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Abstract

Although there is significant scientific evidence on the impact of heat waves, there are few
studies that analyze the effects of sociodemographic factors on the impact of heat waves
below the municipal level. The objective of this study was to analyze the role of income level,
percent of the population over age 65, existence of air conditioning units and hectares (Ha) of
green zones in districts in Madrid, in the impact of heat on daily mortality between January 1,
2010 and December 31, 2013. Seventeen districts were analyzed, and Generalized Linear
(GLM) Poisson Regression Models were used to calculate relative risks (RR) and attributable
risks (RA) for the impact of heat waves on mortality due to natural causes (CIEX:A00-R99). The
pattern of risks obtained was analyzed using GLM univariates and multivariates of the binomial
family (link logit), introducing the socioeconomic and demographic variables mentioned above.
The results indicate that heat wave had an impact in only three of the districts analyzed. In the
univariate models, all of the variables were statistically significant, but Ha of green zones lost
significance in the multivariate model. Income level, existence of air conditioning units, and
percent of the population over age 65 in the district remained as variables that modulate the
impact of heat wave on daily mortality in the municipality of Madrid. Income level was the key

variable that explained this behavior.

The results obtained in this study show that there are factors at levels below the municipal
level (district level) that should be considered as focus areas for health policy in order to
decrease the impact of heat and promote the process of adaptation to heat in the context of

climate change.

Key words: Heat waves, income level, green zones, air conditioning, seniors 65 and over,

adaptation.
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1. Introduction

According to forecasts of the IPCC (IPCC, 2013), heat waves will become more frequent and
intense, with increasing average temperatures already above 12C at the global level compared
to the preindustrial era (WMO, 2019). In the case of Spain, it is expected that in an
Representative Concentration Pathway (RCP) 8.5 scenario for the 2021-2050 period, average
maximum daily temperatures will reach 30.32C in the summer, and 33.62C later on in 2051-
2100. There will be increases of 1.62C and 4.9 oC respectively, compared to the reference
period of 2000-2010 (Diaz et al., 2019). This horizon supposes an important increase in
mortality attributable to heat if there are no processes of adaptation to heat, in addition to a
significant increase in healthcare expenditure (Diaz et al., 2019). Adaptation to this rate of
temperature increase is a challenge for health systems and requires knowledge about which
variables most influence adaptive processes (Sheridan et al., 2018; Martinez et al., 2019;
Linares et al 2020). On its own, biological adaptation to increasingly high temperatures is

insufficient in the face of the temperature increases mentioned (Follos et al, 2020).

However, what is clear is that there is a process of population adaptation to higher
temperatures that is taking place , as shown by the decrease in the effect of heat on mortality
(Diaz et al., 2018; Barreca et al.2016; Wang et al. 2016). Also, it seems to be greater in the
countries of southern Europe compared to their northern neighbors (Ward et al., 2016). In
addition, the increase in minimum mortality temperatures that has been found in some places
seems to point in the same direction (Mirdn et al., 2008; Astrom et al., 2016 & 2018; Chung et

al., 2017; Follos et al., 2020).

One of the principal factors that is known to influence the greater or lesser impact of heat on
mortality is the number of people over age 65 (Montero et al., 2012; Diaz et al., 20153;
Gronlund et al., 2016), due to the aggravation of prior circulatory and respiratory (Diaz et al.,

2002) as well as renal conditions (Gasparrini et al., 2015). Recent research also finds an
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increase in mortality due to heat in terms of the aggravation of neurodegenerative diseases

and mental health (Linares et al., 2016; Trombley et al., 2017).

In addition to what has been mentioned above, there are different processes that could
explain this gradual adaptation to heat (Sheridan et al., 2018; Martinez et al., 2019; Follos et
al., 2020). Some are social in nature, such as the so called “culture of heat” (Bobb et al., 2014).
This term refers to the preventive measures carried to prevent the effects of extreme high
temperatures. These measures consist on the extensive heat—health warning systems and
public health response programs have been implemented in several U.S. cities. These
programs often contain specific measures targeted toward the elderly population, which could
be one reason why heat-related mortality declined most rapidly for the oldest age group,
others are related to the health system as in the existence of prevention plans (Linares et a.,
2015; Ebi & Rocklov 2014) or improvements in health services (Mirdn et al., 2015), and some
seem to be related to architectural and urban factors (Fisk, 2015). Thus, some studies show
how the age of buildings can explain the distribution and intensity of the risks associated with
temperature (Lopez-Bueno et al., 2019; Loughnan et al., 2015). In this sense, variables such as
proper insulation in housing or energy efficiency of buildings are important (Willand et al.
2016), as well as the existence of air conditioning units (Martinez et al., 2019; Diaz et al.,
2018). Furthermore, urban planning factors such as the presence of green zones and reduce
the heat island effect (Bowler et al., 2010; Burkart et al., 2016; Norton et al., 2015; Lee et al,,

2016).

Also related to these factors are issues such as income per household (Laverdiére et al., 2016;
Mushore et al., 2018; Phung et al., 2016), because it conditions the use of air conditioning
systems, which play a central role in mitigating the impact of heat waves on health (Barreca et
al. 2016; Fisk, 2015; Guirguis et al., 2018; Laurent et al., 2018; Loughnan et al., 2015; Zhang et

al., 2017). Also, households with low income levels have difficulties in repairing and improving
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living spaces, and income can also determine the levels of health and healthcare services of

those who are vulnerable.

Although there are many studies that delve into these areas with respect to the impact of heat
on a city (Diaz et al., 2015b; Lépez-Bueno et al., 2019), on a country (Barreca et al., 2016) or on
multiple countries (Guo et al., 2018), there are few that approach the problem at a level below
the municipal level and that focus on possible heterogeneity that can exist at the level of
different districts (or neighborhoods) within a city. Neighborhoods can be characterized by
large differences at the socioeconomic and demographic levels as well as in terms of urban
planning and infrastructure. Knowledge of how these variables can modulate and determine
the impact of high temperatures is crucial in order to guide the development of policies that

aim to mitigate the consequences of heat on the health of the population.

The objective of this study is to analyze the impact of heat waves on different districts in
Madrid during the 2010-2013 period and to study whether variables such as income, the
percentage of the population over age 65, access to cooling systems and the hectares of green

zones in each zone explain the different behavior of the impact of heat on daily mortality.
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2. Materials and methods

The analysis strategy has followed two phases. In a first stage, an ecological, longitudinal
retrospective time series analysis was carried out to analyse the impact of heat waves on daily
mortality in different districts of the city of Madrid, by calculating relative risks (RR) and

associated attributable risks (AR) between January 1, 2010 and December 31, 2013.

In the second stage, Binomial models were conducted to investigate if the variables of social
context influence the relation in the pattern of risks found. Therefore, the results of both
phases are examined together in order to analyse whether the previous results found at the
district level using RR and RA could be explained by variables related to the social,
demographic and urban context, such as income level, the percentage of the population over
age 65, the access to cooling systems, and hectares of green zones in each district. Univariate
models were constructed first and supported later multivariate models to determine those

models with the final, statistically significant variables.

2.1 Calculation of relative risks and attributable risks associated with heat waves

Generalized Linear Models (GLM) of the Poisson family were used to determine the existence

of risks associated with extreme heat events as follows:

2.1.1 Variables

The dependent variables used were annual aggregated data on daily mortality due to natural
causes (CIE X: A0O — R99) by district. This data were provided for "Instituto de Estadistica de la

Comunidad de Madrid" and agreggated by "Madrid Salud" (Council of Madrid City).

The districts of Madrid are pictured in Figure 1. Of them, districts 14, 18, 19 and 21, which
correspond to Mortalaz, Villa de Vallecas, Vicalvaro and Barajas, respectively, were discarded

for having more than 10 percent missing data.
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The independent variable considered was heat waves, or Theat, quantified based on data for
maximum daily temperatures measured in the observatory of reference in Madrid-Retiro from

the State Meteorological Agency (AEMET).

The variable Theat is defined in the following way:
Theat = Tmax — 36 when Tmax > 362C

Theat = 0 when Tmax < 362C

The maximum daily temperature of 36 9C, is the daily threshold temperature, at which
mortality due to heat begins to increase in the municipality of Madrid, according to prior
studies (Carmona et al.,2017). As the effect of heat manifests in the short term, lag variables
were introduced for the variables Theat of up to for days (Diaz et al., 2015b). Also included
were the values of average relative daily humidity. Other control variables included in the
models were series trend and seasonal components and the autoregressive nature of the
series. Only an autoregressive of order one was used to control the autoregressive nature of
the daily mortality series in the Poisson models. The reason for including only the

autoregressive of order 1 focus on previous studies conducted (Alberdi et al., 1997).
2.1.2 Calculation of relative risks and attributable risks

The modeling of the Poisson regression allowed us to obtain the relative risks (RR) associated
with the variable Theat and the lags that were statistically significant in relation to daily
mortality in each district analyzed. Based on the values of RR, population attributable risks
(PAR) were calculated using the equation: RA = (RR-1/RR)* 100 % (Coste and Spira, 1991). This
process was repeated for each district. The models were adjusted using a backward stepwise
modeling process, eliminating the variables that did not reach statistical significance with p-

value < 0.05. The following equation represents the models analyzed:

In(y;)) = b+ BjTij + wiCix + &,E;,
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Where i represents each observation; y;, the morbi-mortality data used; b, the intercept; ﬁj,
represents the coefficient calculated for wave T;; and its lags j; wy, represents the coefficient
calculated for each of the k control variables (C;); and €, represents the coefficient calculated
for each of the z environmental variables (E;,) considered in the model. A model was designed

for each cause, age group and administrative level analyzed.

2.2 Analysis of the pattern of risks

The pattern of risks calculated during heat waves was analyzed using univariate and

multivariate GLM models of the binomial family that use the logit function as link.

Detection of risk, defined Rheat, was used for the dependent variable, a dummy variable that

adopts a dichotomous value for each observation, described as follows:

If RA> 0 then Rheat=1

If RA =0 then Rheat=0

The contextual explanatory variables were the aggregated income per hosehols, the
population over age 65, the percentage of household without cooling systems and hectares of

green zone, included in the following way:

- Net income per hosehols by district: Expressed as thousands of euros per year and
taken from Sanz Fernandez et al. 2016 with available data between the years 2011 and
2013 from the National Statistics Institute (Instituto Nacional de Estadistica, 2015).

- Age groups: Based on the percentage of the population over age 65 by district —
available in the open access database of the Statistics Institute of the Community of
Madrid (Instituto de Estadistica de la Comunidad de Madrid, 2020)- the following

levels were considered: group 1 - if the percent of the population over 65 years old
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was less than 25 percent (17.12%), group 2 if the same value was found between
percentiles 25 and 75 (21.92%), and group 3 if the percent was above the 75th.

- Non-air-conditioned homes (%): percentage of homes without cooling systems by
district in the year 2001, based on Sanz Fernandez et al. 2016 and indicators collected
by INE (Instituto Nacional de Estadistica, 2001).

- Green zones per district (Ha): Calculated as the aggregated area of green zones,
gardens, and historic and forest parks. Data available in the open data portal of

Madrid, 2020.

These models were made with days that meet with the condition Theat > 0. The explanatory
variables included were contrasted one by one and adjusted in the GLM models of the
multivariate binomial family. The variables that did not reach statistical significance with a p-
value < 0.05 were withdrawn from the final model presented in the results. The equations that

are presented here refer to the univariate and multivariate models analyzed, respectively:

p
1 (—) = b + b;Ctxt;;
0g p—1 + p; Xtij

log (p%) = b+ BiR; + B2y GE, + B3V + BNR;
Where p represents the probability of detecting impact; b, the intercept of the model; 8
represents the coefficient calculated for the context variable (Ctxt) i in the district j. These
context variables were income (R), age group z (GE), green zone(V) and homes without access

to cooling systems (NR).

The free R software was employed for the construction and cleaning of the data, and STATA

software version 14.2 was used to calculate the models.
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3. Results

Table 1 shows basic descriptive statistics related to mortality in different districts in Madrid. It
shows that mortality is similar in all of the districts with an average mortality that is double

that of districts with lower mortality.

The descriptive statistics of the context variables used are shown in Table 2. It highlights the
fact that in none of the districts in Madrid do cooling systems reach less than 50 percent of
households. In contrast, there is a quite unequal distribution of green zones among districts,

which drives a higher dispersion.

Figure 2 represents the geographical distribution of the districts in Madrid where the study
was carried out. It shows that risks were detected in three of the analyzed districts: Tetuan,
Carabanchel, and Puente de Vallecas. The values of these risks are shown in Table 3. In Tetuan
and Puente de Vallecas there is an immediate impact of heat (lag 0), but in Carabanchel there
is also a short-term effect (lag 2), although there are no statistically significant differences in

terms of the values of these risks.

Table 4 shows the results of the regression models in terms of the response variable and the
explanatory variables, considered one by one. Statistically significant differences can be
observed for all of them except for age. Finally, Table 5 shows the results of the adjusted

multivariate model.

The statistical association with income per household and access to air conditioning was
maintained in the adjusted model. As income level increases, the probability of detecting a
heat wave impact decreases in a statistically significant way. In the same way, as the
percentage of homes without access to cooling increases in a given district, this probability

increases.

10
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As shown in Figure 3, income level per household tends to increase with the percentage of
those over age 65 in the districts. This could explain why there are no statistically significant
differences by age group in the univariate model. However, there is an association in the
adjusted model. In the districts found in group 2—with intermediate percentages of vulnerable
population— the probability of finding risk increases with respect to the reference group:
those districts with less population at risk. The contrast between districts in group 3 and group
1 could not be carried out, because there was no risk detected in any of the districts with

more vulnerable populations.

Finally, after analyzing the relationship between the pattern of risk and the Ha of green zones
found in each district, we observed that as green zones increase the probability of detecting
heat impacts decreases in a statistically significant way. However, this effect disappears in the

adjusted model.

4. Discussion

The first notable result of this study is that heat impacted daily mortality in only three of the
districts analyzed. This result is supported by other studies carried out in the city of Madrid
(Diaz et al., 2015a), in Spain (Diaz et al., 2018) and in other countries (Barecca et al., 2016)

which show that the effect of heat on mortality is clearly decreasing in recent years.

The role played by the population over age 65 on the impact of heat seems to be limited,
despite being the age group with a greater incidence of heat (Diaz et al., 2002; Diaz et al.,
2015a; Gronlund et al., 2016). In fact, this analysis did not detect a heat impact in any of the
districts with the greatest percentage of population over age 65, which correspond to group 3.
This result seems to contradict what has been found in other studies that established a direct
relationship between the percentage of people over age 65 and a greater impact of heat

(Montero et al., 2012). Therefore, it seems that there must be other factors that modulate the

11
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effect of heat beyond those that are exclusively physiological. According to our results income
level is a determinant factor in explaining this behavior, and this is shown in Tables 4 and 5, in
which income is statistically significant both in the univariate model (Table 4) and the
multivariate adjusted linear model (Table 5). The collinearity between the age group and the
income level per household could explain this result. The results observed agree with prior
studies that point to vulnerable populations bearing the burden of greater risks related to heat

waves (Laverdiére et al., 2016; Mushore et al., 2018; Phung et al., 2016).

Another factor that has been a source of controversy in recent studies is the role of air
conditioning in the impact of heat on population health (Sheridan et al., 2018; Martinez et al.,
2019). Some studies indicate that this is a determinant factor in modulating the impact of heat
waves (Barreca et al. 2016; Fisk, 2015; Laurent et al., 2018). The results of our study confirm
this hypothesis. It could be that this factor is directly related to income level, but the fact that
in Table 5 both variables (income level and percentage with air conditioning) are significant
could indicate that they explain different realities. Even when they have air conditioning units,
low income people tend not to use them when they feel discomfort (Gao et al., 2020; Sanchez-
Guevara et al.,, 2015; Nunez Peird et al.,, 2017). The inability to cope with electricity
consumption from air conditioning, even if the household has the equipment, is a little
explored but potentially very relevant facet of energy poverty in the study of socio-economic
factors of vulnerability to heat (Bouzarovski & Petrova, 2015; Lane et al., 2014). On the other
hand, there are studies that show that living alone and with a low income (Sanz Fernandez et
al., 2016), is a factor that increases the risk of death during a heat wave (Lin et al., 2019; Zhang
et al., 2017). Therefore, the level of income per household is a key social indicator of heat
vulnerability that explains other related aspects such as loneliness and energy poverty. Also, it
could be that families with lower incomes might lack the time and resources needed to

guarantee sufficient levels of care to the population at risk. In contrast, families with greater

12
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incomes could access services that offer additional compensatory compensation for the most

vulnerable, such as health services or private assistance (Sanz Fernandez et al., 2016).

Another factor that is indirectly related to income level is the percentage of green zones.
Green zones play an important role in mitigating the heat island effect, by which
temperatures, especially at night, can be several degrees higher in the interior of cities than in
the periphery (Alonso and Renard, 2020; Heaviside et al., 2017; Sdnchez-Guevara et al., 2019;
). On the other hand, green zones have the capacity to mitigate high temperatures, thanks to
heat dissipation due to evapotranspiration of plants and the creation of shade (Burkart et al.,
2016). This protective effect of green zones related to heat impact can be observed in Table 4
of this study, which corresponds to the univariate model. The table shows that the probability
of risk related to extreme heat events decreases as hectares of green zones increase. However,
in Table 5, which shows the adjusted multivariate model, this variable loses statistical
significance. This result agrees with the findings of a study in the city of Berlin, which showed
that facades, rooftops and urban green zones do not necessarily lead to a statistically
significant reduction in interior air temperature (Buchin et al., 2016a). In this sense, some
studies have determined that interior air temperature of buildings are more intimately
correlated with the presence of climatization systems and construction characteristics than
with exterior temperatures (Loughnan et al.,2015; Lundgren et al., 2019). In this way the risks
associated with heat waves could be better explained by factors related to interior air
temperatures than exterior temperatures in cities (Buchin, et al. 2016b; Walikewitz, et al.
2018). A previous paper reported a similar behavior between green zones and climatization

systems (McDonald et al., 2020).

However, this does not imply that the role of green zones is not important or does not exist.
Recently it has been shown that as homes install air conditioning systems, the association

between green zones and heat mortality becomes weaker, and at the same time the
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association between green zones and energy savings during heat waves becomes stronger
(MacDonald et al., 2020). Therefore, the protective effect of green zones is reflected indirectly
in terms of the greater need for energy to reach a comfortable temperature in the home. In
addition, the presence of green zones reduces the levels of air pollution in cities (Rafael et al.,
2020), and contribute to improved physical condition and mental health (Andreucci et al.,

2019; Marchegguiani et al., 2019). Both factors contribute to population response to heat.

Finally, the lack of risk found for any district in group 3—in which those over age 65 tend to
live—could be explained by this population’s income level. The average income per household
in these districts (Figure 3) is above 50,000 net euros per year, which is well above average for
the districts (38,770 net euros per year). Thus explained is the apparent contradiction
between not finding risks in districts with a more vulnerable population thanks to the
compensatory role of higher income per household, which allows for effectively protecting
patients at risk of exposure to heat waves. In contrast, in the districts with lower income, this
factor is important, for example, in not finding a heat wave effect in Villaverde or in the central
district, despite having the lowest income levels, given that they simultaneously have lower

populations over age 65.

This study has limitations, including those related to the nature of ecological studies. On one
hand, the results of this type of study can only be applied at the population level and not at
the individual level. Another possible limitation present in all of these studies is that
meteorological variables are measured delocalized from the place in which exposure is
produced, such that not necessarily all of the population analyzed is really exposed to the
temperatures they’'ve been assigned. Moreover, the possible temperature differences
between the centre and the urban periphery caused by the heat island effect, given that this is

a night-time phenomenon, should not be too far-reaching in this respect. Furthermore, it
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should be noted that the environment in which the measuring stations are located is very
different from that of the urban fabric (Nufiez Peird, et al. 2019). However, these problems are
common among this type of study (Samet et al., 2000), and they are minimized by including
control variables in the generalized linear models carried out to calculate risks (Ingebrigtsen et
al., 2015). The use of stepwise methods to specify the models are in danger of omitting
explanatory variables that, although relevant, would not be statistically significant due to

collinearity. If these were so, a specification error would occur, leading to biased estimators.

This study did not control for air pollution due to the lack of available data at this level of
disaggregation. In this sense, it should be noted that the role of air pollution in relation to the
impact of heat daily mortality is relatively small (Diaz et al.,, 2015b). Finally, there is the
limitation of finding effect in only 3 of 17 analyzed districts, which would affect the statistical
significance of the associations found in Tables 4 and 5. Finally, the data used for air
conditioning were collected in 2001, nine years before the starting date of the time series of

the mortality data. However, there are no more updated data.

In summary, the pattern of risks found in this study is explained primarily by income per
household, such that in those districts with greater income levels people tend to have the
means to compensate for or avoid heat waves, which does not happen in lower income
districts, where risks are more likely. Evidently, an important factor that is conditioned by
income level is the access to cooling systems, but it is not the only factor. Among the districts
where income levels do not permit compensating for the exposure, we did find that the role of
the population at risk is important, and that detecting an impact among the younger
population is less probable. Finally, although green zones mitigate the impact of heat waves,
their role is not more determinant than that of income level or air conditioning in homes. In
general, we can confirm that the impact of climate change is more accentuated among

marginalized social groups (Rossati, et al., 2017).
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The socioeconomic factors together with the age of the population are the key factors to
explain the different heat impact detected in the districts of Madrid City. Public policies that
aim to urban regeneration to guarantee a minimum thermal habitability conditions in a passive
way, as well as the development of urban green, together with others aimed at guaranteeing
access to suitable air-conditioning systems, would make it possible to maintain comfortable
temperatures by optimising energy consumption and achieving a significant reduction in the

excess mortality attributable to the cold.
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