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Abstract: We have examined the heat and cold-related mortality risk subject to cold and heat extremes
by using a generalized additive model (GAM) regression technique to quantify the effect of the
stimulus of mortality in the presence of covariate data for 2007–2014 in Nicosia, Cyprus. The use of the
GAM technique with multiple linear regression allowed for the continuous covariates of temperature
and diurnal temperature range (DTR) to be modeled as smooth functions and the lag period was
considered to relate mortality to lagged values of temperature. Our findings indicate that the previous
three days’ temperatures were strongly predictive of mortality. The mortality risk decreased as the
minimum temperature (Tmin) increased from the coldest days to a certain threshold temperature
about 20–21◦C (different for each age group and gender), above which the mortality risk increased
as Tmin increased. The investigated fixed factors analysis showed an insignificant association of
gender-mortality, whereas the age-mortality association showed that the population over 80 was more
vulnerable to temperature variations. It was recommended that the minimum mortality temperature
is calculated using the minimum daily temperatures because it has a stronger correlation to the
probability for risk of mortality. It is still undetermined as to what degree a change in existing climatic
conditions will increase the environmental stress to humans as the population is acclimatized to
different climates with different threshold temperatures and minimum mortality temperatures.
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1. Introduction

The relationship between hot and cold temperatures and mortality from respiratory and
cardiovascular causes is well established. Governments and scientists are concerned with the increased
frequency of temperature extremes as they are associated with increased morbidity and mortality [1,2].
Exploration of time series data in different countries has revealed a different temperature threshold of
their population [3], necessitating different adaptation measures for the avoidance of the climate-change
impact and to increase the countries’ capacity to function at a forthcoming temperature [4–8]. It is of
utmost importance for the threshold temperature to be determined per country or prevalent climate as
there is a gap in the identification of the correct course of adaptation.

Mortality risk with respect to temperature has been assessed by scientists in northeastern
Europe [9–12], the USA [13,14], and China [4] by considering fixed variables such as gender and age,
resulting in contrasting findings of the threshold temperature and minimum mortality temperature
(MMT). MMT is defined as the temperature at which there is the lowest risk of mortality according
to a probability risk assessment. The question of whether fixed factors are affecting the MMT has to
be addressed carefully in the eastern Mediterranean region because of the limited number of studies
showing high MMT; 29–32 ◦C [15]. Generally, MMT has been found to be lower for populations
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living in colder climates and higher for populations living in warmer climates [11,14,16] with the
temperature–mortality relationship described as a J-, V-, or U-shaped curve.

People acclimatize to new temperatures at varying rates and to a certain extent based on
physiological parameters such as age, gender, and other prevalent health conditions. The environmental
stress even within a day may be a factor of increased cardiovascular and respiratory mortality. Moreover,
the effect of exposure to extreme cold or heat conditions is not limited to the specific day, but may be
delayed in time [2,14,17]. The diurnal temperature range (DTR) is defined as the difference between
the daily minimum and maximum temperatures, with some studies correlating a high DTR with an
increase of mortality risk [17].

To fill the above research gaps, we addressed the issue of temperature-related mortality via the
use of the generalized additive model (GAM) regression technique. Using the GAM, we investigated
the effect of same day temperatures and the weighted average temperature of the preceding three
on mortality rates. The use of the GAM model to examine the short-term mortality relationship to
regional minimum temperatures, maximum temperatures, and DTR variations revealed that MMT
should be calculated using daily minimum temperature values.

2. Methods

2.1. Study Area and Datasets

Hourly weather data (temperature [◦C]) and daily mortality data for 2007 to 2014 inclusive were
collected for two meteorological stations [18] in the urban (35.17◦N, 33.36◦E) and rural (35.05◦N, 33.54◦E)
areas of Nicosia, Cyprus. Nicosia is the capital of the island of Cyprus, located in the eastern basin of
the Mediterranean Sea with a hot summer Mediterranean climate and hot semi-arid climate (in the
northeastern part of island), according to the Köppen climate classification signs Csa (Mediterranean
hot summer climates) and BSh (Hot semi-arid climates) [19], with warm to hot dry summers and
wet winters.

The daily mortality counts were gathered only for circulatory and respiratory causes of death
and included ischemic heart diseases (I20–I25), cerebrovascular diseases (I60–I69), other heart
diseases (I30–I51), other circulatory diseases (I00–I15, I26–I28, I70–I99), influenza (J00–J99), pneumonia
(J12–J18), chronic lower respiratory diseases (J40–J47), and other respiratory causes (J00–J06, J20–J39,
J60–J99), according to the ICD-10-CM (International Classification of Diseases, Tenth Revision, Clinical
Modification). The daily mortality data were provided by the Health Monitoring Unit of the Ministry
of Health of Cyprus.

2.2. Log-Linear Regression of Mortality–Temperature Relation

The log mortality based on temperature was assumed to be smooth, but not necessarily linear
and a generalized additive model (GAM) was used. This GAM offered a high quality of prediction of
the dependent variable (log mortality rate) from the various distributions by estimating unspecific
(non-parametric) functions of the predictor variables xj, which were connected to the dependent
variable (mortality rate) via a link function.

As the death on a given day is not only a function of the same-day exposure to temperature
but is also affected by exposure during a certain lag period, we also used the weighted average
temperature of the preceding three days prior to the death. The lag period was determined using the
cross correlation function (CCF) in RStudio software. Cross-correlation analysis showed the similarity
of two series as a function of the displacement of one relative to the other. Figure 1 shows the cross
correlation of mortality rate with minimum daily temperature for a cold period (months NDJFMA)
and a hot period (months MJJASO). Similar analysis was also done for the mean and the maximum
daily temperatures. The mortality rate decreased with increasing temperature during the cold period
(Figure 1a) with a lag period of four days (that is, the highest peak of mortality four days after the
coldest temperature), whereas the mortality rate reached a peak on the same day (no lag period) as
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the maximum temperature (Figure 1b). The lag period of cross correlation function (CCF analysis)
that had an effect on mortality rate was four days during the cold period and 0 days during the hot
period. In an individual, the lag period should not be regarded as a well-defined interval as it may vary
according to the magnitude of the temperature and individual characteristics such as acclimatization
habits to heat, genetic background, and income.
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Figure 1. Cross correlation for (a) minimum daily temperature (x) and mortality (y) for months
November to April; (b) Minimum daily temperature (x) and mortality (y) for months May to October).
Dotted blue horizontal lines show the 95% significance limits.

To address the lagged dependence of mortality on temperature, the same-day maximum (Tmax)
and minimum (Tmin) temperatures, the same-day diurnal temperature range (DTR), and the average
temperature of the preceding three days (Tmax[–3] and Tmin[–3], respectively) and weighted average
DTR of the preceding three days (DTR[–3]) were used in order to closer examine the lag period of four
days found during the cold period. Diurnal temperature range is the temperature difference of the
daily maximum value and the daily minimum value [20].

The advantage of GAM was to limit the error in the prediction of the dependent variable—mortality
rate—by defining the model in terms of smooth function. In the GAM, the degree of smoothness of the
estimated mortality–temperature relative risk curve is controlled by its number of degrees of freedom
(df). Many degrees of freedom were preferred to allow highly nonlinear shapes.

Relative risk of Mortality = β+ f1(x1) + f2(x2) + . . .+ fm(xm) (1)
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The functions fj may have a parametric or non-parametric form. xj represents the temperature term,
which could be Tmin, Tmax, Tmax[–3], Tmin[–3], DTR or DTR[–3], as explained above. The relative risk
of mortality was calculated using the gam function of the mgcv package in RStudio software [21]. The
limitation of this short-term temperature analysis was that longer-term population characteristics were
not considered such as health behaviors (smoking, drinking), comorbidities (hypertension, diabetes,
cancer, etc.), medications, and access to health care.

3. Results

Temperature–Mortality Relative Risk Analysis

Figure 2 shows the temperature–mortality relative risk function estimated for Nicosia using
GAM analysis. We examined six temperature parameters: the maximum daily temperature (Tmax),
the weighted average of the maximum daily temperatures of the preceding three days (Tmax[–3]),
the minimum daily temperature (Tmin), the weighted average of the minimum daily temperatures of
the preceding three days (Tmin[–3]), the diurnal temperature range (DTR) of the day, and the weighted
average of the DTR of the preceding three days (DTR[–3]). A smooth function of time with 50 df
over the investigated years was used for the model. Similar findings were also found for smaller and
larger df.Climate 2020, 8, 40 5 of 10 
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Figure 2. Temperature–mortality relative risk functions for Nicosia, Cyprus, 2004–2014. Tmax, Tmax[–3],
Tmin, Tmin[–3], DTR, and DTR[–3] are shown in (a–f), respectively.

The relationship between maximum daily temperature and probability risk of mortality seems
linear, with a steeper slope when the average of the preceding three days’ maximum temperature is
considered. The analysis of the minimum daily temperature with respect to the mortality’s probability
risk (Figure 2c,d) showed a U shape for same-day relationship and an inverse J shape when Tmin[–3]
was used. That is, mortality risk decreased as the minimum temperature increased from the coldest
temperatures and began to rise as the temperature increased from a certain threshold temperature
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(approximately 22 ◦C). The applied model offers flexibility and agrees with Curriero et al. [14] as the
population in a warm region (such as Nicosia) tends to be more vulnerable to cold rather than those
residing in cold climates who are most sensitive to heat.

The analysis of DTR (Figure 2d,f) showed no significant results (mortality relative risk close to
zero), insinuating that the human body could adapt to any DTR within the same day. These results
thus need to be interpreted with attention, as previous studies have reported noteworthy findings
of DTR with the probability risk of mortality, therefore a more focused analysis sub-grouped by age
could elaborate on better assumptions.

Further analysis focused on the Tmin of the current day and the weighted average of the preceding
three days (Tmin[–3]) by subgrouping the risk by gender and age groups. The variables gender
and age were related using GAM with these minimum temperatures and the results are shown in
Figure 3a,b. According to Figure 3a,b, cold temperatures impose a greater risk than hot temperatures,
but other factors such as respiratory epidemics, usually present in winter, made unclear the exact role
of temperatures on increased mortality.
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Figure 3. Mortality relative risk functions for Nicosia, Cyprus, 2007–2014 with (a) minimum temperature
of the same day (Tmin), (b) Weighted average minimum temperature of the preceding three days
(Tmin[–3]).

On the other hand, high minimum temperatures and heatwaves were also associated with
increased mortality. Heat waves have gained more attention due to the urban warming attributed to
greenhouse gases and other anthropogenic sources. Other studies have shown that different cities have
different sensitivities to extremes in temperature and that the latitude and local climate are factors to
consider [14,22]. Air conditioning and human behavior can substantially modify the adverse effects of
high temperatures, but even in the hot city of Nicosia, where people are more accustomed to higher
temperatures and use air conditioning frequently, the effect of heat on health showed increasing deaths
during heat waves. Thus, adaptation should be readdressed and governments should aim for adequate
people awareness.

Figure 4 shows the relative risk of mortality for the DTR of the same day and the weighted average
DTR of the preceding three days. Kan et al. (2007) hypothesized that large diurnal temperature change
might be a source of additional environmental stress, leading to a greater risk factor for death [17].
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In contrast, our results showed a greater risk at DTR in the range of 6–8 ◦C, and smaller risk at
larger DTRs. Men and women aged 50–64 (magenta lines) were not affected by the variations in DTR
throughout the day or the preceding three days. Men 65 years and over had a greater relative risk for
DTR smaller than 5 ◦C, whereas for larger DTR, there was a negative relative risk, showing that large
DTR did not impose a risk factor for death in Nicosia. Overall, we found that DTR was independently
associated with daily mortality in Nicosia and that fluctuations in DTR appeared to mostly affect people
over 80, probably because they have reduced ability to regulate body temperatures, thus making them
marginally more vulnerable.
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4. Discussion

The mortality risk by respiratory and circulatory causes for different age groups and per gender
in relation to temperature has been examined. We employed two regression techniques to evaluate the
impact of fixed and time-dependent factors on the vulnerability to temperature–mortality associations
for 6882 deaths resulting from cardiovascular and respiratory causes between the years 2007 and
2014, in Nicosia, Cyprus. To model the relationship between temperature and mortality, we used the
generalized additive model (GAM) to assess the interaction between a variable and the observation
time and to interpret quantitative results. The GAM model revealed significantly increased mortality on
hot (no lag period) and cold days (with a lag of 3–4 days), agreeing with a similar study in Estonia [4,9].
The adverse effects of heat on health are usually more direct with increased mortality on the same day or
a couple of days after a heatwave [2,10]. As proposed by Curriero et al. [14], adaptation of populations
to their local climate is evident by the increased health risk in relation to cold temperatures in warmer
climates and on the contrary in relation to high temperature in colder climates. In warmer climates such
as Nicosia, the people are more acclimatized to high temperature conditions and therefore, a steeper
increase of the relative risk of mortality in colder conditions was observed.

The most important result to emerge from the analysis is that in the investigated area, the threshold
temperature was about 21 ◦C, supporting the assumption that people in the area are more acclimatized to
higher temperatures. MMT has been calculated in over 400 locations using the mean daily temperatures
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showing values of 29–32 ◦C in the eastern Mediterranean region and over 23 ◦C in the rest of the
Mediterranean [15]. The probability risk of mortality using GAM revealed a stronger relation with
the minimum daily temperature, so future studies should focus on the investigation of MMT using
daily minimum temperatures. A similar GAM analysis in Shanghai [17] found smaller relative risk for
elderly people with values of 0.3, therefore in Nicosia, where the population is more accustomed to
higher temperatures, they are more vulnerable to lower temperatures with relative risk up to 0.5.

Our cross-correlation results agreed with previous studies where the effects of heat on mortality
rate shortly after temperatures start to increase, whereas the effects of cold may take longer to emerge,
and, depending on the latitude and the local climate, these periods may vary [2,9,23]. The results are
in complete agreement with previous studies [24], finding no difference in heat-mortality risk between
men and women, and weak evidence of a higher association of cold-mortality risk for men. The results
are also in line with a study in Nicosia and a study in Stockholm [11], which found a difference in heat
wave duration effects by age groups [2], while the increasing susceptibility to cold temperatures in the
elderly has not been shown before.

This study has not confirmed previous research on DTR. In fact, in contrast with what was
previously thought, we found that DTR does not have a noteworthy effect on mortality risk. This serves
to allow for more focused research on environmental stress factors and whether prolonged duration of
extreme heat or cold conditions is more important than within day variations of temperature.

A limitation of this study is the poor correlation of indoor and outdoor temperatures due to
a number of modifying factors such as air conditioning, ventilation, and clothing. Time indoors
affects the individual’s exposure as well as workplace conditions and other comorbidities. Another
limitation is that we did not adjust the analysis for micro-level socio-economic or demographic
variables or other comorbidities that could have a potential confounding or modifying effect on the
mortality–temperature relationship.

5. Conclusions

The main concern of the paper was to examine the mortality risk in relation to high or low
temperatures of different age groups and compare them between the two genders. Mortality risk has
only been evaluated for respiratory and circulatory causes. Particular attention is paid to elderly people,
over 65 years old, as the results have shown a great vulnerability to ambient air temperature. We have
addressed not only minimum and maximum daily temperatures, but also the diurnal temperature
range (DTR) in order to examine the sensitivity for within the same day air temperature variations.

The originality of our approach lies in the fact that we have combined the cross correlation analysis
to identify the effect of the preceding days’ temperature with the generalized additive model (GAM)
regression technique. From the research that has been performed, it is possible to conclude that there
was increased mortality on extremely hot and cold days. The effects of the heat had no lag period,
whereas cold effects had a lag effect of 3–4 days. The existence of these responses implies that in
warmer climates, people are more acclimatized to high temperatures, and therefore a higher mortality
risk was observed at colder temperatures with a lag of three days.

The approach used in this paper is applicable to several environmental areas such as air quality
analysis where the results may be subjective to a delay period and may slowly diminish human health
and well-being. The results of this study should alert organizations and governments on the possible
impacts of climate change on public health by not considering adaptation. The identification of a
threshold temperature per latitude and local climate will assist in the evaluation of the adaptation
capacity of a specific population. This threshold temperature, according to our results, should
be calculated using the daily minimum temperature. Nevertheless, even if humans become fully
acclimatized to high temperatures, their health may still be negatively affected as a result of the poorer
air quality associated with extremely high temperatures [2,25].
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On the basis of the promising findings presented in this paper, work on the remaining issues is
continuing to examine whether socio-economic or demographic variables or other comorbidities could
have a potential confounding or modifying effect on the mortality–temperature relationship.
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