

0.5-1m

Water Level In the Mexico lake

N
5
o3

j D Bottom of the road
Base of sand, e and stone
4 W;‘ Wosts to consolldate the ground

Figure 5-15 Cross sections of the Chapultepec’s aqueduct. Modified from Pefia Santana & Levi
(1989).

From the descriptions of both structures, several points can be made: First, both were designed
by Nezahualcoyotl. Second, the construction of the dike and the last version of the aqueduct
started after the big flood in 1446, therefore, both structures needed to be designed to withstand
floods and consequently, to have similar construction materials and techniques.

In Figure 5-13, Palerm (1973) determines the orientation of the dike (From the Santa Catarina
Mountains to the Sierra de la Catarina near Ixtapalapa). By following this description, the dike
was drawn and then measured in ArcGIS. It was found that it measured 21 Km approximately
instead of 16 Km as most of the historical sources in Table 5-6 suggests. Two scenarios are
possible:
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b.

The visual estimation of the Spanish conquerors was not reliable. After all, they did not
have a background in construction or other related fields that would have allowed them
to make a proper visual estimation.

The proposed orientation of the dike by Palerm (1973) is wrong.

Therefore, assuming that point b is true, another orientation for the dike is proposed. The north
end of the dike was moved towards the west in order to comply with the 16km estimated by
Palerm’s (1973) historical sources.

Finally, the layout of the Nezahualcoyotl dike was characterized as follows:

wmm Dike's Proposed Orientation
—— Palerm's (1973) Proposed Orientation
] Texcoco Lake

Figure 5-16 Proposed orientation of the Nezahualcoyotl Dike. (Top View)

35 m

8 XTI 2

ooden logs
for the fence

7\
\ ».~ Z/
Wﬁ Base of sand, line and stone %\
/—Posts to consolidate the ground

NN N W

Figure 5-17 Proposed Layout of the Nezahualcoyotl dike.

Water depth in Lake Mexico and Tenochtitlan (Left side of the dike); Mean water depth in Lake Texcoco (Right side of the

dike).
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Length [Km] | Height [m] | Width [m]
16000.0 8 35
Table 5-7: Proposal of the dimensions for the Nezahualcoyotl dike.

Figure 5-16 and Figure 5-17 show the top and cross-section view of the Nezahualcoyotl dike that
will be used for this thesis. This characterization was based on the analysis of water levels at the
lakes presented in section 5.2 which led to the conclusion that the mean water level was
approximately 2236 m.a.s.l. (6m water depth at the foot of the dike). In this way, the description
provided by Hernandez Cruz (2013) in Table 5-6 was appropriate given that the other sources in
such table provide descriptions of a much smaller dike that would not have been able to stand
water levels lower than the mean (3 to 4m water depth at the foot of the dike), which seem
unreasonable given that the dike never failed during its lifetime.
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6 Hydrological Model Results

This chapter presents the results obtained by following the hydrological model presented in
Chapter 4. First, a description of the characterization of the wet seasons is provided, followed by
an analysis of the generated synthetic data and finally, the resulting water levels at Lake Texcoco
are presented.

6.1 Simulation of Wet seasons

In section 4.4.2 it was mentioned that in order to develop the copula model, the environmental
variables (precipitation and evaporation) were fitted to probability distributions. Only data
corresponding to the months within the wet season were considered, therefore, the results reflect
the behavior of the variables during that time.

The fitted distribution functions were obtained by using a Matlab script: ALLFITDIST developed
by Sheppard (2012) and are shown in Table 6-1.

i Probability Distribution Function
Station

PR E
Atenco Generalized Pareto  Generalized Extreme Value
La Grande Generalized Pareto  Generalized Extreme Value
San Andres Generalized Pareto  Generalized Extreme Value
El Tejocote Generalized Pareto  Generalized Extreme Value

Chapingo (DGE) Generalized Pareto  Generalized Extreme Value
Table 6-1 Results of the distribution fitting for the environmental variables.
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Figure 6-1 CDF’s for Precipitation and Evaporation data at Atenco Station.
*X-axis units: Mm/day.

Figure 6-1 shows an example of the CDF’s (Cumulative distribution function) computed for
Atenco station for the environmental variables. Appendix C presents the CDF’s of the other four
stations and statistics of the goodness of fit. The results from Table 6-1 were obtained based on
the negative log-likelihood method (NLogL) which is an equivalent of the maximum likelihood
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estimation (MLE). The distribution with the lowest NLogL value was chosen as the best fit. This
method allows estimating the parameters of the fitted probability distribution given the
measurements of each variable. The computed parameters are presented in Appendix D.

The next step in the hydrological model was obtaining a description of the occurrence of rain in
the basin. This was achieved by using a Markov Chain model -characterized by a transition matrix
P - (section 4.4.1). The values of the matrix for all five stations are shown in Table 6-2.

Code Name Po P, P, P
15008 Atenco 061 039 031 0.69
15044 La Grande 067 033 039 0.61
15083  San Andres 059 041 033 0.67
15167 El Tejocote 061 039 038 0.62

15170 Chapingo (DGE) 0.61 0.39 0.34 0.66
Table 6-2 Transition Matrix P for precipitation.

The results of this table describe the probability of transitioning from state 0 (Dry day) to state 1
(Wet day), 0to 1, 1 to 1 and 1 to 0. Notice that for all five stations, the probability that dry days
will transition into dry days and the probability that wet days will transition into wet days is almost
double the probability that a dry day will transition into a wet day or vice versa. Thus, is more
probable that once it starts raining, it will keep raining and the same can be said once it is stopped
raining. As the probabilities of all stations are very close to each other, the east region of Lake
Texcoco has a similar spatial pattern of rain.

The resulting rain pattern was obtained in the form of vectors containing zeros and ones,
representing dry and wet days as mentioned previously. Such a process was performed using the
“simulate” tool in Matlab in combination with the transition matrix P .

6.2 Generation of Synthetic Data

The synthetic time series for precipitation and evaporation were produced using bivariate copulas
considering the pairs of data presented in section 4.4.2. From the copulas, it was possible to
estimate the dependence and autocorrelation that characterize the data. See Table 6-3.

Spearman’s rho correlation coefficient

Station
PR—-PR E—F PR—FE
Atenco 0.27 0.46 0.18
La Grande 0.25 0.41 0.19
San Andres 0.24 0.5 0.09
El Tejocote 0.18 0.44 0.16
Chapingo (DGE) 0.25 0.46 0.18

Table 6-3 Correlation values for all stations and pairs.
*Precipitation (PR), Evaporation (E).

The pairs of data sets were analyzed in order to find which copula describes best the dependence
between them. The Gauss, Gumbel, and Clayton copula were considered in this study and two
methods were used to verify the best fit: The Cramer von Mises and the Semi correlations method
(Section 2.6. Eq. 10,Eq. 11 and Eq. 12). As an example, the results for the pair precipitation-
evaporation at one of the stations (Atenco) are shown in Figure 6-2 to Figure 6-5.
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Figure 6-2 Marginal data for Precipitation and Evaporation (Left). Pseudo-observations for
precipitation and evaporation (Right). Atenco Station.
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Figure 6-3 Cramer von Mises results (Gumbel Copula) for the pair Precipitation-Evaporation.
Atenco Station.

Data Gaussian

Figure 6-4 Copula plot transformed to Standard Normal for the pair Precipitation-Evaporation.
Atenco Station.
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Figure 6-5 Empirical (Left) and Gaussian (Right) copula for the pair Precipitation-Evaporation.
Atenco station.

Figure 6-2 presents a visualization of the variables in their original units and after the data has
been transformed into pseudo-observations. The observations can be safely transformed to
pseudo-observations using ranks and become uniformly distributed. Notice that the density of
points at the upper right corner of Figure 6-2 (Right) appears to be slightly larger than the density
at the lower left corner. This could be an indication of upper tail dependence. Figures of the other
stations and pairs are presented in Appendix E.

Figure 6-3 shows the absolute difference between the Gumbel copula and the empirical copula
(Eq. 10). This is the basis of the Cramer von Mises method (S, ). The Gumbel copula presented
the lowest value of S, for Atenco Station (Table 6-4). However, before a decision is made for the

best copula fit, the results from semi-correlation method needs to be analyzed. Table 6-4 presents
the values of correlation for each quadrant at each copula considered:

Station 2 Copula P, Pu 9,

Gauss 0.04 014 0.7
Atenco 0,18 Gumbel 0.33 0.12 0.12

Clayton -0.05 0.01 0.58

Data 0.42 -0.036 -

Table 6-4 Cramer von Mises and Semi-correlation values for the pair precipitation-evaporation.
Atenco Station.

Based on the previous table, the values of semi correlations clearly show tail asymmetry (Figure
6-4). This suggests that a copula with upper tail dependence is preferred (Gumbel) and
considering that the copula with the smallest value of square difference also belongs to the
Gumbel copula, such model is chosen as the best (from the ones considered in this research) to
describe the dependence between the variables. The results of Cramer von Mises and Semi-
correlation for the other pairs and stations are presented in Appendix E.

A similar analysis was applied to all the considered pairs of all the stations, the results regarding
the best fitting copula across different stations are shown in Table 6-5.
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Pairs Atenco LaGrande San Andres El Tejocote Chapingo (DGE)
PR-PR Gauss Gauss Gauss Gauss Gauss

E—-E Gumbel Gumbel Gumbel Gumbel Gumbel
PR—E  Gumbel Gumbel Gumbel Gumbel Gumbel

Table 6-5 Copulafit for all stations and pairs of variables.
*Precipitation (PR ), Evaporation ( E ).

The previous table shows that the copulas that best describes each pair of data are the same for
all stations. Additionally, from Table 6-3, it was mentioned that the correlation value for each
pair is very similar for all stations. This indicates that at different locations of the east side region
of Lake Texcoco the variables have a similar dependence with each other, consequently, they can
also be described by the same copula model (Table 6-5). Moreover, Table 6-1and Table 6-2 also
showed that the variables of all five stations could be modeled by the same probability distribution
function and that they have similar transition probabilities. Thus, all stations have an alike rain
pattern. Based on these findings, is possible to choose the results from only one station (Preferably
the station with the highest correlation values) to generate the time series of synthetic data.
Therefore, Chapingo (DGE) station was selected. Hence, the pair was modeled with a Gaussian
copula, while the pairs E—E and PR — E were modeled with a Gumbel copula. As an example,
the synthetic time series of one wet season is shown below:
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Figure 6-6 Synthetic data series of Precipitation (Left) and Evaporation (Right) for one wet
season.[mm/day]
X-axis: Number of days within a wet season (185 Days).
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Figure 6-7 Real data series of Precipitation (Left) and Evaporation (Right) for one wet season
[mm/day]. Chapingo Station. Year 1961.
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Figure 6-8 Synthetic data series of Precipitation (Left) and Evaporation (Right) for one wet season
with a higher correlation coefficient.

The synthetic data was compared with real data of one wet season measured at Chapingo station
(Figure 6-6 and Figure 6-7) Notice that the precipitation time series of real data has a higher
number of peaks which are also close to each other, while the synthetic precipitation series shows
fewer peaks with a bigger time between them and the values of the peaks in the synthetic series
are much higher than in the actual measurements. These differences can be explained due to the
low correlation coefficient (Table 6-3) between the variables, as described in the following
paragraph. For evaporation data, the number and corresponding values of the peaks are similar
between both series.

In order to explain this case further, another example of synthetic time series (Figure 6-8) was
generated but in this case, the correlation coefficient was increased (to 0.8). In such series, notice
that the precipitation data looks more similar to the real data in 6-7 (Lower values and more
frequent peaks) while evaporation data does not show much difference. From this example, is
important to highlight the role of dependence in precipitation data, it shows a noticeable
improvement for a higher correlation coefficient. However, evaporation data shows no significant
changes.

The analysis presented in the previous paragraphs indicate that the model is able to capture quite
well the temporal distribution and estimation of precipitation and evaporation.

6.3 Water Levels

To recreate the water level fluctuation at Lake Texcoco a hydrological balance was performed in
the region. The synthetic time series was used as an input. In section 4.4.3 it was stated that once
the volume at the lake was computed, the elevation and surface area at the lake were obtained
from the Volume-Elevation and Volume-Area curves ( fitted to a 2"-degree polynomial line) as
shown in Figure 6-9 and Figure 6-10.
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Figure 6-9 Volume-Elevation Curve at Lake Texcoco (Continuous) and Trend Line (Dotted)
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Figure 6-10 Volume-Area Curve at Lake Texcoco (Continuous) and Trend Line (Dotted).

The results from the hydrological balance are relative to the initial water level at the lake at the
beginning of the wet season (Day 0 in Figure 6-11). The initial water level considered for this
thesis is level 2231 (1m depth relative to the foot of the dike), considering that by the end of the

dry season the lake was almost dry. The variation of the water level and the climate variables for
one wet season is shown in Figure 6-11.
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Figure 6-11 Fluctuation of environmental data, volume and water elevation at Lake Texcoco in the
wet season.
X-axis: Number of days in the wet season (185 days).

The bottom plot of Figure 6-11 shows that the water level in the lake can increase approximately
5 to 6 meters (relative to the initial water depth) during the wet season, which is a significant
water level growth. The procedure was performed for every water depth from the V-E curve with
similar results. A close up of the water level fluctuation in Figure 6-11 is presented in Figure 6-12.
Additionally, the hydrologic balance (Eg. 15) was tested using real data from Chapingo Station,
the water level fluctuation at the lake in the wet season of the year 1961 is shown in Figure 6-12

as well.
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Figure 6-12 Volume and water level fluctuation in Lake Texcoco during the wet season.
Chapingo Station Data (Left) Simulated Data (Right).
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It is observed that the actual measurements of climate data result in a water level increase of
approximately 5.5m respect to the initial water depth, very similar to the simulated data. Both
graphs show a tendency of increasing water level through the wet season. Thus, the synthetic data
provides a good estimation of water levels at the lake.

The hydrological balance was applied to the thousand years of synthetic data considering different
initial water depths at the beginning of the wet season (from 1m to 20m) and the resulting water
levels were added to their corresponding wind set up. A statistical analysis of the yearly maximum
water levels over the thousand years of synthetic data was used to assess the reliability of the
Nezahualcoyotl dike. The results from this procedure are presented in the following chapter.
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7 Reliability Analysis

This chapter introduces an approach to assess the reliability of the Nezahualcoyotl dike.

7.1 Overflow

To estimate the probability of failure in the dike (PF), a frequency analysis was performed. This
technique allows predicting water level values based on return periods or probabilities of
exceedance. The annual maxima of water level for a given initial water depth were extracted from
the thousand years of generated data (Section 6.3), then, this information was fitted to a General
Extreme Value Distribution (GEV). The parameters for the fitted distribution are:

Shape Scale Location
Parameter Parameter Parameter
[K] [o] [m]
1.19 8.09e-12 20.04

Table 7-1 GEV Distribution Parameters for extreme water levels at an initial depth of 1m.

The frequency curves of the fitted probability distribution and the empirical data were plotted in
the form of CDF’s (Cumulative distribution functions).
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Figure 7-1 Frequency Curve for an initial water depth of 1m.
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Figure 7-1 illustrates the case when the water level at the lake is approximately 1 meter at the
start of the wet season (Figure 7-2). The return period for a water level exceeding 8 meters (Height
of the Nezahualcoyotl dike) is approximately 300 years. It is important to be clear that if a water
level with a 300 year return period occurs, it does not mean that another water level of that
magnitude will not occur in the following 300 years. This probability is actually the first
estimation of the probability of failure of the dike. In the following paragraphs, other values of
the probability of failure will be presented as a result of variation in some of the model variables.
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Table 7-2 shows the probability of failure (PF) of the dike for different depths at the beginning
of the wet season at the foot of the dike.

Water Depth at sl PF PF
the foot of the dike [m] (Without Set-up) (With Set-up)

1 2231 0.002 0.003
2 2232 0.013 0.018
3 2233 0.063 0.078
4 2234 0.222 0.261
5 2235 0.566 0.624
6 2236 0.918 0.943
7 2237 1 1
8 2238 1 1
9 2239 1 1
10 2240 1 1
11 2241 1 1
12 2242 1 1
13 2243 1 1
14 2244 1 1
15 2245 1 1
16 2246 1 1
17 2247 1 1
18 2248 1 1
19 2249 1 1
20 2250 1 1

Table 7-2 Probability of failure (In any one year) given an initial water depth.

Table 7-2 presents PF=P(Water level> 8 meters at Texcoco Lake) assuming that the water level
of the lake at the start of the wet season has the meters indicated in the first column. For example,
the second row of Table 7-2 can be read as follows: “If the water level at the lake at the start of
the wet season is equal to 2 meters, the probability that the dike will be overflown is 0.013”. For
levels higher than 5 meters it is clear that the dike would have failed every year assuming the
model presented in previous sections is correct. Table 7-2 also shows the probability of failure
for the case when wind set up is not taken into account (Column 3). Wind set-up was employed
as a deterministic variable added to the computed water levels using Eq. 14.

Notice that the results from not considering wind set-up are not much different from the results
of taking it into account (Probability of failure -PF- of 0.002 and 0.003 respectively). The
contribution of wind set up does not have a large influence on this model. Figure 7-2 shows a
schematic of the initial water depths at the beginning of the wet season relative the height of the
dike.
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Figure 7-2 Example of initial water levels at the start of the wet season.
Water level at Lake Mexico (Left). Water Level at Lake Texcoco (Right).

The return period for the mean water level at Lake Texcoco (6 meters approximately. Figure 5-10
and Figure 7-2 ) corresponds to 3 years (PF=0.35) or a 35% chance that the dike will be overflown
in any one year. Assuming a scenario without the dike and considering Lake Texcoco at mean
conditions, the probability that the city of Tenochtitlan could be flooded is 110 times higher than
a scenario with the dike. This result can explain why the city was constantly threatened by floods
after the dike was destroyed, and highlights the inefficiency of the infrastructure available in
colonial Mexico City. One could speculate why authorities of the time considered the drainage of
the lakes as the only viable solution to deal with the problem of flooding after the conquer of
Tenochtitlan.

It was noted that the computation of the probability of failure is sensitive to the tributary area of
the basin used in the hydrological model (Eg. 15).

Water Level [m] Tributary Area [Km2] PF Return Period [Years]

2250 3603.6 0.0003 3906.6
2245 3913.7 0.003 348.5
2240 4146.26 0.009 106.5
2236 4450.52 0.029 34.6
2232 4585.46 0.043 23.3
2231 4618.85 0.047 21.3
2230-Empty Lake 4959.8 0.102 9.8

Table 7-3 Probability of failure (in any other year) for different tributary areas of the basin.

Table 7-3 shows that the tributary area of the basin influenced considerably the probability of
failure of the dike. The major constraint is the Lake-Catchment Surface Area relationship. This
relationship is determined by the size of the lake given that the area occupied by the lacustrine
system is not considered as a tributary area but as the receptacle of water. See Eq. 16 and Figure

7-3.
A’rributary = ABasin - Al_ake

Eq. 16
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Figure 7-3 Tributary Area.

The surface area of the lake at different water levels was obtained from the V-E curve in Figure
5-9. The probability of failure presented in Figure 7-1 and Table 7-2 was obtained for the tributary
area of the sub-basin minus the area occupied by the lakes at level 2245m (Eq. 16) as shown at
the second row in Table 7-3. The first row in Table 7-3 corresponds to the area of the sub-basin
minus the area occupied by the lakes at level 2250m (High-water mark), which results in a return
period of 4000 years approximately (PF=0.0003). Notice that a 5-meter difference in water levels
at the lake results in a dramatic reduction of the return period (3600 years). However, the gap
between return periods gets smaller when lower water levels define the size of the lacustrine
system. For example, between lake level 2250 and 2245m there is a reduction of approximately
3600 years for the return period, while between lake level 2245m and 2240m there is a reduction
of 240 years.

o S ; -

Figure 7-4 Lake Texcoco at level 2245 m.a.s.| (Left and 2250 m.a.s.| (Right).

The model proved to be highly sensitive between levels 2240m and 2250m. Notice in Figure 7-4,
that the biggest difference between those levels is the area reduction at Lake Zumpango (North).
This could indicate the importance of this lake to provide water to the lacustrine system relative
to other zones. Nevertheless, the topography employed could also be a factor that influenced these
results. It is important to test the model for different topography sources in order to verify this
hypothesis.

Finally, if the total area of the sub-basin is used as the tributary area (Empty lake), the resulting
return period would be equal to 10 years (PF=0.1).
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From the results presented in Table 7-3 together with the historical records of floods in
Tenochtitlan (Section 3.5), is possible to provide an estimation of what could have been the
tributary area of the basin:

The minimum tributary area corresponds to the high-water mark level of 2250m and is equal to
3603.60 Km?, following in a probability of failure equal to 0.0003 (Return period of 4000 years
approximately). The maximum tributary area is computed considering that no floods occurred
while the Nezahualcoyotl dike was still standing (70 years approximately). Therefore, the
probability of failure of the dike would have been of at least 0.014 (1/70), resulting in a tributary
area close to 4250 Km? (for a lake level of approximately 2240m according to Table 7-3). These
two areas set the lower and upper boundaries for the tributary area in the basin. Thus, assuming a
tributary area between those two limits, for example, at level 2245 (as in Figure 7-1 and Table
7-2) is a reasonable choice given that the exact tributary area is uncertain.

The methodology and results presented in this thesis considered the contribution of precipitation
and evaporation in the hydrological balance at the lacustrine system. Appendix F presents an
alternative analysis by including river discharge into the hydrological balance (Eg. 15). In order
to account for possible contributions of springs to the discharge of the rivers. This analysis was
performed to estimate the influence of this variable in the probability of failure of the
Nezahualcoyotl dike.

7.1.1 Scour

The flow over a hydraulic structure could lead to jets, which lifts the sediment particles and
transport them downstream of the impacted area. The impact area is transformed into an energy
dissipator and a scour hole is formed. Important parameters are the equilibrium scour depth and
the length and width of the scour hole (Hoffmans & Verheij, 1997). For the case of the
Nezahualcoyotl dike, a plunging jet would’ve been more likely to occur (Figure 7-5). This type
of jet refers to the water that impinges on the free surface due to overflow discharge through a
hydraulic structure.

Figure 7-5 Plunging Jet

To calculate the equilibrium scour depth, the definition by Schoklitsch (1932) based on flume
experiments was employed (Eq. 17).
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0.57 H 0.2

C
Yo+ =

d0.32
90
Eq. 17
In which:
~ Yne- Equilibrium scour depth (m).
— ¢, Coefficient with a dimension (=4.75).
— q: Discharge per unit width (m?/s)
— H : Height between head and tail water levels (m).
— dg,: Particle diameter for which 90% of the mixture is smaller than deo (m).

As rule of thumb, some of the variables of the previous equation were chosen in the following
way:

e The overflow discharge was calculated using the formulation of discharge over a weir

(Eq. 18).
q, - % J2gR 2

Eqg. 18
In which:

q,, : Discharge over the dike [m?/s].
g : Gravity acceleration [m/s?].
R.: Height of the crest relative to the water level. [m].

e The head over the dike was chosen as 0.1 m which correspond to an 8.1m water depth at
Lake Texcoco (respect to the foot of the dike).

e The height between the head and tail water levels depend on the water depth at Lake
Mexico. This lake was largely influenced by the chinampa system which needed a
constant regulation of water levels. An estimation of the water level in Lake Mexico was
presented at section 5.2 and is equal to 2 meters. Hence, H =8.10m—2m =6.10m.

e The superficial layer of the soil in Lake Texcoco is described as a clayey silt to sandy silt,
with a high content of sand (85%) (Diaz-Rodriguez, 2003). It was not possible to obtain a
grain size distribution curve of the region. However, a dgo equal to 0.5 mm was used based
on the previous description.

Lake Mexico Lake Texcoco

2232 m.a.s.|
2230 m.a.s.l

Expected Scour hole

Figure 7-6 Scenario for scour.
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Finally, by introducing the previous data into Eq. 17 and Eq. 18, a scour depth of 18 meters was
obtained. This result indicates that the water level at Lake Mexico would have not prevented a
scour hole to occur, even for such a small head at the dike (10cm). A scour hole of such magnitude
would most likely have provoked serious damage at the foot of the dike, leading to instability of
the structure and eventually to its collapse.

7.1.2 Conclusion

Concerning overflow as the most relevant failure mechanism for the Nezahualcoyotl dike, the
reliability analysis showed that the probability of failure is equal to 0.003 (or 300 years return
period). This result corresponds to a lake area of 3913.70 Km? and a water depth of 1m at the
beginning of the wet season. It is clear that the dike is more prone to fail if the initial level is
higher at the beginning of the wet season (Table 7-2), given that generally, the water level at the
lake increases 5 to 6 meters each wet season (Section 6.3).

The analysis of overflow presented in this chapter, provides positive results regarding the safety
of the dike, an estimated value of the probability of failure equal to 0.003. However, the results
are obtained with a model surrounded by great uncertainties, such as the water depth at the
beginning of the wet season and the size of the tributary area of the basin relative to the surface
area of the lakes. It is still important to highlight that the results from this approach agree with the
historical description in which the dike never failed during its 70 years of lifetime. The results
presented in section 7.1 confirmed that the dike was capable of protecting Tenochtitlan from
rising water levels.

Section 7.1.1 presents an attempt to illustrate what would have been one of the effects of
overflown at the dike. As result, a scour depth of approximately 18 meters could have formed at
the foot of the dike at the side of Lake Mexico, putting at risk the stability of the dike and possibly
leading to its collapse. This analysis has uncertainties related to the soil at the bottom of the lake.
Hence, more information about this topic is needed.

7.2 Overtopping

In section 7.1 it was mentioned that wind set up did not have an important contribution to the
estimation of the probability of failure at the dike. Nevertheless, wind waves could have also been
present at the lake. In this section, an overtopping analysis is presented.

Wind waves are formed when the wind’s energy is transferred to the surface of water. Several
factors contribute to the formation of such waves: Wind speed, duration of the wind, fetch and
water depth. The longer the fetch, the larger the waves. In lakes, waves can also cause a seiche,
which means “a back and forth movement” of water. In this thesis, overtopping is not considered
as the most relevant failure mechanism in the dike, however, is worth to analyze it.

At Lake Texcoco there is no data available of wave height and period, hence, it was generated
using the equation proposed by Young and Verhagen (1996):
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0.572
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H=H, tanh(0.343dl'“)-tanh[ 44110 F ]

tanh (0.3436 1-14)
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Eq. 19
In which:

—  F: Fetch [m]. — g Gravity acceleration [m/s?].
— d: Water depth [m]. ~ gH.,
— U, : Wind velocity at an altitude of - H= vz

10m [m/s]. o aT
~ T, Peak wave period [s]. - T= U—p
— H,,: Significant Wave Height [m]. . glo
— H_ : Dimensionless wave height at - d= u2

deep water (0.24). - goF

AL . - F=2
— T, : Dimensionless wave period at Uz

deep water (7.69).

Wave data were computed for wind directions from the east side region of the lake. The main
purpose of this analysis is to consider the worst case scenario possible. Overtopping was
computed for a water level of 8 meters and a wind velocity of 8 m/s at the most vulnerable zone
of the dike: The middle section (Figure 5-7), which is the lowest.

The mean overtopping discharges were calculated using Eg. 20 and the corresponding results are
presented in Table 7-4.
R 1.3
9 _0.047-exp| -| 2.35—
gHrio Hmo
In which:

— @: Mean overtopping discharge [m3/s/m].
— Rc: Height of the crest relative to the water level. [m].
-~ H,,: Significant wave height [m].

Eq. 20
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q
Wind Water Crest R F U, Ho T,

Direction depth [m]*  Level [m] ¢ [m] [m/s] [m] [s] [m3/s/im] [l/s/m]
N (0°) 8 8 0 8389.23 8 047 259 005 4751
NNE (22.5°) 8 8 0 2230884 8 069 337 008 8429
NE (45°) 8 8 0 25079.42 8 072 347 009 8935
ENE (67.5°) 8 8 0 2428878 8 070 345 009  87.96
E (90°) 8 8 0 2174200 8 068 335 008 8319
ESE (112.5°) 8 8 0 1441077 8 058 300 007 6624
SE (135°) 8 8 0 1497222 8 059 303 007 6774
SSE (157.5°) 8 8 0 14380.08 8 058 300 007 6618

Table 7-4 Overtopping mean discharges.
*Relative to the foot of the dike.

The highest wave comes from the northeast direction and is approximately 0.72m height, which
corresponds to a mean overtopping discharge of 89.35 I/s/m per meter. Is important to consider
that this is not a continuous discharge. It depends on each wave reaching the dike. The resulting
overtopping discharge can be considered slightly high. However, the dike had water at both sides
so probably the influence of wind waves would not have been a serious factor.

7.3 Comparison to Modern Reliability Standards

The failure mechanisms considered in this thesis were based on failure mechanisms that are
evaluated in the Netherlands and other countries. Consequently, the Aztecs’ design criteria will
be compared to the criteria applied by Dutch engineers nowadays.

Currently, there are two safety standards in the Netherlands: The “old” standard which is
expressed as an acceptable return period of a hydraulic load to each section of a flood structure
must be able to withstand (Jonkman et.al, 2017). The “new” safety standards are based on an
acceptable probability of flooding in a dike trajectory.

The assessment presented previously for the Nezahualcoyotl dike (Section 7.1) is based in the
exceedance of a determined water level. Thus, the old Dutch standard is more appropriate to be
compared with the probability of failure of the Nezahualcoyotl dike.

Figure 7-7 shows the “old” safety standards at different regions of The Netherlands based on
service limit state (SLS) criteria. Some sections show a probability of failure of 0.0008 or a return
period of 1250 years. The highest (SLS) probability of failure in The Netherlands is, therefore,
60% smaller than the probability of failure in the Nezahualcoyotl dike. However, the safety
standard that the Aztecs desired to achieve was based on an ultimate limit state (ULS), because
no amount of water intrusion from Lake Texcoco was allowed due to its saline nature. The old
Dutch standard for ULS is equal to 1/125000 (flooding probability originally derived as an
optimum by the first Delta committee), corresponding to a probability of failure of 0.000008.
Comparing this standard to the probability of failure of the Nezahualcoyotl dike (Section 7.1.
PF=0.003), the probability of failure at the dike is 350 times bigger than the (ULS) old Dutch
standard.
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Figure 7-7 Old Safety standards in The Netherlands.

Furthermore, is worth to compare the safety of the Nezahualcoyotl dike to safety standards in
other regions. For example, in the United States (U.S). A water level with a probability of
exceedance of 1/100 or 1/200 per year is the current design level in California (Ammerlaan,
2007), which is higher than the probability of failure of the Aztec dike also computed under the
assumption of exceeding water levels.

The safety standards for dikes in The Netherlands or in the US are based on completely different
phenomena than the hazards that threatened Tenochtitlan. Most of the dikes in the Netherlands
are designed to withstand hydraulic loads related to coastal conditions, while the Nezahualcoyotl
dike considers conditions relevant for lakes. Moreover, we have no evidence to think that its
design considered any statistical basis.

Additionally, in California and Mexico, there are earthquakes while The Netherlands does not
encounter earthquakes of such magnitude. Garcia Acosta & Suéarez Reynoso (1996), describe two
earthquakes during the lifetime of the Nezahualcoyotl dike. The first occurred in 1455. In this
earthquake, the earth craked and the chinampa system collapsed. Considering that the chinampas
were terrains built with humid materials (Section 3.4), their collapse shows a high-intensity seism
(V111 according to the Cancani scale. Defined as “Ruinous”).

A second earthquake took place in 1475. This earthquake is described by the following
description (Garcia Acosta & Suarez Reynoso, 1996):

“[...] several hills crackedd and buried the houses [...] almost all the houses and buildings
of the city were ruined. In some zones, the earth cracked and the top of some hills sank

[L.]

The intensity of this earthquake is characterized between level VIII and X in the Cancani scale
(Ruinous to Very Disastrous respectively). The previous descriptions show evidence that the
Valley of Mexico was affected by strong earthquakes during the pre-hispanic era. However, these
descriptions do not mention damage to the Nezahualcoyotl dike. It cannot be concluded that the

69



Reliability Analysis

dike remained intact after these incidents. The resistance of the dike under earthquakes adds more
uncertainties to its reliability, which is an important factor to take into account for future research.
The criteria under which the levees in The Netherlands and California were constructed is also a
factor to take into account. In the US, engineers design and evaluate levees based on levee design
documents that are related to dam design manuals. In The Netherlands, dike safety is examined
using special levee evaluation documents (Ammerlaan, 2007). For the case of the Nezahualcoyotl
dike, there are no records that its safety was evaluated using guidelines of any type.

The probability of failure of the Nezahualcoyotl dike prove to be too high when compared to
Dutch standards, but it is slightly lower than that of levees in California. Moreover, the
Nezahualcoyotl dike never failed during its lifetime. With a PF=0.003 (Return period of 300
years) the reliability of the dike is equal to 0.997, which means a 99.7% chance that the dike did
not fail in any one year.
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8 Conclusions and Recommendations

This chapter presents the conclusions derived from the work conducted for this thesis,
additionally, the answers to the research questions are provided and recommendations for further
research are suggested based on the conclusions.

8.1 Conclusions

Thesis goals The main objective of this thesis was to assess the reliability of the Nezahualcoyotl
dike considering the most relevant failure mechanism for this structure. With this premise in mind,
the main effort was focused on the characterization of the dike itself and the lacustrine system.
This task was challenging since there are no remains of the dike and the lakes were drained almost
completely by the start of the 20th century. The probabilistic model presented in this thesis aimed
to estimate the values of the variables necessary to test the most relevant failure mechanism in
the dike: Overflow.

Main findings

An analysis of the flood history at the city of Tenochtitlan lead to the conclusion that the main
hazard was the increase of water level in Lake Texcoco. There are no records of other types of
flood-related hazards in the region, thus, overflow was selected as the most relevant failure
mechanism. Additionally, as a consequence of overflow, an analysis of the equilibrium scour
depth at the foot of the dike was performed. Finally, overtopping as failure mechanism was also
included in the analysis. These last two failure mechanisms were not studied in the same detail as
overflow.

The hydrological model presented in this thesis was selected to estimate overflow in order to
generated data related to such failure mechanism. That is to investigate the water level fluctuation
at Lake Texcoco. Only data during the wet season was used to create the model since
approximately 90% of the yearly precipitation occurs during this season (Mucifiio, 2001).

In this research, an important finding was the VVolume-Elevation curve in Lake Texcoco (Section
5.2) using spatial analysis tools (ArcGIS). Such analysis allowed to confirm the proposals by
Palerm (1973) and Bradbury (1971) (See Table 8-1). Additionally, this information allowed to
provide a proposal for the layout of the Nezahualcoyotl dike.

Level [M.a.s.l] Water Depth [m] Observations
2230 0 Level at the foot of the dike and also the level of the bottom of the lake.
2232 2 Water level at Lake Mexico.
2236-2239 6-9. Mean water level of Lake Texcoco.
2240 10 Level at which the all the Lakes joined as one body of water.
2250 20 High-water mark.

Table 8-1 Water levels at the lacustrine system.

The mean water level in Lake Texcoco was approximately 6 meters relative to the foot of the
dike. This information supported the description provided by Hernandez Cruz (2013) in which
the Nezahualcoyotl dike was 8 meters’ height. 3.5 meters’ width and 16 kilometers’ long (Table
5-7 and Figure 5-17). The orientation of the dike was investigated using ArcGIS and it was found
that the proposal given by Palerm (1973) did not comply with the dimensions provided by
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Hernandez Cruz (2013). The results from ArcGIS showed that the dike was 21 Km long. Thus, a
new orientation was proposed for this thesis (Figure 5-16).

The cross-sectional and longitudinal view of the topography at Lake Texcoco (Figure 5-6 and
Figure 5-7) showed that Tenochtitlan was located within the lowest region of the lacustrine
system, between Km 4+000 and Km 9+000 of the dike. This can explain the importance of the
Nezahualcoyotl dike for the Aztec empire.

To construct the hydrological model used to investigate the reliability of the Nezahualcoyotl dike,
present-day data of precipitation, evaporation and river discharge was employed. A total of five
stations were selected for their location at the east side of Lake Texcoco. The results of the model
showed that all the stations could be fitted to the same probability distribution. For precipitation
the data, all the stations fitted to a Generalized Pareto distribution, while data of evaporation, all
the stations fitted to a Generalized Extreme Value distribution.

Moreover, all the stations proved to have similar rain pattern and a similar Spearman’s rho
correlation coefficient between the variables. For the rain pattern, the transition probabilities from
state O (Dry days) to 1 (Wet days) and 1 to 0 showed to be around 0.3 to 0.4, while the transition
probabilities for states 0-0 and 1-1 ranged between 0.6 to 0.69 (Table 6-2). The correlation
coefficients between the pairs PR —PR and PR —E were in the order of 0.2, and the correlation
coefficients for the pair E — E were in the order of 0.4 (Table 6-3). Therefore, it is concluded that
there is no spatial variation of the variables in this region, which allowed to simplify the model
by focusing on data from only one station: Chapingo (DGE)

The hydrological model was able to capture quite well the temporal distribution and estimation
of precipitation and evaporation values (Figure 6-6, Figure 6-7 and Figure 6-8). In general, the
model overestimated values of precipitation, however, it was due to the low correlation coefficient
between the variables (0.20 approximately), while evaporation values were not affected by this
coefficient.

The synthetic water levels obtained from the hydrological balance (Section 6.3) showed the same
behavior as the levels generated using actual measurements of the climate variables. Both results
show an increase in water levels of 5 to 6 meters during the wet season (Figure 6-12).

After the water levels were obtained, the probability of failure due to overflow at the dike was
computed. This was the most important result of this thesis. It was noted that the safety of the
dike was greatly influenced by 2 factors: The water level at the start of the wet season and the
tributary area of the basin. While the inclusion of wind set up in the analysis did not influence the
results.

A higher initial water level increased the chance that the dike would fail (Table 7-2). Historical
records mention that the lake decreased its volume during the dry season due to the high
evaporation rates, sometimes to even dry the lake completely. Hence, focus was given to compute
the probability of failure for an initial water depth of 1 meter.

The tributary area of the basin is mainly determined by the extent of the lacustrine system. In this
thesis, an area between 3603.660 and 4250 Km? is proposed, which corresponds to the lake at
level 2250 and 2240 m approximately (Table 7-3). Thus the probability of failure of the dike
fluctuates between 0.0003 and 0.014. (Return periods of 300 and 70 years respectively). Finally,
a tributary area between these limits was selected (3913.70 Km?) corresponding to a lake level of
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2245 meters. The resulting probability of failure is 0.003 (For an initial water depth of 1m at the
beginning of the wet season).

The maximum overtopping discharge at the dike is equal to 89.35m?/s/m for wind waves coming
from the Northeast with a wave height of 0.72 meters and a wave period of 3.5 seconds. Such
discharge is not constant, depends on the waves arriving at the dike. Even though the overtopping
discharge is quite large, its effect on the inner wall of the dike could not be considered serious
due to the presence of water in Lake Mexico.

The equilibrium scour depth was computed using an equation that described the flow over a weir
(Eq. 18) since the flow over the dike could be described as a similar situation. The water depth at
Lake Texcoco chosen for this analysis was 8.10m, which equals an overflow height of just 10cm.
However, the resulting scour hole depth is equal to 18 meters (Section 7.1.1). The formation of
such a hole would have also depended on the duration of the flood and influenced the stability of
the dike. It can be concluded that overflow at the dike could have not only resulted in flooding
Tenochtitlan but also with the possible collapse of the Nezahualcoyotl dike. Meaning that the
presence of water in Lake Mexico would have not reduced the effect of scour.

In summary, the characterization of the lacustrine system, the Nezahualcoyotl dike, and the
probabilistic model proposed in this thesis are surrounded by uncertainties. Nevertheless, the
hydrological model provided good estimations for the values of precipitation, evaporation and,
water levels. The results from the reliability analysis agree with the fact that the dike never failed
during its lifetime (70 years approximately). The probability of failure of the dike is estimated as
0.003 equivalent to a return period of 300 years (given a water level of 1 meter at the beginning
of the wet season and a tributary area of 3913.70 Km?). In other words, a 0.33% chance that the
water level will be exceeded in any one year. There is no evidence that the dike was built under
statistical basis or that the Aztecs’ followed construction guidelines as most of the designs of
hydraulic structures nowadays. Regardless, the Aztecs’ engineers had a deep understanding of
the lacustrine system. This was evidenced by the description provided by all the sources used in
this thesis and especially by the result of the reliability analysis in section 7.1. There is no doubt
why the Aztecs were known as the great hydraulic engineers of pre-Hispanic Mexico.

8.2 Recommendations for further research

Throughout this thesis, three main topics are recommended for further investigation: Improving
the hydrological balance, including the complex interaction between the lakes, and expanding the
characterization of the Nezahualcoyotl dike.

Regarding the first topic, the methodology carried out in this thesis could be improved on the
following issues:

— Including other fluxes into the hydrological balance, such as groundwater discharge,
infiltration, and runoff.

Obtaining groundwater volumes requires information of aquifer in the basin, such as the
limits of the aquifer, area, fluctuation of piezometric levels, hydraulic conductivity and its
storage capacity. These data can be downloaded from Mexico’s national database INEGI.

Infiltration volumes could be determined using an additional hydrological balance:
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PR = E + Qgunotr + Qunitrated

The previous equation is only applicable when the volume of precipitation exceeds the
volume of evapotranspiration (Gémez-Reyes, 2013). This condition agrees with the case
of the basin during the wet season.

Runoff data is the percentage of superficial water that drains in the basin. It can be
computed using hydrometric information. For this variable, data about vegetation cover
and land use are crucial. However, more uncertainties will arise since the basin has been
severely altered by humans in the last 350 years.

Expanding the analysis of the climate variables considering stations located throughout
the entire basin, in order to consider the rain pattern in other regions surrounding the lakes,
as well as possible differences in the dependencies between the variables.

Computation of precipitation volumes can be improved by estimating their contribution
to each lake through Thiessen polygons or Isohyets (The latter could require Kriging
algorithms). While evaporation volumes can be checked using Penman Monteith’s
equation if the relevant data for this method such as net irradiance, ground heat flux,
specific humidity or conductivity of air are available.

As mentioned in section 7.1, the water level at Lake Texcoco at the beginning of the wet
season is an important factor that influences the probability of failure of the dike.
Upgrading the generation of water levels at the lake by including data during the dry
season will allow estimating the water level at the beginning of each wet season. Thus, a
more realistic characterization of the lake could be obtained.

This thesis generated the water level fluctuation only in Lake Texcoco, the model can be expanded
to the entire lacustrine system by exploring the following ideas:

Generating Volume-Elevation and Area-Elevation curves for each of the six lakes in the
lacustrine system. In order to get a more realistic layout of the complex interaction
between the lakes, considering that the lakes at higher altitudes filled first and then their
surplus water was deposited in Lake Texcoco. Perhaps such filling process could have
slowed down the speed at which Lake Texcoco grew over during the wet season.

Taking into account the role of the entire hydraulic organization developed by the Aztecs
in all the lakes. Figure 5-13 shows the extent of such organization in the lacustrine system.
Additionally, in section 5.3 is described how these structures already had an impact on the
regulation of water levels in the lakes. Therefore, it is important to estimate the influence
of these structures on the safety of the empire and to the probability of failure of the dike.

Computing and comparing the results of the hydrologic model employing Volume-
Elevation curves for topographies from other sources, in order to measure the influence
of this information in the results. It is also recommended to study the influence of land
subsidence in current topography in Mexico City (because current topography could be
affected by it), to have a better estimation of the water levels in the lakes.
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Reconstruction of the Nezahualcoyotl dike can be improved by considering the following points:

Investigating the construction materials of the dike. This could be achieved by consulting
documents of other Aztec’s ancient structures, such as temples or aqueducts that still
remain to this day. An analysis of this type could allow performing a reliability analysis
of the dike for failure mechanisms such as micro stability.

A failure mechanism that was not mentioned in Table 2-1 is the failure due to non-closure
of gates. In historical sources, it is mentioned that the Nezahualcoyotl dike would have
had gates to regulate the flow between the two lakes. The reliability of closure, the number
of demands and the storage capacity of inflow water behind the dike has to be considered.
This is an important failure mechanism to take into account for future research.

Finally, some extra remarks:

The methodology employed in this thesis to compute wave heights and wave periods at
the lake is very simple. It is proposed to use different formulations or to elaborate a model
to improve its estimation.

Developing a probabilistic model to characterize wind throughout the wet season, so its
influence in the water levels at the lake could be more realistic.

Given that the dike has water at both its sides it can also be modeled as a dam. Hence,
different failure mechanism related to such type of structure can be studied.
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Appendix A: Wind Roses
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Appendix A: Wind Roses
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Appendix C: Cumulative Distribution
Functions and Goodness of Fit

Cumulative Distribution Function

2 . . . .
ﬁ empirical
'g — generalized pareto
o weibull
o 0.5 - - gamma .
E birnbaumsaunders
=
E
=
U 0 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Value
Cumulative Distribution Function
E 1 —— Al T L}
% empirical
'8 generalized extreme value
o — loglogistic
o 05T - gamma T
= nakagami
=
£
=
o 0 1 1 I} 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Value
> Cumulative Distribution Function
= 1 T T T H—
% empirical
o
o — lognormal
o 0.5 —— generalized pareto |
_g e = - generalized extreme value
© — loglogistic
=
£
: 1 1 1
o 0
103 102 107! 10° 10" 102

Value
Figure C- 1 CDF’s for precipitation, evaporation and river discharge data at La Grande station.
*X axis units: Mm/day for precipitation and evaporation and m3/s for river discharge.
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Appendix C: Cumulative Distribution Functions and Goodness of Fit
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Figure C- 2 CDF’s for precipitation, evaporation and river discharge data at San Andres Station.
*X axis units: Mm/day for precipitation and evaporation and m3/s for river discharge.
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Appendix C: Cumulative Distribution Functions and Goodness of Fit

Cumulative Distribution Function
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Figure C- 3 CDF’s for precipitation, evaporation and river discharge data at El Tejocote station.

*X axis units: Mm/day for precipitation and evaporation and m3/s for river discharge.
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Appendix C: Cumulative Distribution Functions and Goodness of Fit

Cumulative Distribution Function
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Figure C- 4 CDF’s for precipitation, evaporation and river discharge data at Chapingo
(DGE) station.
*X axis units: Mm/day for precipitation and evaporation and m3/s for river discharge
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Appendix C: Cumulative Distribution Functions and Goodness of Fit

Atenco La Grande San Andres Tejocote Chapingo (DGE)

G.EV 12696.0 G.E.V 91109 G.EV 134954 G.EV 61074 G.EV 19012.7

Nakagami 12750.3  Loglogistic 9151.7 Nakagami  13541.7 Loglogistic 6137.9 Nakagami  19104.0

Gamma 12800.1 Gamma 9168.2 Gamma 13566.7 Gamma 6148.9 Gamma 19150.1

Weibull 12808.0 Nakagami 9238.9 Weibull 13612.6  Nakagami 6227.6  Weibull 19189.9

Rician 12829.0 Tlocationscale 9295.4  Rician 13650.8 Rayleigh 6246.5 Rician 192415

Table C- 1 Evaporation data goodness of fit.
Atenco La Grande San Andres Tejocote Chapingo (DGE)

G. Pareto 6508.5 G. Pareto 5009.0 G. Pareto 72443  G. Pareto 29911  G. Pareto 9469.1

Bimbaum- 5136 weibull 50442 Weibull 72882 Cimbaum- 29985  Weibull 9538.5

saunders saunders

Weibull 65449 Gamma 5050.6 Gamma 7302.8  Lognormal 3025.2 ;'l:rr‘]zgr‘:" 9547.8

Gamma 65614 Dimbaum- 50525 ~BIMbaum- a0 5 Eyponential 30366 Gamma 9558.9

saunders saunders
Lognormal ~ 6592.9  Exponential 5059.7 Lognormal  7349.3  Weibull 3033.97 Lognormal 9586.0
Table C- 2 Precipitation data goodness of fit.
Atenco La Grande San Andres Tejocote Chapingo (DGE)

G.EV -297.0 G.EV 3936.1 G.EV 32776 G.EV 2628 G.EV -4267.2
G. Pareto 2283  G. Pareto 39650 G.Pareto 32895 Lognormal 2965 Ic?:ﬂifan -4114.9
Loglogistic -198.0 Lognormal 39819 Loglogistic  3339.3 Loglogistic  301.7 G. Pareto -4051.1
Lognormal  -191.1  Loglogistic 3997.0  Weibull 3506.9 g‘;’jsr;ean 3486 Loglogistic ~ -3906.8
g];lfsr:fan -37.3  Birnbaumsaunders 4074.2  Lognormal 3530.6  G. Pareto 357.7  Lognormal -3895.2

Table C- 3 River discharge data goodness of fit
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Appendix D: Distribution Parameters

Station Parameters
Code Name Shape [k] Scale [6] Location [0]
15008 Atenco 0.40 3.66 0.10
15044 La Grande 0.22 5.28 0.10
15083 San Andres 0.34 3.94 0.10
15167 El Tejocote 0.18 5.04 0.20
15170 Chapingo (DGE) 0.32 4.08 0.10

Table D- 1 General Pareto’s distribution parameters for precipitation.

Station Parameters
Code Name Shape [k] Scale [6] Location [0]
15008 Atenco -0.10 1.73 4.13
15044 La Grande -0.05 1.43 3.49
15083 San Andres -0.09 1.51 3.54
15167 El Tejocote 0.02 1.64 3.32
15170 Chapingo (DGE) -0.06 1.54 3.41

Table D- 2 Generalized Extreme Value’s distribution parameters for evaporation.

Station Parameters
Code Name Shape [k] Scale [6] Location [0]
HD26178 Atenco 1.25 0.09 0.07
HD26193 La Grande 1.70 0.32 0.18
HD26184 San Andres 1.24 0.24 0.16
HD26195 Tejocote 1.76 0.20 0.11
HD26183 Chapingo (DGE) 1.45 0.04 0.03

Table D- 3 Generalized Extreme Value’s distribution parameters for river discharge.
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Appendix E: Copula Fittin
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Appendix E: Copula Fitting
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Station Ov;rall Copula Pre Psu S,
Gauss 0.14 0.10 17.26

Atenco 0.27 Gumbel 026 0.07 17.64
Clayton 012 0.0 17.00

Gauss 0.08 0.07 23.86

La Grande 0.25 Gumbel 033 0.09 23.84
Clayton 008 0.06 24.94

Gauss 008 0.08 17.12

San Andres 0.24 Gumbel 0.00 0.07 1745
Clayton 000 0.06 16.88

Gauss 013 -0.01 1851

El Tejocote 0.18 Gumbel -0.03 0.07 1859
Clayton 001 006 19.18

. Gauss 0.07 0.10 18.05

C(hggg’o 0.25 Gumbel 0.02 0.08 1841
Clayton 0.01 0.13 1751

Table E- 1 Cramer von Mises and semi-correlation results for the pair P-P. All stations.

Station Ov;rall Copula P, P S,
Gauss 0.19 0.17 0.24
Atenco 046  Gumbel 040 016 0.09
Clayton 0.16 0.19 1.41
Gauss 024 018 0.8
La Grande 041  Gumbel 045 021 0.09
Clayton 012 013 1.00
Gauss 024 031 026
San Andres 050  Gumbel 054 025 0.10
Clayton 016 022 157
Gauss 024 0.24 0.23
El Tejocote 044  Gumbel 046 017 0.13
Clayton 0.18 0.12 1.24
Chapingo Gauss 0.27 0.29 0.17
(DGE) 0458  Gumbel 054 0.17  0.09
Clayton 0.17 0.17 1.06

Table E- 2 Cramer von Mises and semi-correlation results for the pair E-E. All stations.
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Station Ov,([e)rall Copula Pre Psu S,
Gauss -0.01 0.10 0.167

Atenco 0.18  Gumbel 027 006 0.124
Clayton 000 0.06 0.579

Gauss 006 0.5 0.388

La Grande 019  Gumbel 029 018 0.281
Clayton 010 0.06 1.061

Gauss 007 -0.02 0.192

San Andres 0.09  Gumbel 021 010 0.192
Clayton -0.02 0.04 0.358

Gauss 007 0.03 0.439

El Tejocote 0.16  Gumbel 022 0.02 0.383
Clayton -0.08 -0.04 0919

. Gauss 0.07 0.12 0.164

CFS%'E?O 0.181  Gumbel 021 007 0.121
Clayton 0.01 0.07 0.607

Table E- 3 Cramer von Mises and semi-correlation results for the pair P-E. All stations.

Station Ov;:-)rall Copula Pre  Psw S,
Gauss 0.01 0.02 0.66
Atenco 020  Gumbel 023 012 072
Clayton 005 009 0.78
Gauss 019 005 0.23
La Grande 017 Gumbel 016 000 0.31
Clayton 0.00 -0.02 0.29
Gauss 004 010 0.9
San Andres 0.18  Gumbel 024 003 057
Clayton 003 002 054
Gauss 0.14 0.06 0.55
El Tejocote 023  Gumbel 003 0.07 0.0
Clayton 011 012 0.66
Chapingo Gauss 024 -0.01 0.78
(DGE) 0379 Gumbel 013 013 0.85
Clayton 001 036 1.28

Table E- 4 Cramer von Mises and semi-correlation results for the pair P-Q. All stations.
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Station Ov:/s)rall Copula Pre Psu S,
Gauss -0.193  -0.11 1.86
Atenco -0.27 Gumbel -0.028 0.01 1.25
Clayton -0.048 -0.11 1.10
Gauss -0.07 -0.09 3.08
La Grande 021 Gumbel 001 010 213
Clayton -0.10  -0.02 1.29
Gauss -0.08 -0.11 1.93
San Andres 012 Gumbel -0.02 004 129
Clayton -0.01 -0.01 1.11
Gauss -0.03 -0.05 3.08
El Tejocote 010 Gumbel 0.05 -0.04 213
Clayton -0.15 -0.08 1.29
Chapingo Gauss -0.01 -0.10 1.92
(DGE) 0219 Gumbel 004  -001 127
Clayton -0.04 -0.02 1.12

Table E- 5 Cramer von Mises and semi-correlations results for the pair E-Q. All stations.
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Appendix F: Reliability Analysis
including River Discharge

In this appendix, an alternative reliability analysis is presented. The difference of this procedure
consists of including river discharge data into the hydrological balance (Eq. 15). This data was
collected from stations located in rivers that flowed directly towards the east region of Lake

Texcoco (Figure F- 1). These

rivers are The Papalotla, Xalapango, Coxcacuaco, Texcoco, San

Bernardino, Chapingo, Coatepec, and Santa Monica River.
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Figure F- 1 Rivers at the east side of Lake Texcoco.

The filtering process to choose the stations for river discharge data was the same as for
evaporation and precipitation data (Section 4.3.2). A total of 5 stations were chosen based on their
proximity to the stations selected for precipitation-evaporation and by their data availability. See

Table F- 1and Figure F- 2.

Code Name River Timeline

HD26178 Atenco Xalapango  1/1/1944-22/8/2013
HD26183 Chapingo Chapingo 1/8/1944-31/12/2014
HD26184 San Andres Coxcacoaco 1/8/1944-31/12/2014
HD26193 LaGrande Papalotla 1/1/1945-01/01/2007

Table F- 1 River Discharge Stations.
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As mentioned in section 6.1, only data corresponding to the wet season were considered.
fitted marginal distributions for river discharge are shown in Table F- 2.

Probability Distribution

Station Function
Q
Atenco Generalized Extreme Value
La Grande Generalized Extreme Value
San Andres Generalized Extreme Value
El Tejocote Generalized Extreme Value

Chapingo (DGE) Generalized Extreme Value
Table F- 2 Fitting distribution results for river discharge data.

18°48'0.000°N

197300.000°N

19°129.000"N

The

The previous table indicates that the data from all the stations can be described by the same
probabilistic distribution function: The general extreme value distribution. The CDF’s

(Cumulative distribution function) plots for each station are presented in Appendix C.

By following the methodology presented in Chapter 4, the next step in this analysis is the Markov
Chain model (Section 4.4.1). However, this model remains unchanged and so its results (Table

6-2).

The inclusion of river discharge data in this alternative analysis is reflected in the generation of

the synthetic data series. Thus, the copula model expanded as shown in Figure F- 3.
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Figure F- 3 Flowchart for the generation of synthetic data through a copula model (including river
discharge).

The pairs of data were divided into two groups according to two conditions: Wet days and dry
days as shown in section 4.4.2. The pairs for wet days are Precipitation-precipitation (PR-PR),
Precipitation-Evaporation (PR-E), and Precipitation-River discharge (PR-Q). The pairs for dry
days are Evaporation- Evaporation (E-E) and Evaporation-Discharge (E-Q). Now the synthetic
time series includes precipitation, evaporation and river discharge data. Precipitation and
evaporation data was generated in the same manner as presented in section 4.4.2. The generation
of discharge data is illustrated as follows:

The PR-Qcopula or C(Q]PR,), which is the conditional copula of river discharge in time t
given precipitation on time t, generates data of river discharge given a wet day. The generated
datasets for river discharge given a dry day were generated based on the E — Q copula. Where the
conditional copula of river discharge in time t given evaporation in time t is denoted as

C(QJE,)-

As result from the copula model (Section 2.5), the dependence between the pairs PR-Q and
E —Q was obtained. See Table F- 3.

Spearman’s rho correlation coefficient

Station

PR-Q E-Q
Atenco 0.2 -0.27
La Grande 0.17 -0.21
San Andres 0.18 -0.12
El Tejocote 0.23 -0.1

Chapingo (DGE) 0.38 -0.22

Table F- 3 Correlation values for all stations for the pairs with river discharge.
*Precipitation (P), Evaporation (E), River Discharge (Q).

The pairs of data sets from the previous table were also fitted to a copula following the same
procedure as in section 6.2. The results are shown in Table F- 4.

Pairs  Atenco LaGrande San Andres EIl Tejocote Chapingo (DGE)
PR-Q  Gumbel Gauss Gauss Gauss Gauss
E-Q  Gumbel Gauss Gauss Gauss Gauss
Table F- 4 Copula fit for all stations and pairs PR-Q and E-Q.

The previous table shows that the copulas that best describes each pair of data are the same for
all stations, for the exception at Atenco station in which the best fit corresponds to a Gumbel
copula instead of a Gauss copula as the other stations. River discharge data shows similar
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correlation values for both pairs PR—-Q and E—-Q between all the stations (Table F- 3).
Additionally, the marginal distributions and pairs can be described by the same marginal
distributions and copulas (Table F- 2 and Table F- 4 respectively). Therefore, river discharge data
can also be described by the data of one station. Thus, Chapingo (DGE) station was chosen in
order to keep in accordance with the results shown in section 6.2.

In total, one thousand wet seasons were generated. The resulting time series of one wet season
for river discharge is shown in Figure F- 4.
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Figure F- 4 Discharge data: (a) Synthetic data series (Top Left); (b) Real data series at Chapingo
Station. Year 1961 (Top Right); (c) Synthetic data series with a higher correlation coefficient
(Bottom).

The river discharge synthetic data were compared with real data of one wet season measured at
Chapingo station (Figure F- 4a and Figure F- 4b). Notice that the time series of real data has a
slightly higher number of peaks which are also close to each other, while the synthetic series
shows fewer peaks with a bigger time between them. The values of the peaks in the synthetic
series are much higher than in the actual measurements. A similar pattern was observed for the
precipitation time series in section 6.2.

Another example of the synthetic time series (Figure F- 4c) was generated with a correlation
coefficient of 0.8. Notice that in this case, river discharge data show a small number of peaks
throughout the wet season, where one peak is much bigger than the rest of the series. The data
does not show improvements from increasing the correlation value.

Moreover, a correlation curve between precipitation and lagged versions of river discharge was
computed. In order to estimate if river discharge had a delayed reaction to precipitation events,
which could explain the high and isolated peaks. See Figure F- 5.
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The previous figure shows that the dependence of river discharge after a precipitation event
decreases as the number of days after such event increases. This means that the initial correlation
factor (Table F- 3) is still most adequate to model river discharge data.

The analysis presented in the previous paragraphs indicate that the model overestimates the values
of river discharge. It is important to remember that the copula model did not include groundwater
or infiltration data that could improve the generation of river discharge data.

Once the synthetic time series for the three variables were generated, the hydrological balance at
Lake Texcoco was computed (Eq. F- 1).

dv
PR, 'Arributary +Q -F 'Aakej = dt - [m°/day]
ij

Eq.F-1
In which:

— PR, : the ith value of precipitation on the lake surface [m*/day].
— E,;: the ith value of evaporation from the lake surface [m3/day].
—  Q,:ith value of inflow (River discharge) [m*/day].

— Avipuary - Tributary area of the basin [m2].

— Ay, - Surface area of the lake j [m2].

_ v  the ith rate of change of volume at the lake at depth j [m®/day].

t ij
The steps to obtain the water level in Lake Texcoco are the same as presented in section 4.4.3.

The resulting water levels in Lake Mexico from the application of Eq. F- 1 are presented in Figure
F- 6 and Figure F- 7.
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Figure F- 6 Fluctuation of environmental data, volume and water elevation at Lake Texcoco in the

X axis: Number of days in the wet season.
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Figure F- 7 Volume and water level fluctuation in Lake Texcoco during the wet season.
Chapingo Station Data (Left) Simulated Data (Right).

The bottom plot of Figure F- 6 shows that the water level at Lake Texcoco can increase
approximately 5 or 6 meters (relative to the initial water depth), same as the results from section
6.3. A close up of the water level fluctuation in Figure F- 6 shows the same tendency as presented
in Figure 6-12. It appears that adding river discharge data into the hydrological balance does not
have a big influence in the generated water levels in Lake Texcoco.

The Probability of failure of the Nezahualcoyotl dike was then obtained by following the same
procedure presented in sections 4.5 and 7.1. This procedure consisted in fitting the maximum
water levels to a general extreme value distribution. The probability of failure was also computed
for the case with and without wind set up. See Table F- 5.
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Water Depth at

the foot of the dike [m]
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2231
2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247
2248
2249
2250

PF PF
(Without Set-up) (With Set-up)
0.002 0.003
0.013 0.018
0.063 0.078
0.223 0.261
0.567 0.624
0.918 0.943
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Table F- 5 Probability of failure (in any one year) given an initial water depth.
*Including discharge data.

The previous table shows almost no difference with the results in Table 7-2 (Section 7.1). From
these results, it is clear that including river discharge in the analysis does not influence the
probability of failure of the Nezahualcoyotl dike.
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