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Abstract

More than half of the world’s population currently lives in urban areas. The fastest growing
megacities are occurring mainly in developing countries, where stresses on water systems
already pose major challenges for governments and water utilities. Climate change is
expected to further burden water resource management, putting at risk governments’ ability to
guarantee secure supplies and sustainable development. In this study, the significance of
assessing the implications of climate change on water resources in megacities as an important
component of the adaptation process is explored. The Mexico City Metropolitan Area
(MCMA), one of the largest cities in the world, is presented as a case study. The downscaled
outputs of the General Circulation Model GFDLCM?2a for the A1B and B1 gas emissions
scenarios for the period 20462081 and a statistical model were used to simulate the likely
impacts of climate change in water resources and domestic water demand. The results
showed that an increase in temperature and changes in precipitation patterns could increase
household water demand for both scenarios, between 0.8% and 6.3% in the MCMA. The
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future projections also estimated increases of 150% and 200% in events with rainfall intensity
of more than 60 mm d* and 70 mm d™ respectively, drawing attention to the critical impacts
these changes may have on flood events. Despite the uncertainty of models projections,
future climate change scenarios have proven to be a flexible guide to identify vulnerabilities
of water resources and support strategic adaptation planning. In order to increase their
adaptive capacity and resilience to the effects of an uncertain climate change, megacities
should consider implementing an integrated water resources management approach that
creates opportunities through adequate policies, new technologies, flexible frameworks and
innovative actions.

Keywords: Climate change, Megacities, Water Resources Management, Implications
1. Introduction

Over 54% of the world’s population currently lives in urban areas, and it is estimated that by
2050, 70% of the total population will be living in urban areas (UNHABITAT, 2008). The
fastest growing megacities (defined as large urban areas with more than ten million
inhabitants) are occurring mainly in the developing countries of Asia, Africa and Latin
America, where urban areas expand by an average of 1.2 million people per week
(UNHABITAT, 2011). One of the main challenges for megacities is to ensure sustainable
water supplies (UNICEF and WHO, 2012). The enormous volumes of water and extensive
infrastructure required to meet water demand have frequently exceeded governments’ ability
to guarantee secure supplies, as well as creating severe environmental problems (World Bank,
2012; WWAP, 2012; Wu and Tan, 2012). In East Asia, for example, rapid economic growth,
urbanization and population expansion have led to increasing water withdrawal, a lack of
treatment facilities, river pollution, floods and the lack of an effective institutional framework
for integrated water resources management (Wu and Tan, 2012). In India, about 50% of the
urban population has poor quality water supply and sanitation services due to leakages,
unauthorized connections, and other inefficiencies (World Bank, 2012). In Brazil, the poor
quality of drinking water supply and sanitation means that many people suffer from
infectious water-related diseases (UN, 2009).

Climate change is expected to exert further stresses on water resources management due to
changes in temperature, precipitation patterns and extreme weather events, which in turn will
impact urban water demands and exacerbate the vulnerability of these societies (IPCC, 2012).
Megacities in developing countries are particularly sensitive to climate change due to their
fragile institutions, poor public services, large populations and inadequate infrastructure
(UNHABITAT, 2011). Consequently, they need to understand the risks posed by climate
change in order to reduce their vulnerability and build their adaptive capacity and resilience
(Hebbert and Jankovic, 2013).

In this study the significance of assessing the impact of climate change on water resources in
megacities as an important component of the adaptation process is explored. The Mexico City
Metropolitan Area (MCMA), one of the largest cities in the world with over 20 million
inhabitants (INEGI, 2010), is presented as a case study. In the MCMA, as in many other
megacities around the world, climate change is already altering the frequency and intensity of
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droughts and floods producing a significant impact on water availability (Gineralp et al.,
2015). For example, in August 2009, the water level of one of the seven dams in the
Cutzamala System was at its lowest recorded level and as a result, water supply service was
reduced by 25% over several weekends. However, during the months of September and
October (when precipitation is expected to be lower), severe precipitation events with
intensities of over 70 mm day™ caused floods that broke the western sewerage section and led
to the overflow of the four rivers used to transport sewage, with significant social and
economic implications (CONAGUA, 2009). A few months later, in February 2010, other
extreme events with intensities of 109 mm day™ and 159 mm day™ created a regional alert,
causing flooding that affected public infrastructure and residential areas, mostly in low
income neighborhoods (SACM, 2012a). One year later, in June 2011, the Tropical Storm
Arlene brought torrential rainfalls exceeding a volume of water of 24 Mm? in less than 24
hours, leaving some areas with severe flooding and widespread damage of lives and property
(Luege-Camargo, 2011).

This study investigates the likely impacts of future climate change on water resources
management in megacities in developing countries. Firstly, the water resources in the MCMA
area are characterized. Secondly, the downscaled outputs of the General Circulation Model
GFDLCM2a for the A1B and B1 gas emissions scenarios for the period 2046-2081 are used
to simulate future time series of water balance variables. Finally, a statistical model is used to
investigate the effects of changing temperature and precipitation patterns on domestic water
demand and the main vulnerabilities of the current system to climate change are explored.

2. Adaptation to Climate Change

According to the IPCC (2007), vulnerability is the degree to which a system is unable to cope
with the adverse effects of climate change. Reducing vulnerability may increase a society’s
resilience by enabling it to adapt when exposed to a hazard (World Bank, 2008). Most studies
on climate change impacts and adaptation at the city level have been undertaken in developed
countries, such as England, Australia and USA and they have agreed that adaptation to
climate change requires reducing cities’ vulnerability and increasing their resilience (Farley et
al., 2011; Hunt and Watkiss, 2011; Ekstrdn et al., 2013). There are several adaptation
measures available in water management that can help to reduce vulnerability to climate
change impacts, such as rainwater collection, water conservation plans, water reuse,
desalination, as well as improved efficiency standards (Bates et al., 2008). Similarly, a
number of studies also highlight the importance of reviewing civil protection schemes; and
limiting population expansion (Stern, 2006; World Bank, 2008). Adaptation to climate change
is a dynamic phenomenon that requires political and social involvement to address
unsustainable development (Pelling, 2011). Bates et al. (2008) make a distinction between
autonomous and planned adaptation. Autonomous adaptation is considered a reactive action
to climatic stimuli; it is not explicitly designed to offset climate change, but may reduce its
impact. On the other hand, planned adaptation is a proactive action, resulting from deliberate
policy decisions, and specifically taking account of climate change (Stern, 2006). Planned
adaptation generates lower costs because problems are addressed beforehand as opposed to
autonomous adaptation. In developing countries, autonomous adaptation is a more common
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approach. Policy options may be improved and re-designed based on the knowledge capacity
of the water management situation without considering future climate change scenarios,
given the uncertainties and complexities related to future projections (Giorgi et al., 20019).
However, the function of climate change simulations is to provide a range of situations that
might emerge, including changes in the availability of water resources, extreme events and
changes in user demand. The decision to implement adaptation policies and their scope will
impact the costs that cities may face. A balanced perspective of strategies for tackling climate
change can be provided by adopting an Integrated Water Resources Management (IWRM)
approach, which considers a range of supply and demand processes and actions that
incorporates stakeholders’ involvement in decision-making processes (Bates et al., 2008;
Miller and Yates, 2005). Scenarios to model possible impacts of climate change should not
only consider the local physical environment and environmental change, but also the
potential influence of policy and socio-economic forces (World Bank, 2008).

3. Mexico City Metropolitan Area Case Study
3.1 Area Description

The climate of the Mexico City Metropolitan Area (MCMA) ranges from semi-arid in the
north to temperate humid in the south. The north and centre display higher temperatures
whereas the south and mountainous areas have lower temperatures. Mean annual temperature
IS 16.7<C in the north and 11=C in the south. Maximum temperatures of 32.5°C occur in
April and May coupled with minimum temperatures of -1°C in December and January.
Average annual precipitation is approximately 668 mm in the north and 1306 mm in the south.
Precipitation falls mainly from June through October. The southern portion of the basin is the
most important natural recharge zone for the aquifer due to relatively higher levels of
precipitation and the high permeability of its basalt rock. The Mexico Basin is composed of a
lacustrine zone, a transition zone and a mountain zone.

The MCMA is set in a closed basin 2240 m above sea level, surrounded by mountains of
volcanic origin reaching a height of over 5000 m above sea level. The city has an area of
approximately 7866 km=21t is home to 18% of the country’s population and generates 38% of
Mexico’s gross domestic product in an area equivalent to less than 0.3% of national territory
(INEGI, 2010). The core area of MCMA includes 16 delegations in the Federal District, with
a population over 8.85 million people (INEGI, 2010), and has extended to 58 municipalities
in the State of Mexico with 11.25 million inhabitants and one municipality in Hidalgo.
During the 20th century, the pattern of urban growth in the MCMA lacked formal planning,
creating a city with conflicting water services. In the mid-20" century, the Federal District
government banned the construction of new settlements in its territory, which resulted in the
expansion of urban municipalities into the State of Mexico (Tortajada, 2006). The Federal
District is divided into two large areas depending on their land use: the urban zone in the
north and the conservation zone in the south (Figure 1). The conservation area was officially
set up in 1987, under the protection of the Federal District Environment Secretary. The
conservation area initially had a total of over 87,000 hectares of natural forest, grassland,
wetlands and agricultural land, significantly contributing to the groundwater recharge of the

50 www.macrothink.org/emsd



\\ Mac rOth i “k Environmental Management and Sustalnatl)étesﬁe\étellgf_r;]gg;
- ™
A Institute 2016, Vol. 5, No. 1

aquifer, among other environmental services. Although urban development is prohibited and
the area is designated for use by indigenous communities, it is subject to pressure from
building companies, illegal human settlements and the growth of rural settlements (Aguilar,
2008; Wigle, 2010).
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Figure 1. Map of the Mexico City Metropolitan Area (MCMA) showing the urban and
conservation area.

3.2 Water Resource Management

The water planning processes must begin with characterizing the water resources
encompassed in a given region. The MCMA consumes 61 m* s™ of water, over 70% of which
comes from local sources, mostly from aquifers, the rest being imported from external
sources. Estimations have indicated that water extraction exceeds the natural aquifer recharge
capacity by approximately 22% (SACM, 2012). Increased pumping rates have resulted in
ground subsidence, which lowered the central area by an average of 7.5 m over the past 100
years. This has resulted in extensive damage to the city's infrastructure, including building
foundations and the water and sewerage system (Ortega-Guerrero et al., 1999).

The Federal District, the core area of the MCMA, alone consumes 31.9 m s™*, but 36% of this
water is managed by the federal authorities. Some of the water is extracted from wells in the
neighboring State of Mexico and most is imported from the Lerma and Cutzamala Basins,
implying that local authorities do not have complete control over its management. Any
temporary or permanent suspension of external water sources might affect a significant
percentage of the population, particularly in the west part of the city, where water is obtained
from these sources (SACM, 2008). As population density in the State of Mexico has
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increased, so has regional competition for water resources. Approximately 44% of the total
water supplied in the Federal District is for domestic use; 21% for industrial, commercial and
service use, while 35% is lost through leaks and clandestine use (SACM, 2012). Illegal water
infrastructure does not appear to be a major problem, being estimated at 3% (Tortajada, 2006).
Losses from leakages are the main concern and are due to the age of the pipe networks, their
collapse in parts of the city due to land subsidence and the poor quality of the pipe network in
peripheral areas (Lopez-Quiroz et al., 2009). Although 91.6% of the population has a piped
water connection to their homes and 94.2% have sewage, service is not supplied on a regular
basis (World Bank, 2013). The Federal District is better served than the State of Mexico, yet
240 neighborhoods still suffer from regular water supply shortfalls, most of which are in
low-income areas (Soto, 2008). In the MCMA the price of water is relatively cheap, due to a
50% government subsidy. The average daily water use is about 300 litters per person, this is
more than double the amount of other cities in Mexico and Latin American (World Bank,
2013). Moreover, in the Federal District, only 1.3 million users have meters (62%), meaning
that 17% pay fixed rates while the remainder is exempted from payment (SACM, 2012).
Service conditions are heterogeneous in the State of Mexico since each municipality
administers its own water utility.

A\\ Mac rOth i “k Environmental Management and Sustainable Development

Groundwater recharge zones have been systematically urbanized (Marin et al., 2002), while
all the rivers that used to flow into the central lakes of the basin are now connected to a
drainage system. The drainage operation became a major concern since the past decade when
the risk of major flooding in the city increased due to the land subsidence, and a sewage
deficit of 12.9 Mm?™ caused by population growth. These problems resulted in the
construction of a complex drainage system (CONAGUA, 2003; Cisneros-lturbe and
Dominguez-Mora, 2007). It also incorporated wastewater pumping plants in the Grand Canal
with a capacity of 40 m*d™ (SACM, 2012a). Two recent major projects include an additional
drainage canal called the East Outlet Tunnel (Emisor Oriente), expected to be completed in
2015 with an estimated cost of 37,465 million pesos, and a capacity of 150 m3*
(CONAGUA, 2015). The second project is a mega-treatment plant called Atotonilco, with a
capacity to treat 60% of the wastewater produced in the MCMA, is mainly intended for
agricultural use. From the above characterization it is clear that water resource management
in the MCMA suffers from efficiency, equity and unsustainability problems that make it less
resilient to climate change effects.

4. Methodology
4.1 Impacts of Climate Change on Water Resources

In this study, historical records of temperature, precipitation and evapotranspiration from the
Mexico National Weather Service for the period from 1959 to 1988 were used. Simulations of
potential evapotranspiration (ET) were produced using the Hargreaves equation. This
equation was selected given the lack of climatic variables for most of the available
meteorological stations (Droogers and Allen, 2002; Hargreaves and Allen, 2003). ET (mm
day™) calculations were computed using daily historic time series of mean, minimum and
maximum temperature (©C) and extraterrestrial radiation (Wm™) taken from meteorological
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tables (Allen et al., 1998). To validate the method, ET values were computed for the historic
period and the results were compared with the reported historic values. The calculated ET
values had a close correlation to the historic data and the method was accepted to calculate
ET values for the 20c3m experiment and for the future scenarios. An adjusted version of the
Penman-Grindley water balance was used to calculate the actual evapotranspiration (AE) and
effective precipitation or hydrological excess (Hxr) available for aquifer recharge or runoff
(Herrera-Pantoja and Hiscock, 2008). A soil classification for the MCMA (INEGI, 2000) and
soil infiltration capacity data (Ortiz and Ortiz, 1990) were applied to indicate the rate at
which soil moisture deficit (SMD) and hydrological excess occur. AE was computed as a
function of soil water content, vegetation characteristics and ET. To avoid underestimation,
the water balance for the MCMA was run with a daily time step (Howard and Lloyd, 1979).

A\ MacrOthlnk Environmental Management and Sustainable Development

In order to examine the impacts of climate change on the water balance for the MCMA, the
daily outputs of the General Circulation Model GFDLCMZ2, produced by the National
Oceanic and Atmospheric Administration (NOAA) and the Geophysical Fluid Dynamics
Laboratory with a resolution of 2 x 2.5 degrees, obtained from the WCRP CMIP3
multi-model dataset, were used. The GFDLCM2 model was selected to perform the future
simulations given that it best replicated the observed temperature and precipitation data for
the region, according to the results of previous series of studies carried out by the Virtual
Center on Climate Change for Mexico City (http://www.cvcccm-atmosfera.unam.mx). Two
gas emissions scenarios, from the IPCC SRES (IPPC, 2001); were explored: the B1 and the
AlB. The B1 is a low gas emissions scenario, which emphasizes environmental sustainability,
socioeconomic global solutions, and moderate growth population. The A1B scenario is a
higher gas emissions scenario, characterized by rapid economic growth, a balanced energy
use of fossil fuel and clean technologies and moderate growth population. In order to
downscale the GCM outputs to the basin scale, the scaling factor technique was used to adjust
the baseline 20c3m (Loaiciga, 2003; Barria et al., 2015). The future series of temperature and
precipitation simulated by the GFDLCM2 model were perturbed with the computed factors
calculated for the baseline and the water balance values for the future simulations were
calculated with the perturbed series. Finally, an analysis of the differences between the
baseline experiment and future scenarios was performed to investigate the likely impact of
climate change on water resources in the MCMA.

4.2 Impacts of Climate Change on Urban Water Demand

Modeling domestic water demand is an increasingly important issue for different purposes
such as set price structures and controlling water consumption in urban areas where
residential consumption predominates over that of other sectors, such as agriculture, industry
and services. It has recently been acknowledged that global warming could impact domestic
water demand while reducing resource supplies (Whortington and Hoffman, 2007). There is
also convincing evidence to confirm that changes in temperature and precipitation patterns
impact domestic water demands (Zhang and Brown, 2005; Olmstead et al., 2007
Worthington and Hoffman, 2007; Yoo et al., 2014). For instance, in Queensland, Australia, a
10% increase in rain reduces household water consumption by 1.52% while a 10% increase
in temperature increases water consumption by 19.39% (Worthington et al., 2009). Another
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study in the metropolitan area of Cape Town found that a 10% temperature increase raises
water consumption by 3.1%, but no significant effect was found with changes in precipitation
(Jansen and Schulz, 2006).

In this study, a regression analysis was undertaken to estimate how changes in temperature
and precipitation patterns could impact urban water demand. Household consumption for the
Federal District data was provided by the Water System of Mexico City (SACM). The
analysis included a sample of 58,456 domestic consumers with metered service out of a total
of 2.03 million users, for the period from 2007 to 2013. This sample included only metered
service and areas with a reliable water supply, which makes it possible to track changes in
household water consumption. A comparison of our sample with the general characteristics of
the population might misrepresent the low-income households, because there is evidence that
service deficiencies disproportionately affect poorer households (Soto and Bateman, 2006).
Despite this, the biased might be reduced because there are differentiated price structures,
where low income areas pay lower tariffs.

Table 1 shows that higher average household water consumption was recorded between the
period from March and June, coinciding with the season of high temperatures and low or
moderate rainfall, while lower water consumption was recorded in the following months from
July to October, corresponding to high rainfall and medium temperatures.

Table 1. Average bimonthly household consumption for the Federal District (2007 -2013)

Average household consumption | Average temperature | Average precipitation
in the sample (m®)* (<) (mm)
Jan-Feb 37.28 9.5 15.93
Mar-April 38.33 12.1 38.83
May-Jun 38.50 12.4 183.05
Jul-Aug 35.51 11.6 267.65
Sept-Oct 35.35 10.9 133.23
Nov-Dec 36.22 94 14.08

Source: Data provided by Water System of Mexico City (SACM).

Using the above mentioned procedure, water demand (D) was determined as the dependent
variable and temperature and precipitation as independent variables. This takes the form of

D = f (temperature, precipitation, Z)

where Z is other independent variables assumed to impact domestic water demand. A
regression model was developed using average household water consumption (m®) as the
dependent variable (Q) and average temperature (Tm) and the natural log of average
precipitation (InP) as the independent variables.

From Table 2 it can be seen that the effects on water consumption are positively influenced
by the temperature and negatively influenced by precipitation. The coefficient of Tm is 1.358,
indicating that a 10% increase in temperature is associated with a 5% increase in household
water consumption, while the InP coefficient indicates that a 10 % increase in rainfall is

54 www.macrothink.org/emsd



A ISSN 2164-7682
Institute™ 2016, Vol. 5, No. 1

associated with a 1.2% decrease in the amount demanded, given that the log is read as an
elasticity variable. R? has relatively high explanatory power of 0.736. The R? coefficient is
considered relatively high compared to other similar studies on water demand. For instance,
Akuoko-Asibey et al. (1993) defined a linear regression model with an R? of 0.53, which
included three independent variables: number of days with measurable precipitation, mean
maximum weekly temperature and heating-degree days above 16° C. Worthington et al.
(2009) defined a model for Queensland, Australia, where residential water is responsive to
average prices, temperature and rainfall, with an adjusted R? of 0.39. Other studies have
found higher adjusted R?, for instance Renwick and Green (2000) found Adjusted R? of 0.91
for a model with multiple variables that included temperature and precipitation.

A\\ Mac rOth i “k Environmental Management and Sustainable Development

Table 2. Regression model of household water consumption

Variable Coefficient Std. Error
Q 27.056** 4.023
Tm 1.358* 0.482
InP -1.238* 0.488

Significance level: *p<0.01; **p<0.05

The estimated regression coefficients were used to simulate the observed period. There was a
reasonable fit between simulated and observed average consumption for the period
2007-2013 (Figure 2). Therefore, the model was considered satisfactory for predictive
analyses and used to simulate average household water consumption expected for the two
future scenarios as regards to projected changes in temperature and precipitation. The
advantage of this approach is that it considers the changes in these climate variables
simultaneously.

= Observed = * = Estimated

40
39
38
37
36
35
34
33

Average consumption (m?)

Jan-Feb
M ar-April
May-Jun

Jul-Aug
Sept-Oct
Nov-Dec

Figure 2. Comparison of average bimonthly consumption (m?) for the observed period
2007-2013 with the estimated consumption.

4.3 Assessing The Vulnerability To Climate Change

In order build their adaptive capacity and support water management plans and strategies,
megacities need to identify their main vulnerabilities. In this study, a review of relevant
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literature on water resources in the MCMA helped make a qualitative characterization. This
characterization together with an assessment of current trends and likely impacts of climate
change supported the identification of the main vulnerabilities of the current system to
climate change (EPA, 2011). Vulnerabilities exposed to several climate change impacts were
prioritized more highly than others (EPA, 2011).

5. Results
5.1 Future Climate Simulations

The simulations performed for the MCMA using the GFDLCM2 climate model showed that
temperatures for the period 2046-2081 could increase between 3°C and 4°C. Analysis of
seasonal temperature anomalies for the period 2046-2081 under the A1B scenario simulated
positive anomalies in 75% of the years during the summer season, showing that maximum
temperature values could be up to 3<C warmer than average. During the winter season 72%
of the years showed positive temperature anomalies while minimum temperatures could
increase by 4°C. Under the B1 scenario, only 12.5% of the summers displayed positive
anomalies of approximately 1= C above average. Conversely, 80% of the winter seasons
showed positive anomalies with minimum temperatures up to 5<C warmer than average.
Under future warmer climate total mean annual precipitation for the MCMA could decrease
by 20% under the A1B emissions scenario and increase by 23% under the B1 scenario, with
more significant changes during the rainy season (Figures 3). The B1 scenario also showed
an increase of about 150% in events with rainfall intensity of more than 60 mm in 24 hours
and an increase of almost 200% in the frequency of events with an intensity of over 70 mm in
24 hours (Figure 4). The A1B scenario indicated a 20% decrease in mean annual precipitation
and an increase of 7% in potential evapotranspiration that would result in a decrease of 6% in
mean annual effective precipitation for the MCMA. On the other hand, the B1 scenario
showed an increase of 23% in precipitation during the wet season, which would result in an
increase of 66% in mean annual effective precipitation (Figure 5).
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Figure 3. Total mean annual precipitation simulated for the MCMA by the GFDLCM?2
climate model for the baseline period 20c3m (1961-1990) and the future period 2046-2085
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under the A1B and B1 emissions scenarios.

mA1B mBl

NE B

P>30 P>40 P>50 P>60 P>70

-100 - o
Precipitation (mm/24hrs)

Figure 4. a) Percentage change in the number of extreme precipitation events for the MCMA
for the period 2046-2085 under the A1B and B1 emissions scenarios.
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Figure 5. Percentage changes in mean annual precipitation (P), actual evapotranspiration (AE)
and potential effective precipitation (Hxr) during the dry and wet seasons, simulated for the
MCMA for the future period 2046-2085 under the A1B and B1 emissions scenarios.

At present, rainwater discharged through the drainage pipe system in the northern-urbanized
area is 16.3 m°s™. The predicted increase in the frequency and intensity of precipitation
events, projected under the B1 scenario, highlights a significant rise in flooding events given
the reduced infiltration through sealed surfaces and insufficient drainage infrastructure.
Therefore, the amount of water discharged could increase by 27 m®™. The estimated increase
between 150% and 200% in events with rainfall intensity of more than 60 mm d™* and 70 mm
d* respectively, draw attention to the critical impacts these changes may have due to flooding
events on many sectors of society.
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5.2 Implications on Water Demand

A\ MacrOthlnk Environmental Management and Sustainable Development

Estimated regression coefficients were used to project the average household water
consumption expected for the two scenarios in the MCMA. The B1 scenario simulated an
increase in 5 out of 6 bimonthly periods in household water consumption. Water consumption
could increase from 0.82% to 5%, except from July to August, when it would decrease by
3.1%, due to high rainfall. Under the A1B scenario, higher household water consumption
levels could be expected throughout the whole year with an increase of 2.9% during the
fourth bimonthly period and as high as 6.3% during the second bimonthly period of the dry
season (Figure 6).

B 20c3m = B1 ® A1B
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Figure 6. Average bimonthly consumption (m®) simulated for the MCMA for the baseline
period 20c3m and the future period 2046-2085 under the A1B and B1 emissions scenarios.

The impact of higher domestic water demand in these two scenarios would require the
authorities to access new water sources. Current domestic use accounts for approximately
68% of the total water consumed in the Federal District (integrating the pipe leak effect),
equivalent to 21.7 m®™. Considering an optimistic water management policy scenario in
which the water supply service improves so that every household would enjoy a reliable
water supply by the middle of this century, regardless of seasonal changes, under the B1
scenario, the city would need to access 4.7% more water, coinciding with the dry season at
the beginning of the year and about the same volume 5%, at the end of the year. Under the
A1B gas emissions scenario, water consumption is likely to increase throughout the whole
year, particularly during the second bimester with a likely increase of an additional 6.3%,
while other bimesters would require increases of at least another 2.9%.

5.3 Vulnerabilities to Climate Change

According to the performed analysis, water supply in the MCMA, is highly vulnerable. Water
supply depends mainly on groundwater. Groundwater accounts for approximately 70% of
water resources in the MCMA and the rest is imported from the Cutzamala System.
Estimations have indicated that water extraction exceeds the natural aquifer recharge capacity
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by approximately 22% (SACM, 2012). At present, the water supply service is under high
pressure given the population growth, urbanization of groundwater recharge zones and the
regional competition for water resources. As a consequence, a water deficit of at least 25.1
m>s™ has been predicted by 2030 (World Bank, 2013). In the past, the susceptibility of the
water supply system has been experienced during dry periods, i.e. in August 2009, when total
reservoir storage went down in the Cutzamala System and the water supply service was
reduced by 25%. The authorities have considered a series of measures designed to improve
the efficiency of the current system, including projects for reducing leaking pipes, treating
wastewater, undertaking ecological conservation actions, and reinforcing the sewerage
system. The estimated cost is 661,430.00 USD for the entire MCMA (World Bank, 2013) and
133,578 USD for the Federal District alone by 2030 (SACM, 2012; World Bank 2013).
Unfortunately, several of these measures still do not receive sufficient funding for effective
implementation. The predicted increase in temperature between 3<C and 4°C and changes in
precipitation patterns and evapotranspiration are expected to increase household water
demand for both scenarios; between 0.8% and 6.3%, which in turn could be intensified by the
heat island effect produced by a constant modification of land surfaces, buildings and human
activities (Smith, et al., 2009). The future scenarios of climate change simulated in this study,
suggest that mean annual effective precipitation, available for groundwater recharge or runoff,
could decrease by 6% under the A1B gas emissions scenario. In addition, the predicted
occurrence of extreme events could also have serious implications for water supply.
Consequently, climate change is expected to exacerbate water supply vulnerability and it is
anticipated that if no action is undertaken most households will face severe, systematic water
supply shortfalls.

The MCMA is also highly vulnerable to floods because of rapid urbanization, ecological
deterioration, groundwater overexploitation, poor sanitation and inadequate policy responses.
Mexico City’s flooding problem is worsening due to a lack of maintenance in the 60 year old
deep drainage system (Aragon-Duran, 2007). The drainage operation became a major concern
since the past decade when the risk of major flooding in the city increased due to the land
subsidence, and a sewage deficit of 12.9 Mm3d™ caused by population growth. The
vulnerability of the MCMA to flooding has been clearly evident in 1985, 2005, 2009, 2010
and 2011, when severe precipitation events with high intensities caused floods that broke the
western sewerage section and affected public infrastructure and widespread damage of lives
and property (CONAGUA, 2009; SACM, 2012a). These events made the authorities aware of
the need to undertake prevention and financial disaster risk management. Consequently, in
1996, the government of Mexico established a Natural Disaster Fund (FONDEN) to support
the rehabilitation of infrastructure, and in 2006, when the fund began to be insufficient, it
transferred its post-disaster liabilities to international capital markets as “Cat Bonds” as a
mechanism for protecting against the financial risks of extreme catastrophes (Hochrainer and
Mechler, 2011). According to the B1 scenario total mean annual precipitation could increase
by 23% under the B1 scenario, with more significant changes during the rainy season. It is
also expected that climate change will lead to a rise in the frequency and intensity of extreme
precipitation events; increasing the vulnerability of the system. Therefore, decision-makers
should consider flexible adaptation strategies and planning that allow for adjustment under
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different scenarios (Herrera-Pantoja and Hiscock, 2015).
6. Discussion and Conclusions

In this study, the MCMA is presented as a case study in order to investigate the future impact
of climate change on water resource management in megacities in developing countries.
Water supply and flooding were identified as the main vulnerabilities of the current system to
climate change because of the several impacts they are exposed to. These results agree with
other investigations in which it is concluded that the high rate of population growth combined
with decreasing water resources posed by climate change is expected to increase water
scarcity in many large urban areas (Jenerette and Larsen, 2006; Marsily, 2007;
Vairavamoorthy et al., 2008). However, it is important to notice that the degree of
vulnerability may vary from place to place, because the impacts depend on the characteristics
inherent to the exposed system (IPCC, 2007). As urbanization increases the number of
individuals, infrastructure, and economic losses vulnerable to climate change also increases
(Rosenzweig and Solecki, 2014). Therefore, each megacity will have unique vulnerabilities
and assessing these vulnerabilities is the first step in considering adaptation.

In developing countries the vulnerability to hydrometeorological events is largely due to
deficient development (Bolognesi, 2015). Megacities in developing countries seldom
consider disaster prevention in the planning process mainly because of budget constraints
(Hochrainer and Mechler, 2011). Therefore, vulnerability assessment in developing countries,
to assist policymakers, is a huge challenge (Cross, 2001). For example Jakarta is one of the
most vulnerable cities to climate change; yet local governments are not aware of the risks
they are facing (Firman, 2011). Learning from crises and creating opportunities through
adaptive plans is one way to develop adaptive responses for an uncertain climate change
(Wilkinson, 2011). For example, the MCMA developed a comprehensive risk management
strategy and invested in the prevention and reduction of loss from disaster, increasing its
resilience to extreme events, after several extreme flood events (Hochrainer and Mechler,
2011). New York, incorporated climate change risks in the rebuilding process after Hurricane
Sandy (Rosenzweig and Solecki, 2014). An investigation carried out in Hyderabad, India
showed that investment in water infrastructure is one of the best ways of reducing the impacts
of extreme events and supporting adaptation in complex urban environments (Reckien, 2014).
It is clear that some of these policies are a somewhat autonomous adaptation, because the
adjustments do not constitute a conscious response to climate change, but rather a generated
response to solve current problems. Nevertheless, these responses increase their resilience
and reduce their vulnerability to climate change.

There are several adaptation strategies proposed in the literature that megacities can approach
to develop their adaptive capacity in the context of sustainable development. For instance,
leading urban growth away from hazard zones can lessen likely losses caused by floods and
droughts (Childers et al., 2014; Gtneralp, 2015). Water recycling and reuse of treated
wastewater could be adopted to improve water demand and contribute to solving
environmental and health problems (Kalavrouziotisa and Apostolopoulosbh, 2007). A
rainwater harvesting system would have the advantage of increasing water resource
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availability during drought periods, decreasing dependence on external sources as well as
reducing flooding events (Mahmoud et al.,2014) . Megacities should also consider the
protection and restoration of ecosystems that are important water sources, since they are vital
for sustainable development (WWF, 2011). Authorities could also exploit the benefits of
increasing precipitation events, especially in terms of potential aquifer recharge and surface
storage (Hossain, 2013). It is also important to promote awareness and increasing local
knowledge and practices that reduce the population vulnerability (Jabareen, 2013). Greater
response capacity would limit physical damage, while greater awareness, coupled with better
institutions could reduce the impact of extreme climate events and a decline water sources.

From this case study, one can conclude that megacities are particularly threatened by climate
change due to high population densities, inadequate urban design, poor infrastructures, and
deficient technical expertise and policies. The results presented in this paper may help
decision-makers to better understand the implications of climate change on water resource
management. Despite the uncertainty of models projections, future climate change scenarios
can be used as a flexible guide to identify vulnerabilities and support strategic adaptation
planning. In order to increase their adaptive capacity and resilience to the effects of an
uncertain climate change, megacities should consider implementing an IWRM approach to
create opportunities through adequate policies, new technologies, flexible frameworks and
innovative actions that would reduce the shortcomings and vulnerabilities of the current
system.
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