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ABSTRACT
During the second half of the twentieth century, rapid demographic growth and urban expansion led to the
development of the Mexico City metropolitan area (MCMA) urban heat island (UHI). The thermal gradient
between rural and urban regions is used to define the UHI in the transition zone along the 268C isotherm of
mean maximum temperature. As the MCMA expands, more natural vegetation is replaced with urbanization,
and the spatial extent of the 268C isotherm grows. The loss of natural vegetation, in a densely populated region
of Mexico, leads to the formation of a canopy-layer UHI. The intensification of the MCMA UHI results in an
increase in the frequency of daily maximum temperatures above 308C (above 268C on a weekly average), a
threshold value that constitutes a natural hazard. Warm-spell occurrences are related to an increase in the
number of acute diarrhea diseases (ADD), mainly in zones of the MCMA where the socioeconomic and
environmental conditions are low (e.g., insufficient access to potable water). Vulnerable people are mostly
located in new settlements along the periphery of the MCMA, where large numbers of hospital discharges due
to ADD are reported. The combined effect of more frequent warm spells and increasing vulnerability results
in higher levels of risk of suffering this type of health problem, mainly during the warmest part of the year.
This analysis may serve to develop UHI mitigation strategies and early warning systems to manage high levels
of ADD risk during warm spells.

1. Introduction
Climate-related disasters appear to be more frequent
in recent decades due to climate change (IPCC 2012).
Heat waves are more frequent and intense, contributing
to heat mortality in both developed and developing
countries (Organisation for Economic Co-operation and
Development 2010). However, the idea of more frequent climate impacts on society only as a direct consequence of a positive trend in extreme (warmer)
weather conditions frequently follows a naturalistic
paradigm (O’Keefe et al. 1976). The vulnerability
context in which weather extremes occur has also become an important part of the analysis of climatic risk
(Cardona et al. 2012) and a key element to explain the
impacts of adverse climate conditions.
One of the best examples on climatic hazards and
vulnerability, leading to high levels of risk that affect
Corresponding author: Víctor Magaña, victormr@unam.mx

urban societies, are megacities (Wolf 2014; Mayrhuber
et al. 2018). The well-known urban heat island (UHI)
effect, related to increased mean temperatures, may also
result in more intense and frequent heat waves (e.g.,
Zhang et al. 2018). Nevertheless, cities around the world
continue their expansion, modifying their climate and
increasing people’s vulnerability and generating higher
climate risk levels (e.g., De Sherbinin et al. 2007; Baker
2012). Estimating changes in the levels of risk is an important problem in the climate change agenda (IPCC
2012). However, there is no universally accepted methodology to evaluate vulnerability to climate change.
Various approaches to project the potential impacts of
climate change have been developed, but only a few are
validated by actually comparing risk and impacts in space
and time for recent decades (e.g., Neri and Magaña 2016).
The UHI appears as natural vegetation and surface
water bodies are replaced with urban infrastructure (Oke
et al. 2017). During the second half of the twentieth
century, various cities rapidly grew with a significant loss

DOI: 10.1175/WCAS-D-19-0096.1
Ó 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 04:17 AM UTC

352

WEATHER, CLIMATE, AND SOCIETY

of vegetation and a reduction in the associated ecosystem
services, such as those of climate regulation (World Bank
2009). An analysis of climate change impacts in urban
environments requires considering how the UHI develops and how such urbanization may result in more
exposure and vulnerability. It is highly probable that more
climate-related disasters in megacities occur due to increased exposure and vulnerability in regions where frequent extreme weather and climatic conditions occur.
Natural hazards are generally characterized and quantified in terms of measured data. For instance, heat waves
in megacities have been described in terms of maximum
temperature using station or satellite weather data (e.g.,
Jedlovec et al. 2017). However, human vulnerability to
extreme weather conditions is more difficult to quantify.
Assessing climate vulnerability begins by posing three
basic questions (Neri and Magaña 2016): 1) Who is
vulnerable [object of study: people of the Mexico City
metropolitan area (MCMA)]? 2) To what are they
vulnerable (natural hazard: warm spells)? 3) Why are
they vulnerable (vulnerability factors: socioeconomic
conditions, access to health and basic services, environmental conditions)? Various analyses suggest that
vulnerability to warm spells depends on socioeconomic
factors such as age, low standards of living, limited
access to health services, or diminished ecosystemic
services (Rey et al. 2009; Tan 2008). In recent years,
more studies focus in determining the factors that make
people vulnerable to heat waves in cities (e.g., He et al.
2019). In particular, the mortality related to heat waves
has been analyzed for Latin American cities because of
the need to develop prevention strategies in the health
sector (Bell et al. 2008).
Heat waves may have negative effects on the health of
vulnerable people (Kovats and Hajat 2008), but until
recently most studies have mainly focused on heat
strokes and the combined effect of heat waves and air
pollution (Scortichini et al. 2018). However, warm-spell
conditions on vulnerable people may also result in other
types of health problems, such as acute diarrhea diseases
(ADD) (e.g., Checkley et al. 2000). In recent decades,
ADD rates in Mexico have diminished, but they still remain an important health problem, particularly among
children under 5 years old (Riojas Rodríguez et al. 2006).
The development of the UHI in the MCMA has been
documented by a number of authors (e.g., Jáuregui 2000;
Cui and de Foy 2012). During the twentieth century, the
temperature of the MCMA increased between 28 and 38C
(Jáuregui 2009). Heat waves, defined as three or more
consecutive days with maximum temperature above 308C,
are more frequent. Warm spells, related to weekly averaged maximum temperatures above 268C, are considered a
natural hazard in Mexico City. In recent years in the
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MCMA UHI, there are on the order of 10–20 warm spells
per decade, whereas a century ago there used to be fewer
than 3 per decade (Jáuregui 2009). These events occur
mainly between March and May under low relative humidity conditions (;20%). To adapt to climate change, the
change in climate risk and the factors that induce such
changes should be documented.
Managing more intense warm spells in the MCMA UHI
is becoming a challenge for public health agencies, particularly in the new poor developments on the periphery of
the metropolitan area. Public policies and prevention
measures aimed at reducing climatic risk require a better
understanding of the ways in which enhanced heat waves
affect vulnerable people. Therefore, the main objective of
the present study is to document the climatic risks on human health generated by more intense warm spells in the
UHI of the MCMA, mainly during the spring season.

2. Data and method
The method to relate urban development to health
problems is based on the construction of risk estimates
that explain how a natural hazard (e.g., warm spells) in a
vulnerable context results in climate risks and climaterelated impacts (e.g., Neri and Magaña 2016). This approach involves characterizing natural hazards based on
observed data and quantifying vulnerability by means of
indicators of the physical, environmental, and socioeconomic context. Warm spells are documented using maximum temperature daily recorded by the meteorological
surface weather stations in the MCMA and surrounding
region (Servicio Meteorológico Nacional 2018) for the
1950–2015 period. The number of stations in the domain
of interest has varied in time from around 50 at the beginning of the 1950s to almost 200 in the late 1980s, and
around 150 in recent years (Fig. 1).
Gridded daily fields of maximum temperature were
constructed for the 1 January 1950 to 31 December 2015
period using a successive corrections scheme (Cressman
1959; Magaña et al. 2013). For this purpose, first-guess
daily fields of maximum temperature were obtained from
the North American Regional Reanalysis (NARR) project (Mesinger et al. 2006), with a spatial resolution of
32 km 3 32 km, that were linearly interpolated to 4 km by
4 km grids. The higher-spatial-resolution NARR estimates of maximum temperature were further modified
using a standard moist adiabatic lapse rate (6.58C km21) to
correct for the effect of temperature change with height.
The objectively analyzed maximum temperature fields
were validated by comparing time series of station data
with values at nearby grid points. The objectively analyzed
maximum temperature fields correlate well with station
data nearby (.0.8) (not shown).
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FIG. 1. Urban extension of the MCMA for the years 1950
(white), 1980 (light gray), and 2005 (dark gray). The circles correspond to surface weather stations in the domain. The numbers
correspond to the locations of surface weather stations: 1) Milpa
Alta, 2) Ecatepec, 3) Tacubaya, 4) Airport, 5) Texcoco, and 6) La
Marquesa. The color shades correspond to the height (m) of the
topography.

Defining the UHI in the MCMA requires determining
the temperature contrasts between the rural and urban
regions. The MCMA is located in the lower part of the
valley of Mexico, surrounded by mountains (Fig. 1).
The temperature decreases with height, resulting in a
natural large thermal gradient between the lower and
higher parts. But the MCMA UHI has formed mainly in
relation to land-use changes, from natural vegetation to
urban infrastructure. Therefore, the UHI may be defined
as a canopy-layer UHI (Oke et al. 2017), where deforestation and urbanization enhance the local warming and the
thermal contrasts between urban and rural regions. Most
of the MCMA is in a region where large population density and low vegetation levels coexist. The MCMA may be
identified using information on vegetation and population
density. Population density data were obtained for the
years 2000 and 2010 from the Socioeconomic Data and
Applications Center (2018).
The spatial growth of the MCMA approximately coincides with negative changes in the vegetation levels and
increases in population density. The level of vegetation in
the domain of interest was described using the enhanced
vegetation index (EVI), which serves to estimate biomass
and monitor vegetation through a decoupling of the canopy
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background signal and a reduction in atmosphere influences (Huete et al. 2002). EVI ranges between 20.2
and 1. For the MCMA, it was found that values between
0 and 0.2 approximately correspond to highly urbanized
zones. When EVI and population density data are
combined into a single index, the largest values are encompassed by the political boundary of the MCMA.
Daily maximum temperatures above 308C are considered to be a natural hazard that may affect people’s
health (Harlan et al. 2006). Weekly reports of ADD
cases are provided by the Health Agencies of Mexico
[Comisión Federal para la Protección contra Riesgos
Sanitarios (COFEPRIS) 2018]. Anomalously large
weekly maximum temperatures (above 268C) were
defined as warm spells or heat waves over the region
(Jáuregui 2009). Information on ADD and warm spells
was compared for the 2000 and 2011 period to establish a
relationship between climate risk and impact. In the
MCMA, the maximum temperatures are seldom above
308C, and the effects of heat waves on the population
are rarely related to heat stroke (Jáuregui 2009). As
empirically determined by health agencies, heat waves
appear to be associated with ADD [COFEPRIS 2018;
Comisión Nacional del Agua (CONAGUA) 2015] mainly
among children under 5 years old, which is considered a
highly vulnerable group. However, the assessment of climate vulnerability requires conceptualizing various factors
that make people or socioecosystems susceptible of suffering harm under hazardous conditions (United Nations
International Strategy for Disaster Reduction 2009). In
addition to age, poverty constitutes a vulnerability factor to
heat waves, since the possibilities of building an environment of thermal comfort are meager (e.g., air conditioning
systems) (e.g., Reid et al. 2009).
The use of socioeconomic indicators, obtained during
the official census in Mexico for 2000 and 2010 [Instituto
Nacional de Estadística, Geografía e Informática (INEGI)
2018], allows a characterization of the vulnerability of
people to heat waves. For instance, their vulnerability
may depend on whether they have access to basic
medical services (Reyes et al. 1998) or education to
know self-risk management strategies (e.g., Cid Ortiz
et al. 2012). Overcrowding in neighborhoods, poor water
quality for human use and consumption, inadequate
disposal of excreta, and bad hygienic conditions of
housing and public spaces have also been considered
important vulnerability factors that may induce ADD.
Socioeconomic data from INEGI (2018) have been used
as proxies for the construction of vulnerability indicators
on access to potable water, health services, population
density, access to domestic services (such as refrigerators),
and literacy level. In addition, the natural vegetation level
(EVI) in the surroundings has been used and averaged
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FIG. 2. Time series of mean monthly observed maximum temperature at the Tacubaya station (1878–2016) (thin black line), at the Milpa Alta station (1929–2016) (thin orange line), and
at the La Marquesa station (thin blue line). The thick solid lines correspond to a smoothed
version (the very low frequency variations) of the observed maximum temperature at each
station. Periods of important land use changes in the Tacubaya region are indicated at the
bottom.

with the socioeconomic indicators to obtain a normalized
vulnerability index to warm spells. After a number of tests
and discussion with experts, it was decided that the level of
access to potable water has a larger importance than the
other factors, and therefore it has been given a larger
(5 times) weight in the vulnerability index.
A preliminary climate risk estimate is obtained from
the product of the natural hazard (the 90th percentile of
daily maximum temperature) times the corresponding
vulnerability. Risk estimates should approximately explain the temporal and spatial characteristics of ADD
cases at the municipal level. If the risk model is adequate, the vulnerability factors are considered to be
correct, and risk management strategies should focus on
them. In the case of the UHI climatic risk, some actions
have also been proposed to reduce the magnitude of the
natural hazards, for instance, by means of reforestation
(e.g., Wang and Akbari 2016).
The Federal Commission for Health Risk Management
(COFEPRIS 2018) reports cases of hospital discharges of
people who have been directly or indirectly affected by
diarrhea disease. Weekly reports on children between 0
and 5 and 5 and 14 years old affected by ADD are used a
measure of the warm spells’ impact. This information is
compared with climate risk estimates for the MCMA.

3. Results
a. The evolution of the MCMA UHI
The maximum temperatures in the MCMA have significantly increased during the twentieth and twenty-first
centuries. In the western part of the city, for instance,
around the Tacubaya station (Fig. 1), there has been an
increase in the mean annual maximum temperature from

around 228C at the end of the nineteenth century to approximately 258C in recent years (Fig. 2). The incremental transitions in maximum temperature occur by
stages, as land-use changes take place, from natural
vegetation to dense urbanization. In this process, at the
end of the nineteenth century and the beginning of the
twentieth century, the maximum temperature changed
from 228 to 238C, as deforestation and extraction of materials in the region took place. Between 1920 and 1965, the
maximum temperature remained relatively stable until
rapid urbanization occurred in the 1970s, resulting in a new
temperature regime between 248 and 258C. The maximum
temperature has remained relatively stable since then. This
warming process in the western part of the MCMA shows
that the climate forcing related to land-use changes (e.g.,
deforestation–urbanization) has had important effects
on the local climate (Oke et al. 2017). A similar pattern
of loss of natural vegetation and increases in the mean
maximum temperature has been observed over most of
the MCMA. In rural regions nearby Tacubaya, as in La
Marquesa or Milpa Alta (Fig. 1), the increase in maximum temperature in recent decades has been relatively
small [, 18C (50 yr)21] given that these regions tend to
maintain their natural vegetation. This contrast implies
that the urbanization and loss of natural vegetation have
created the MCMA UHI.
Maximum temperatures in the MCMA are usually
higher between March and May (boreal spring), prior to
the rainy season. The orographic gradients in the domain
lead to lower surface temperatures in the southern and
western parts of the region, over the mountain range.
The extent of the urban area rapidly grew in recent decades, resulting in increments of the surface temperature. Spatially, the UHI approximately coincides with
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FIG. 3. Mean maximum temperatures (8C) for March–May in the MCMA for the (left) 1965–80 and (right) 2000–15
periods. The thin blue line in the background denotes the extent of the urban area in 1980 and 2010.

the 268C isotherm, which expands as the urban area
enlarges (Fig. 3). For the 1965–80 period, most of the
urbanization was located in the central part of the
Mexico valley, where an average spring maximum temperature was around 278C (Fig. 3, left panel). As the city
grew, the UHI expanded and the 268C isotherm covered a
much larger area. In recent decades (2000–15), the urban
area enlarged mainly to the northeastern and northwestern
parts of the Mexico City valley and the UHI pattern is
similar to the urban expansion of the MCMA (Fig. 3, right
panel). In the eastern side of the MCMA, mean maximum
temperatures have reached more than 288C in the urban
area, that is, a warming rate of more than 18C in 30 years.
In the central and northern parts of the MCMA, daily
and even monthly maximum temperatures may be larger
than 308C, particularly in recent years, which turns into a
natural hazard and leads to a climate risk for vulnerable
people. The number of episodes of 308C or more has increased in various parts of the MCMA. In the Tacubaya
station, the number of heat waves changed from 2 or 3 per
decade at the beginning of the twentieth century to more
than 20 per decade at the end of the twentieth century
(Jáuregui 2009).
The magnitude of temperature increases depends on
the characteristics of the urbanization process (Oke et al.
2017). The level of conservation of the natural vegetation
is an important element to modulate maximum temperature (Bolund and Hunhammar 1999). When changes in
maximum temperature in two different landscapes of the
MCMA are compared, the role of the natural vegetation
may be estimated. For instance, in Ecatepec, a densely

populated region in the northeastern part of the MCMA,
vegetation is sparse, and concrete, iron, and glass dominate
the landscape. There, the increase in mean maximum
temperature due to the UHI effect is almost 3.28C in 30
years (Fig. 4, left panel). On the other hand, in Milpa
Alta, a rural, less populated area in the southern part of the
MCMA, natural vegetation and agricultural lands have
been relatively conserved. There, a weaker increase (18C)
in mean maximum temperature in recent decades is observed (Fig. 4, right panel). The natural vegetation modulates mean temperature at the local and even regional
level, providing an important ecosystem service of climate
regulation. However, in Milpa Alta and Ecatepec, as in
most of the MCMA, there has been an increase of around
5% in the frequency of events of 308C, suggesting that
warmer temperatures, as those related to warm spells, are
related to the UHI intensification.

b. Loss of natural vegetation and maximum
temperatures
The urban expansion in the MCMA in recent decades results in natural vegetation loss at a rapid pace.
Developers prefer increasing the areas for buildings and
houses over conserving, at least partially, natural vegetation. By means of the EVI, it is possible to distinguish
the extension of urbanization and regions where vegetation has changed during the twentieth-first century.
The EVI estimates can be associated with wooded areas
(Hussein et al. 2017), which, for urban climate purposes,
are important regions where evapotranspiration may mitigate UHI intensity (Ballinas and Barradas 2016). In the
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FIG. 4. Histograms of daily maximum temperature for (left) Ecatepec, between 1963 and 1988 (black bar) and
between 1990 and 2015 (gray bar), and (right) Milpa Alta, for 1965–88 (black bar) and 1996–2015 (gray bar).

MCMA, EVI values of less than 0.1 nearly correspond
to an absence of trees in highly urbanized areas (Fig. 5).
The use of land-use and land-cover data over the
MCMA (Buchhorn et al. 2019) indicates that most of
natural vegetation has been changed for urban areas
(not shown). It is empirically determined that for the
MCMA case, the EVI contour of around 0.2 approximately corresponds to urban areas. In areas of larger
mean September EVI values, natural vegetation appears to provide a climate-regulation service. When the
EVI is compared for two periods, such as 2000–04 and
2011–15, the urban and less vegetated regions show an
expansion, mainly to the northeastern and northwestern
parts of the MCMA. In the eastern part of the domain,
south of Nabor Carrillo Lake (Fig. 1), the sparse vegetation coincides with one of the most densely populated
and low-income regions in the country. In the southern
foothills of the domain, the forest area is gradually being
occupied by new human settlements that are diminishing
the extent of the natural vegetation, despite the existing
conservation policies. Urban growth in the MCMA results in vegetation losses and warming since the energy
balance is modified (Jáuregui 2009). In the recently urbanized areas, such land-use change has resulted in temperature increases between 18 and 28C in 20 years (Jáuregui
2009). The largest warming in urbanized areas corresponds
to the areas of asphalt, urban infrastructure, or bare soil.
EVI and population densities have changed from the
2000–04 period to the 2011–15 period, mainly on the
periphery of the MCMA, toward the northeast and
northwest (Fig. 6, left panel). In the central part of the
MCMA, population density has slightly decreased.
However, the vegetation loss continues over most of
the region, inducing changes in the UHI. Maximum
temperature changes between the two periods are large

in the eastern part of the MCMA (Fig. 6, right panel),
where loss of vegetation and population density have
changed significantly.
An additional factor that modulates maximum temperature in a large portion of the MCMA is heat advection.
This term has been neglected in previous calculations of
the drivers of the MCMA UHI (e.g., Ballinas and
Barradas 2017). The effect of the afternoon mountain
breeze in the southern and western part of the Mexico
valley reduces the warming of the southern central parts
of the UHI in the afternoon hours. Between 1400 and
1500 LT, the cool mountain–valley breeze blows to
southern part of the MCMA (Fig. 7), advecting air of
less than 258C from the foothills toward the urban area.
The cooling effect of this process may be as large as
38C h21. The gradual loss of so-called natural vegetation
conservation areas in the southern mountains may result
in a weakening of the cool air advection process and an
enhancement and expansion of the UHI. Therefore, the
growth of the MCMA in recent decades has resulted in
an enlarged and more intense UHI, with mean spring
maximum temperatures close to 298C in the centraleastern part of the urban area, that is, more than 28C
larger than three decades ago.

c. Extreme maximum temperature as a natural
hazard
Increases in maximum temperature become a natural
hazard when they represent a threat to human health
and comfort. Warm spells are usually defined with respect to the local climatology of a region. Various definitions have been posed for warm spells, but in general,
they are described as periods of unusually hot and dry or
hot and humid weather that have a subtle onset and cessation and a duration of at least two to three days, and they
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FIG. 5. Mean EVI for September in the MCMA for the: (left) 2000–04 and (right) 2011–15 periods. The thin blue
line in the left and right panels corresponds to the limits of urbanization for 2000 and 2010, respectively. The red line
denotes the logarithm of the population density (thousands of people per square kilometer).

usually have a discernible impact on human and natural
systems (McGregor 2015). Maximum temperatures in the
MCMA mostly occur during March, April and May, some
of the driest months of the year, and are seldom above

308C. The 90th percentile of maximum temperature shows
the area potentially affected with extreme temperatures.
During the 1965–80 period, a 10% chance of extreme
maximum temperatures is usually above 288C, over the

FIG. 6. (left) Change in mean September EVI between the average conditions of the 2000–04 period and the
2011–15 period. The population density (persons per square kilometer) changes between 2000 and 2015 are
denoted with isolines, with red or blue lines indicating an increase or decrease in population density, respectively.
(right) Change in mean March–May maximum temperature (8C) between the 2000–04 and 2011–15 periods.
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City, daily maximum temperatures over 348 and 358C
for two consecutive days have already been recorded in
recent years. In areas that maintain part of their natural
vegetation, changes in the 90th percentile of daily
maximum temperatures are weaker than in regions
where vegetation was lost, as in the newly urbanized
regions. During El Niño years, chances of maximum
temperatures above 338C increase, as in the spring of
1998, when maximum temperatures for several consecutive days occurred in April (Magaña 1999). The
number of days with maximum temperature above
308C has increased by more than 10% in recent decades, which implies an increase in the frequency of
warm spells (Jáuregui 2009).

d. The impacts of heat waves in the MCMA: Acute
diarrhea diseases

FIG. 7. Long term means of the 2100 UTC (1500 LT) April
surface wind (vectors) and heat advection (8C h21; contours).
Cooling in the southern part of the MCMA by heat advection is
represented by dashed lines.

urbanized area of central Mexico City (Fig. 8, left panel).
However, for the 2000–15 period, this area extended to
northwest and northeast, as a result of urbanization
(densely populated areas with little or no natural vegetation). The 90th percentile of daily maximum temperature is above 298 and 308C over a large part of the
UHI (Fig. 8, right panel). In central eastern Mexico

In several regions of Mexico, the impacts of heat waves
have been associated with heat stroke or other cardiovascular diseases. In Mexicali, in northern Mexico, maximum
temperatures above 408C are frequent (e.g., Jaramillo
Ramírez et al. 2011) and result in large mortality rates
(Díaz Caravantes et al. 2014). However, in the MCMA the
maximum temperatures rarely reach values that may
threaten human life in such manner. In recent years however, diarrheal disease cases in the northeastern part of the
MCMA tend to occur more frequently during the warmest
months of the year: March, April, or May (Fig. 9). This
may be related to human consumption of food rotted by
hot weather or to pollution associated with stronger winds,
dust, and bacteria dispersion. In the MCMA, more than

FIG. 8. Ninetieth percentile of daily maximum temperature, in the MCMA for the (left) 1965–80 and (right) 2000–15
periods.
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FIG. 9. Weekly number of hospital discharges for acute diarrhea diseases (ADD) for
children between 0 and 14 years old in the MCMA (black line) and averaged weekly
maximum temperatures over the MCMA (gray line). The smooth solid lines correspond to
their weekly climatology. Dashed tilted lines show the correspondence between an increase in maximum temperatures and increases in the number of ADD.

Unauthenticated | Downloaded 01/09/23 04:17 AM UTC

360

WEATHER, CLIMATE, AND SOCIETY

90% of the population has access to water inside their
houses. However, some people living in the eastern part of
the city, or in municipalities near the central region, lack
basic public services such as potable drinking water
(INEGI 2018). The limited access to this service, particularly during the dry warm season, contributes to the
lack of hygienic measures and the proliferation of ADD,
mainly among children, particularly during heat-wave
periods, when interruptions in the distribution of water
are more frequent.
To determine the relationship between heat and
ADD episodes, weekly maximum temperatures averaged over the MCMA and diarrhea reports among
children between 0 and 14 years old are examined for
the 2000–11 period (Fig. 9). The spatial average of
weekly maximum temperature is used, considering
that heat waves affect the entire domain. In most years
of this period, weekly maximum temperatures above
the average (climatology) appear to lead to increases
in the number of ADD reports one or two weeks later,
mostly during the spring months. The time difference
is related to the process of acquiring the disease, going
to the hospital, and being discharged. Data show that
warm spells and ADD hospital discharge reports are
usually larger between March and May. The Mexican
Ministry of Health considers there is an expected
number of cases every week, but the situation becomes anomalous when the number of ADD reports is
above such expected value. In general, the intensity of
the warm spell is not proportional to the increase in
the number of ADD repots. However, warmer-thannormal weekly maximum temperatures are generally
followed by an increase in the number of ADD cases
in children.
The previous analysis shows that warm spells in the
MCMA may affect people’s health, but the magnitude
of the impact does not only depend on the maximum
temperature anomaly. The socioeconomic and environmental context is important to determine the regions of the MCMA, where warm spells may affect
the most.

e. Vulnerability and risk under warm spells
A larger number of people exposed to warm spells
increases the magnitude of the impacts. The MCMA
population increased from around 5 million people in the
1950s, to around 20 million in 2010 (INEGI 2018). A large
percentage of the population in Mexico has obesity and
cardiovascular problems (DiBonaventura et al. 2018).
These factors can make the population vulnerable to
episodes of higher-than-average temperatures—for instance, above 308C—that occur during warm spells in the
highly urbanized zones of the MCMA. Some proposals
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suggest that the vulnerability of people of the MCMA to
extreme heat depends on six factors (among others):
(i) access to basic domestic services (potable water), (ii)
access to health services, (iii) population density (overcrowding in houses), (iv) degree of illiteracy (to be informed on climate risks), (v) degree of vegetation cover,
and (vi) refrigerator availability. All of these indicators are
dynamic (vary in time) and may be described in terms of
official data. For instance, the largest increase in people’s
density takes place in new settlements, in the northeastern
part of the MCMA. In the present vulnerability analysis, it
was found that people are more vulnerable to heat waves
and experience ADD when access to potable water is
insufficient.
The normalized indicators are constructed using official census information from recent years: 2000 and 2010
(INEGI 2018), obtained with data at the municipal level
and higher spatial resolution. The hazard data, corresponding to the 90th percentile of maximum temperature is combined with the vulnerability index to obtain
ADD risk indices for 2000 and 2010. During 2000, the
most vulnerable population was located mostly in the
eastern part of the MCMA, that is, in the State of
Mexico (Fig. 10, left panel). In 2010, the most vulnerable
people were located in the new settlements, on the periphery of the domain of study, mainly in the northeastern
part of the MCMA (Fig. 10, right panel), suggesting that
new settlements delay in receiving basic urban services.
Some of the most vulnerable places correspond to irregular settlements, with limited access to public health
services and potable water. Their environment is usually
degraded with little natural vegetation and high pollution
levels (Makhelouf 2009). Low vulnerability in the old
central part of the MCMA suggests that its population
has reached a higher socioeconomic level and adequate
urban services throughout the years.
The 90th percentile of maximum temperature is
larger toward the eastern, northeastern, and northwestern zones of the MCMA. Climatic risk of ADD to
warm spells, among children between 0 and 14 years
old, has increased in recent years (Fig. 11). The areas of
high levels of risk approximately correspond to the
distribution of the zones with a large number of hospital discharge reports related to ADD among children, that is, in the northern and eastern parts of the
urban area (Fig. 12). The largest number of ADD reports (at the municipal level) are also observed in the
northeastern and northwestern parts of the MCMA, in
approximate agreement with the high climatic risk index. There are differences in the exact location of the
maximum number of ADD reports and risk estimates,
since some people in the State of Mexico municipalities
frequently move to the nearest hospitals in Mexico City
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FIG. 10. Vulnerability index to extreme maximum temperature for heat waves for (left) 2000 and (b) 2010 in the
MCMA. The scale bar is a reference to low and high values only.

area to be treated. Given that the data correspond to
reports on the patients treated in hospitals, there could
be a bias in the precise location of the report.
Therefore, it is high temperature but also the condition of vulnerability, that is, risk, that better explains
the impacts of the temporal and spatial distribution of
ADD. The limitation on the information about cases of
diarrhea (place where the person acquired the disease)
caused by extreme heat reduces the skill of the risk
model to better define the location of the impacts. This is
obviously part of the uncertainty of any risk model.
Nevertheless, the importance of a risk approach to propose adequate adaptation measures to warm spells in the
MCMA is now available to define a prevention strategy in
the health sector.

4. Summary and conclusions
The urban expansion of the MCMA has resulted in
an UHI that tends to increase the magnitude and
frequency of warm spells. The environmental and
socioeconomic conditions of this urban area create
vulnerabilities to anomalously high maximum temperature. During the warm season, warm spells may
result in increased risk of ADD outbreaks in the
central eastern and northeastern parts of the MCMA,
characterized as the most vulnerable zones. We conclude
that an urban development that reduces or eliminates
natural vegetation results in warmer temperatures and a

horizontal growth and intensification of the UHI. Most of
the time it is irregular settlements on the periphery of
the city, with low socioeconomic conditions and limited
access to potable water, that provoke environmental
degradation and make people more vulnerable to warm
spells. This is common in the urban expansion of the
MCMA, which exacerbates social vulnerability by increasing exposure, the loss of ecosystem services, and
poor socioeconomic conditions. Children are particularly
vulnerable to heat waves.
According to our study,
(i) the expansion of the MCMA has resulted in an increase
of maximum temperature (mean and extremes),
(ii) the loss of natural vegetation in the urbanization
process generates changes in temperature that, in
combination with heat-wave activity, results in a
natural hazard for people’s health,
(iii) vulnerability to heat waves and risk of ADD in the
eastern and northern parts of the MCMA are
mainly related to an enhanced UHI and socioeconomic conditions, and
(iv) this analysis may serve to develop a heat–health
early warning system for the MCMA.
Climate risk management is aimed at reducing, for
instance, the negative impacts of warm spells. The
estimates of climate risk based on probabilities of
higher temperatures above a critical threshold should
serve to design structural measures to manage risk,
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FIG. 11. Risk of ADD under warm spells in the MCMA for the (left) 2000–04 and (right) 2010–14 periods.

including mitigation of the UHI. On the other hand,
when risk is calculated based on observed conditions
for a particular day or week or on weather forecasts, a
response to critical risk may be based on an early
warning system. Our results indicate that an early
warning to warm spells in the MCMA may be issued a
week in advance, particularly for the most vulnerable
regions. Improved weather forecasts and climate risk

information are important elements to face the increase
in the frequency and magnitude of heat waves. Although
the warm episodes occur over most of the MCMA, adaptation strategies should be implemented in the regions
under high risk, as suggested by the World Health
Organization (2015), and it could be implemented based
on a risk approach, once an adequate communication
strategy is developed.

FIG. 12. Number of reports of hospital discharges after ADD for children between 0 and 14 years old at the municipal-level MCMA for
March–June of (left) 2000–04 and (right) 2007–11 (data source: COFEPRIS).
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Climate risk management also requires mitigation of
warm spells by reducing the magnitude of the UHI, for
instance, by means of urban reforestation in the eastern
part of the MCMA. It also requires adaptation, which
involves addressing the vulnerability factors, such as
information to people on the conditions that favor
ADD. Not all the socioeconomic conditions that result
in vulnerability may be modified to reduce risk, but its
quantification is necessary to determine when high
levels of risk are reached.
Most medium-sized cities in Mexico follow an urban
growth pattern similar to the one observed in the MCMA,
in which the construction of infrastructure (buildings,
roads, etc.) is more important than maintaining natural
ecosystem services (conservation of trees and natural
vegetation in general). An attribution exercise of the
UHI may serve to determine where urban reforestation
or other mitigation strategies may be implemented (e.g.,
recovery of rivers). Such studies would be of benefit to a
society interested in climate risk management.
It is necessary that, in the near future, better information on the direct impacts of heat on people of the
MCMA, such as heat stroke, be prepared. Adaptation to
the UHI or climate change requires redefining the
strategies for human settlements, mainly on the periphery of the urban area, by improving their access to
better environmental and economic living conditions.
The interest of the Mexican government in climate
change should also address the problem of the UHI
by establishing urban reforestation programs or improved public health services in vulnerable regions.
Climate risk scenarios in megacities may serve to better
plan land use in medium-sized cities experiencing rapid
demographic growth.
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