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In general, there are few studies that analyse the impact of low temperatures onmortality and fewer still that use
cold-wave-definition thresholds based on epidemiological and non-climatological criteria. Such a threshold def-
inition, which took into account population features such as socio-economic and demographic characteristics,
made it possible for a specific threshold temperature to be obtained for each of Spain's 52 provincial capitals in
this study. Using generalised linearmodels with the Poisson regression link, and controlling for trend, autocorre-
lations and seasonalities of the series, and influenza epidemics, we obtained the impact of low temperatures on
mortality in each provincial capital by calculating the relative risks (RRs) and attributable risks (ARs) for natural
as well as circulatory and respiratory causes. The study showed higher minimum temperature thresholds in
coastal areas, and an overall impact of cold on mortality in Spain due to natural causes RR = 1.13 (95% CI:
1.11–1.16), circulatory causes RR = 1.18 (95% CI: 1.15–1.22) and respiratory causes RR = 1.24 (95% CI: 1.20–
1.29) slightly greater than that obtained to date for heat. From a public health standpoint, there is a need for spe-
cific cold wave prevention plans at a regional level which would enable mortality attributable to low tempera-
tures to be reduced. These plans have shown themselves to be effective in decreasing heat-related mortality,
and we feel that they are essential for reducing cold-related effects on morbidity and mortality.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In contrast to the high number of studies which have assessed the
impact that heat waves have on population mortality and morbidity,
there are relatively few which have focused on extremely low temper-
atures (Montero et al., 2010; Díaz et al., 2005; Donaldson et al., 2001;
The Eurowinter Group, 1997), despite the fact that their impact onmor-
tality represents a public health threat of an importance comparable to
that of heat waves (Linares et al., 2015b; Kysely et al., 2009). Indeed,
some studies undertaken in the United Kingdom, Australia and The
Netherlands even indicate that cold-related deaths are of an order of
magnitude greater than those related to heat (Vardoulakis et al., 2014;
Huynen et al., 2001), with an effect of low temperatures which, at a
global level, is 20 times, and in the case of Spain, 5 times greater than
that of heat (Gasparrini et al., 2015b). One study conducted in 14
European countries, indicated that Spain suffers from the second
highest rate of excess winter mortality (21%, CI = 19% to 23%) after
Portugal (28%, CI = 25% to 31%) (Healy, 2003). Part of the aetiology of
the excess mortality observed after exceptionally cold days is known
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to be of an infectious nature (Kysely et al., 2009), due to the presence
or absence of a pathogenic agent, whose ability to spread is, in turn,
favoured by this selfsame drop in temperatures (Hajat and Haines,
2002). Specifically, influenza is the main infectious agent that is associ-
ated with winter mortality (Glezen, 1982). The infection of influenza
virus is estimated to cause 250,000–500,000 deaths worldwide every
year (WHO, 2014). The actual impact of influenza in overall mortality
is difficult to estimate, since deaths due to influenza are usually attribut-
ed to different pathological processes. Therefore, the mortality associat-
ed with influenza is estimated indirectly by models that calculate the
excess of deaths during seasonal influenza seasons, above the base
line mortality in the absence of virus circulation (Rizzo et al., 2007;
Thompson et al., 2009; López-Cuadrado et al., 2012; León-Gómez
et al., 2015). In Spain, the annual rate of excess of deaths by all causes
attributed to influenza in the group of age over 64 is estimated in the
range of 5–77 deaths/100,000 inhabitants depending on the influenza
epidemic considerate (León-Gómez et al., 2015). In the variation of
the magnitude of the estimated rates can play an important role both
the circulating influenza strain (Thompson et al., 2009; León-Gómez
et al., 2015), as an interaction with low temperatures coinciding with
peaks of maximum influenza activity (Jaakkola et al., 2014; Nielsen
et al., 2011). Also, it's necessary to consider other respiratory infections
as possible factors in the excess winter mortality (Matias et al., 2014).
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Cold waves tend to be associated with mortality over a prolonged
period (Alberdi et al., 1998; Braga et al., 2001), thereby making it
more complicated to establish cause–effect relationships. Added to
this is the existing lack of uniformity in the definition of a cold
wave. A systematic review conducted until 2013 (Ryti et al., 2015)
indicated that in most studies cold waves were statistically defined
on the basis of a frequency distribution (e.g., 1st-3rd percentiles) as
a set of consecutive days with extreme temperatures, and found a
positive association between cold waves and mortality due to all
and non-accidental causes, cardiovascular diseases and respiratory
diseases, as well as increased morbidity. Cold temperatures are
associated with increased occurrence of respiratory tract infections
(Makinen et al., 2009), respiratory diseases (Clinch and Healy,
2000; Monteiro et al., 2013), excess cardiovascular-disease mortality
and morbidity (Urban et al., 2014; Kysely et al., 2009; Davidkovova
et al., 2014), and cardiac arrest deaths (Medina-Ramon et al.,
2006). Cold exposure is a trigger factor for certain diseases and can
contribute to aggravation of prevailing chronic diseases (Rytkonen
et al., 2005).
Table 1
Descriptive statistics of mortality due to natural, respiratory and circulatory causes and minim

City Natural mortality Respiratory mortality

Mean SD Min Max Mean SD Min M

A Coruña 34 7 14 59 5 3 0 15
Albacete 10 3 1 22 1 1 0 9
Alicante 39 8 16 72 4 2 0 15
Almería 12 4 3 29 2 1 0 8
Ávila 5 2 0 15 1 1 0 6
Badajoz 19 5 5 38 2 2 0 10
Barcelona 127 20 82 230 16 6 2 49
Bilbao 31 7 13 60 4 2 0 17
Burgos 10 3 0 23 1 1 0 7
Cáceres 11 4 2 26 2 1 0 8
Cádiz 25 6 9 48 3 2 0 13
Castellón 14 4 3 28 2 1 0 7
Ciudad Real 14 4 2 32 2 2 0 14
Córdoba 21 5 7 44 3 2 0 14
Cuenca 5 2 0 14 1 1 0 5
Girona 16 4 4 35 2 2 0 11
Granada 22 6 7 48 3 2 0 12
Guadalajara 5 2 0 15 1 1 0 5
Huelva 12 4 2 28 1 1 0 8
Huesca 6 3 0 15 1 1 0 6
Jaén 17 5 4 46 2 2 0 15
Las Palmas 18 5 2 35 2 1 0 8
León 16 4 4 34 2 2 0 10
Logroño 8 3 0 19 1 1 0 6
Lugo 14 4 3 33 2 2 0 9
Lleida 12 4 2 29 2 1 0 9
Madrid 119 16 69 206 19 7 4 54
Málaga 33 7 15 58 4 2 0 14
Murcia 28 6 11 56 4 2 0 16
Ourense 13 4 2 28 2 2 0 9
Oviedo 36 7 17 63 5 3 0 21
Pamplona 15 4 3 31 2 2 0 12
P. Mallorca 22 5 7 41 3 2 0 10
Pontevedra 23 6 6 45 3 2 0 14
Salamanca 11 4 2 26 1 1 0 9
Santander 16 5 5 38 2 2 0 12
S. C. Tenerife 19 5 4 38 2 1 0 9
Segovia 4 2 0 12 1 1 0 4
Sevilla 43 9 21 80 4 2 0 16
Soria 3 2 0 12 0 1 0 6
S. Sebastián 18 5 4 36 2 2 0 14
Tarragona 17 5 4 39 2 2 0 9
Teruel 4 2 0 13 1 1 0 5
Toledo 15 4 2 34 2 2 0 12
Valencia 63 11 32 114 8 4 1 26
Valladolid 13 4 3 29 2 1 0 10
Vitoria 7 3 0 16 1 1 0 7
Zamora 7 3 0 19 1 1 0 6
Zaragoza 26 6 11 54 3 2 0 14
Furthermore, the trend observed across a 34-year period of analysis
in Castile-La Mancha (Spain) (Linares et al., 2015a), which in itself con-
fers an important degree of temporal representativeness, indicates that
cold waves have not been accompanied by a rise in mean winter mini-
mum temperatures and have been constant in intensity and number of
days. This is in line with other studies which, in the context of climate
change, indicate there are climate models which predict that extreme
cold weather events are likely to occur over continental European
areas, and other middle- and high-latitude regions, under 21st-
century warming scenarios (Kodra et al., 2011). There are very few
studies which forecast possible cold-related impacts on the basis of cli-
mate models (Vardoulakis et al., 2014), and these assume that the im-
pact of cold on mortality will remain constant over the envisaged
prediction period and that it is temperatures that will change (Linares
et al., 2015a). Moreover, there has been a shift in the cold-wave pattern,
with a decrease in themonth of November and a substantial increase in
intensity in themonth of December (Linares et al., 2015a), a finding that
is in line with what has been observed elsewhere in Europe, consisting
of a prolongation of summer months and a more delayed, yet more
um temperature (°C) in winter months by city in Spain 2000–2009 period.

Circulatory mortality Minimum temperature

ax Mean SD Min Max Mean SD Min Max

13 4 2 29 9.1 2.8 0.6 16.8
3 2 0 12 1.8 4.1 −17.0 14.3

15 4 4 32 8.1 3.3 −2.2 19.0
4 2 0 12 10.2 2.5 0.1 18.7
2 1 0 7 0.5 3.8 −13.2 10.8
7 3 1 20 5.2 4.1 −7.2 17.2

42 9 19 84 6.7 3.2 −3.6 16.6
10 3 1 27 6.4 3.9 −6.0 20.7
3 2 0 11 0.6 4.0 −17.1 11.6
4 2 0 17 5.3 3.6 −4.6 15.6
9 3 1 22 11.2 2.9 0.2 19.4
5 3 0 15 8.1 3.1 −2.0 19.0
5 2 0 14 3.4 3.8 −9.0 14.3
8 3 1 20 5.8 3.8 −8.2 17.5
2 1 0 8 1.4 3.7 −11.7 12.8
5 2 0 15 2.6 4.1 −10.8 16.8
9 3 1 23 3.1 3.5 −10.0 15.0
2 1 0 7 0.3 4.2 −12.5 12.0
5 2 0 15 7.7 3.4 −3.2 18.4
2 2 0 9 2.8 3.8 −10.8 13.3
6 3 0 17 7.1 3.3 −7.8 18.0
6 3 0 19 16.0 2.0 10.9 22.7
5 2 0 14 0.5 3.7 −15.0 10.4
3 2 0 9 3.3 3.7 −9.8 13.2
5 2 0 19 2.8 4.4 −10.0 15.7
4 2 0 14 2.6 4.0 −9.8 13.5

37 7 16 72 4.5 3.2 −6.1 13.4
13 4 2 30 9.4 3.1 −0.2 20.2
11 3 2 22 11.4 2.6 0.4 21.8
5 2 0 16 4.3 4.3 −8.6 15.6

13 4 3 29 5.5 3.4 −3.7 16.5
5 2 0 15 2.9 3.9 −11.6 16.0
8 3 1 21 5.7 3.9 −4.0 16.8
8 3 0 20 7.1 3.3 −2.0 17.0
4 2 0 11 0.2 4.2 −12.0 12.5
5 2 0 14 6.8 3.7 −5.2 20.2
6 3 0 16 16.4 1.8 11.6 22.5
1 1 0 8 1.7 3.8 −13.2 15.4

19 5 6 40 8.3 3.4 −3.5 18.4
1 1 0 6 −0.1 3.9 −13.6 10.6
6 2 0 16 6.9 3.6 −5.6 18.0
6 2 0 17 7.0 3.5 −2.6 18.0
2 1 0 7 −0.9 4.3 −19.0 11.2
5 2 0 17 3.2 4.0 −9.6 13.6

23 5 8 47 8.9 3.2 −1.6 18.0
5 2 0 14 1.8 3.8 −10.8 11.8
2 1 0 10 2.2 4.0 −11.5 14.6
2 2 0 9 2.0 4.2 −10.6 12.8
9 3 1 21 4.2 3.9 −9.5 15.3



Fig. 1. Scatter plot diagrams for natural-cause mortality, natural-cause mortality residuals and the threshold of minimum temperature and natural-cause mortality residuals in Madrid
(Spain).
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abrupt, onset of winter (Brunetti et al., 2000; WHO, 2007). Currently,
however, there are no cold prevention plans in place in the vastmajority
of European cities, despite the fact that these plans are more effective
than heat plans in terms of preventable deaths/day.

Since cold waves are not going to decrease and the population over
the age of 65 years is inevitably going to increase (accounting for 38.7%
of the population in 2064 vs. 18.2% at the present time) (INE, 2014a),
specific epidemiological studies focusing on the mortality–temperature
relationship will be needed for each study area (Díaz et al., 2015b; Ng
et al., 2014).

Accordingly, the designated aim of this study was to ascertain the
following for each Spanish provincial capital: firstly, the minimum
daily temperature from which there was a significant increase in cold-
related mortality; and secondly, the associated relative risks and attrib-
utable risks, alongwith their geographical distribution. Our analysis ex-
tended to increases in cold-related daily mortality due, not only to
natural causes, but also to circulatory and respiratory causes.
Fig. 2. Minimum temperature threshold's (°C) for daily mortality attributable t
2. Methods

2.1. Setting

Spain is the second largest country in Western Europe
(504,030 km2), with a total population of 46,507,760 (INE, 2014b).
Mainland Spain is bordered to the south and east by the Mediterranean
Sea, to the north by France and the Bay of Biscay, and to the north-west
and west by the Atlantic Ocean and Portugal. Spanish territory also in-
cludes the Balearic Islands in the Mediterranean, the Canary Islands in
the Atlantic Ocean off the African coast, and two autonomous enclaves
in North Africa, namely, the cities of Ceuta andMelilla. The country is di-
vided into 17 Autonomous Regions (Comunidades Autónomas), which
are in turn subdivided into Provinces. Some Autonomous Regions
were constituted into one provinces and others in eight. Due to
Spain's geographical situation and conditions, the climate is extremely
diverse and can be roughly classified into the following five main
o cold due to natural causes corresponding to 2000–2009 period in Spain.



Fig. 3. Percentiles of the series of minimum daily temperatures associated with cold-mortality due to natural causes in the period 2000–2009 in Spain.
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zones: a Mediterranean climate extending along the southern and east-
ern coasts up to the Pyrenees; a semi-arid Mediterranean climate in the
south-east; a continental Mediterranean climate in the inland areas of
mainland Spain; an oceanic climate in the north-west and along the
coastal strip bordering the Bay of Biscay; and a sub-tropical climate in
the Canary Islands (Prieto et al., 2004).

2.2. Data

As the health variable, we used data on dailymortality due to natural
causes (International Classification of Diseases 10th Revision (ICD-10):
A00-R99), circulatory causes (ICD-10: I00-I99) and respiratory causes
(ICD-10: J00-J99), in each of Spain's 52 provincial capitals and in
towns and cities of over 10,000 inhabitants, across the period 1 January
2000 to 31December 2009. The dailymortality datawere obtained from
microfiches containing death data broken down by cause of death and
supplied under a data-loan agreement by the National Statistics Insti-
tute to the Carlos III Institute of Health (Ministry of Economic Affairs &
Competitiveness/Ministerio de Economía y Competitividad), for the pur-
pose of undertaking a “Study of influenza-related mortality in Spain”.
As this study was ecological in design, it was exempt from approval by
a research ethics panel.

The minimum daily temperature data for this period corresponded
to the records kept by the respective meteorological observatories in
the various provincial capitals, and were furnished by the State Meteo-
rological Agency (Agencia Estatal de Meteorología/AEMET), except in the
case of Palencia for which therewere no records for the period. Theme-
teorological observatories were located at sites established by the State
Meteorological Agency (www.aemet.es).

Data on theweekly influenza incidence rate, including lags until day
15 (influenza rate: lags 1–15), were obtained from the System Sentinel
Influenza Surveillance in Spain (http://vgripe.isciii.es/gripe/inicio.do),
part of the National Epidemiological Surveillance Network.

The international literature contains different approaches to deter-
mining threshold temperatures (Basu and Samet, 2002; Tong et al.,
2010; Gasparrini et al., 2015a). For the purposes of our analysis, howev-
er, we applied the methodology used in the following papers: Montero
et al. (2010), Miron et al. (2012), Mirón et al. (2015), Roldán et al.
(2014), and Linares et al. (2015b). The advantage ofworkingwith resid-
uals rather than dailymortality is that, aftermodelling, residuals display
neither trend nor periodicities (both of which are inherent in daily
mortality), with the result that any associations found will therefore
show a genuine causal mortality–temperature relationship from a sta-
tistical standpoint (p b 0.05).

We first fitted a univariate autoregressive integrated moving av-
erage (ARIMA) model (Box et al., 1994) for daily mortality in each
of the 52 provincial capitals, which allowed us to obtain the residuals
of the mortality series. From the ARIMA models we obtained the fit
and the (upper and lower) confidence intervals corresponding to
this fit. Mortality residuals are the difference between the raw mor-
tality and the fit. We then proceeded to plot the following on a
scatterplot diagram: the mean value of the mortality series residuals
on the same day (vertical axis); the minimum daily temperatures at
2 °C intervals (horizontal axis), and their corresponding 95% confi-
dence intervals (CIs) (upper and lower limits of the CI: UL and LL re-
spectively); and the 95% CIs of the mean of the residuals for the
entire study period (shown by parallel broken lines). When mortal-
ity residuals are shown on a scatterplot diagram with the minimum
temperature data, the deviations detected correspond to real mortal-
ity anomalies. The temperature from which the mortality residuals
increased significantly vis-à-vis the mean would thus be the thresh-
old temperature.

The impact of extreme temperature on mortality was quantified,
using generalised linear model (GLM) methodology, with the Poisson
regression link. This methodology allows for calculation of the relative
risks (RRs) associated with increases in the environmental variable, in
this case temperature. Based on the RR, we then calculated the attribut-
able risk (AR) associated with this increase via the following equation
(Coste and Spira, 1991):

AR ¼ RR−1ð Þ=RR½ � � 100:

On fitting the model, we controlled: firstly, for seasonalities of an
annual, six-monthly and quarterly nature, using the sine and cosine
functions with these same periodicities; and secondly, for trend
and the possible autoregressive nature of the series.

To consider the effect of a cold wave through minimum daily tem-
peratures (Tmin), we respectively created the variables Tcold, defined
on the basis of the previously calculated mortality threshold tempera-
tures (Tthreshold) as those on which the minimum daily temperature

http://www.aemet.es
http://vgripe.isciii.es/gripe/inicio.do


Fig. 4. Relative risks (RR) calculated for decrement of 1 °C under the threshold
temperature associated to cold-waves due to natural-causes mortality in Spain.
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failed to exceed Tthreshold (Díaz et al., 2005):

Tcold ¼ 0 if TminNTthreshold
Tcold ¼ Tthreshold−Tmin if Tmin≤Tthreshold:

Given that the effect of a cold wave on mortality may not be imme-
diate, the following lagged variables were calculated: Tcold (lag 1),
which takes into account the effect of the temperature on day “d” on
mortality, one day later, “d+1”; Tcold (lag 2), which takes into account
the effect of the temperature on day “d” on mortality, two days later,
“d + 2”; and so on successively. The number of lags were selected on
the basis of the literature, which establishes that the effect of cold may
also have effects in the medium term (Tcold: lags 1–13) (Alberdi et al.,
1998). Lags until day 15 were included for the weekly influenza inci-
dence rate (lags 1–15). The trend was controlled through a variable in
the database that counts along the period: this variable starts on the
first day of the series and continues to the end of the series, such that
it is 1 on 1st January 2000 and 2963 on 31st December 2009.

Significant variables (Tcold and its corresponding lags and the con-
trol variables) were determined using the Step–Step procedure, begin-
ning with the model that included all the explanatory variables, and
gradually eliminating those which individually displayed least statisti-
cal significance, with the process being reiterated until all the variables
included were significant at p b 0.05. Modelling was performed for the
winter months (November to March). These RRs were calculated for
both natural-cause and circulatory- and respiratory-cause mortality.
The increases in the RRs and ARs obtained refer to increases for each
°C that the minimum daily temperature fell below the threshold tem-
perature. The RRs for each province obtained by Poisson regression
were combined using a random-effects meta-analysis, which incorpo-
rates an estimate of between-study variation (heterogeneity) in the
weighting (Sterne, 2009) to obtain a measurement of RR (95% CI) at
both a regional and national level.

All analyses were performed using the IBM SPSS Statistics v22 and
STATA v11.2 statistical software programmes, with the ArcGIS v10.2.2
software programme being used for geographical representation.
3. Results

Table 1 shows the descriptive statistics in the winter months for the
dependent and independent variables used in this study. Teruel was the
city with the lowest meanminimum temperature,−0.9 °C, and S. C. Te-
nerife had the highest value, 16.4 °C.

By way of example, Fig. 1 shows, firstly a scatter-plot diagram for
rawnatural-causemortality, secondly, the residuals of the samemortal-
ity series after being pre-whitened with the ARIMA model, and lastly,
the mortality threshold temperature obtained for the city of Madrid.
As can be seen, the definition of a cold wave in Madrid was established
for days on which the minimum daily temperature fell below −2 °C,
which was the percentile 2.3 of the minimum temperature series for
the winter months of this period, because the daily mortality residuals
registered a statistically significant anomalous value.

If the threshold temperature is calculated in this way for each of the
52 provincial capitals (except Palencia for which there were no meteo-
rological data), Fig. 2 is obtained. No threshold or “trigger” cold-wave
mortality temperature was obtained for the following provincial capi-
tals, namely, San Sebastian, Vitoria, Burgos, Girona, Alicante, Gran
Canaria, Tenerife, Ceuta andMelilla. The threshold temperatures ranged
from −10 °C in Avila to 6 °C in Almeria and Cadiz. The percentiles to
which the temperatures in Fig. 2 correspond in relation to theminimum
daily temperature series for this period are shown in Fig. 3: these ranged
from percentile 19.5 in the province of Logroño to percentile 0.5 in the
provinces of Murcia and Toledo.

If the RRs associated with an increase of 1 °C below the cold-wave
threshold temperature are calculated for each provincial capital, the re-
sults shown in Fig. 4 are obtained. In addition, this figure depicts the RRs
for each Autonomous Region and for Spain as a whole. Regions which
had no threshold temperatures or those inwhich coldwas not a risk fac-
tor are not shown in the figures.

This figure shows that the RRs for provincial capitals ranged from
1.40 (1.32–1.49) in the case of Castellon to 1.2 (1.00–1.04) in the case
of Albacete and Zaragoza, with these differences proving statistically
significant.



Fig. 5. Attributable risk (%) associated to cold-waves mortality in Spain in the period 2000–2009.
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At a regional level, the values were very similar, both within and as
between the respective Autonomous Regions, with the Valencian Re-
gion displaying the highest RR, 1.33 (1.19–1.47), and La Rioja displaying
the lowest RR, 1.03 (1.02–1.05); once again, these differences proved
statistically significant, though in the case of the province of Teruel the
effect of cold on mortality failed to display statistically significance.

For Spain overall, the RR was 1.13 (1.11–1.16).
As a general rule, threshold temperatures corresponding to low per-

centiles were found to be associated with high RRs, whereas threshold
temperatures corresponding to high percentiles tended to be accompa-
nied by lower RRs.

Fig. 5 shows the ARs for each provincial capital, which logically coin-
cided with their RR distribution, inasmuch as ARs are calculated on the
basis of RRs.

Lastly, Figs. 6 and 7 depict the forest plot resulting from the meta-
analysis, showing the RRs of circulatory- and respiratory-cause mortal-
ity for each provincial capital, each Autonomous Region and the country
as awhole. Aswill be seen, generally speaking, the effectwas greater for
respiratory-cause than for circulatory-cause mortality; however, this
differencewas not statistically significant for Spain as awhole. Likewise,
the capitals without cold effects on mortality differed for respiratory
(Avila, Jaen, Lugo, Pamplona, Bilbao and Zaragoza) and circulatory
causes (Caceres, Huesca, Segovia, Toledo and Zamora). The number of
capitals in which there was a cold-related effect for circulatory but not
for respiratory causes, was also higher.

4. Discussion

This study used minimum daily temperatures associated with cold-
related mortality (Montero et al., 2010, 2012; Miron et al., 2012) to as-
certain the threshold temperatures for defining cold waves for each of
Spain's provincial capitals across the period 2000–2009, along with
their percentiles. In addition, it alsomeasured the impact thatminimum
temperatures below the established thresholds had on natural-,
respiratory- and circulatory-cause mortality in all the above capitals.

The inter-regional variability observed in terms of what would be
considered cold-wave mortality threshold temperatures (Fig. 2) and
their associated percentiles (Fig. 3) is a sign of a variety of underlying
factors, such as adaptation to cold by a given population, socio-
economic and structural differences or divergences in population pyra-
mids, infrastructures adapted to extreme temperatures and inequalities
in access to health services (Montero et al., 2012; Naughton et al., 2002;
Nakai et al., 1999; Vandentorren et al., 2006), i.e., differences that are
taken into account when threshold temperatures based on epidemio-
logical criteria are considered methodologically. Fig. 2 shows that mini-
mum threshold temperatures are higher in coastal areas, coinciding
with those regions that have lower heat wave threshold temperatures
(Díaz et al., 2015b). These are regions where home air conditioning
and heating arrangements are different to those of other regions with
more extreme climates, since they experience milder temperatures
throughout the year. Residents inwarm regions have fewer physical, so-
cial, and behavioural adaptations to low temperatures (Lin et al., 2013),
and the effects of cold are thus more significant in warm regions
(Langford and Bentham, 1995; Wang et al., 2012) or areas with moder-
ate winter climates (Conlon et al., 2011). Furthermore, “houses in coun-
tries with comparatively warm climates all year round tend to lose heat
easily, so people find it hard to heat their homes when winter arrives.
This is especially true in Portugal, Spain, and Ireland. Conversely, houses
in countries with severe climates – such as Scandinavia – have to be
thermally efficient to retain warmth” (European Commission).

In terms of cold-threshold time trends, the only studies to use the
same methodology were conducted in the Autonomous Region of Cas-
tile Mancha, which, for the period 1975–2008, registered a cold wave
threshold of −2 °C (4th percentile) based on the minimum daily tem-
perature (Linares et al., 2015a; Linares et al., 2015b), while Ciudad
Real registered a threshold of −3 °C (5th percentile winter months)
(Miron et al., 2012) for the period 1990–2003. Using similar methodol-
ogy, i.e., considering the minimum daily temperature series but estab-
lishing the threshold on the basis of the 5th percentile of this series in
thewintermonths in view of the fact that heterogeneity in themortality
residualsmade it impossible for significant thresholds to be determined,
the following thresholds were registered for the period 1975–2003: Al-
bacete, −4.8 °C; Ciudad Real, −3.4 °C; Cuenca, −5 °C; Guadalajara,
−5.6 °C; and Toledo, −3.3 °C (Montero et al., 2010). Indeed, cold-
related mortality trigger thresholds have also been established for the
Madrid region (Díaz et al., 2005; Díaz et al., 2006), where calculation
yielded a threshold of 5 °C for the period 1986–1997, coinciding with
the 5th percentile of the maximum winter temperature series.

Despite the lack of references withwhich to compare the thresholds
established in this study to those of previous periods, a fall in thresholds
was nevertheless in evidence for all the provincial capitals of Castile-La
Mancha except Cuenca (period 2000–2009: −4 °C vs. 1975–2003:
−5 °C). This fall may be attributable to differences in threshold defini-
tions, which were based on climatological criteria via the 5th percentile



Fig. 6. Relative risks (RR) calculated for decrement of 1 °C under the threshold
temperature associated to cold due to circulatory-causes mortality in Spain.

Fig. 7. Relative risks (RR) calculated for decrement of 1 °C under the threshold
temperature associated to cold due to respiratory-causes mortality in Spain.
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of theminimumdaily temperature series for each provincial capital, and
not on epidemiological thresholds, which take into account a far
broader range of the underlying factors that influence the differentmor-
tality patterns and vary from one region to another, such as socio-
economic conditions and ability to adapt to local climate type (Guo
et al., 2014), lifestyle, and population structure.

Threshold temperatures corresponding to low percentiles of mini-
mum winter temperatures were, as in the case of heat (Díaz et al.,
2015b), observed to be associated with high RRs, due to the fact that
cold-related mortality is distributed over a very short period of days
during which temperatures fall below the threshold temperature.
Teruel was the city with the lowest minimummean temperature in
thewinter months, namely,−0.9 °C, and the provincial capital with the
second-lowest minimum cold wave threshold temperature (−8 °C,
percentile 5.3) after Avila (−10 °C, percentile 0.7). However, cold did
not have a significant effect on mortality due to organic causes, though
it did on mortality due circulatory and respiratory causes.

Cold shows an overall impact on mortality in Spain due to natural
causes RR = 1.13 (95% CI: 1.11–1.16) (Fig. 4), circulatory causes
RR = 1.18 (95% CI: 1.15–1.22) (Fig. 6) and respiratory causes RR =
1.24 (95% CI: 1.20–1.29) (Fig. 7) slightly greater than that observed for
heat (RRnatural mortality = 1.11 (1.10–1.12), RRcirculatory mortality = 1.11
(1.09–1.13), RRrespiratory mortality = 1.18 (1.16–1.21)) (Díaz et al.,
2015b). This is a significant impact that has also been observed in
other countries (Wang et al., 2014; Lin et al., 2013) and that displays
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values very similar to those obtained in a systematic review and meta-
analysis conducted until 2013 without restrictions on type of study or
format of report (Ryti et al., 2015), inwhich cold waves were seen to in-
crease total and non-accidental mortality (RR = 1.10; 95% CI: 1.04,
1.17), mortality due to cardiovascular diseases (RR = 1.11; 95% CI:
1.03, 1.19) and mortality due to respiratory diseases (RR = 1.21; 95%
CI: 0.97, 1.51). The greater impact of cold on respiratory-cause mortali-
ty, albeit without statistically significant differences vis-à-vis
circulatory-cause mortality, had already been observed in studies un-
dertaken in Castile-La Mancha across the period 1975–2008
(ARrespiratory mortality = 14.7% vs. ARcirculatory mortality = 9.6%) (Linares
et al., 2015b; Linares et al., 2015a), and during longer lags after cold
waves (Huynen et al., 2001; Braga et al., 2001; Wu et al., 2013; Xie
et al., 2013). In Finland, the occurrence of respiratory tract infections in-
creased with cold temperatures and lower humidity, and a decrease in
temperatures and humidity preceded the onset of such infections
(Makinen et al., 2009). Hajat and Haines (2002) observed increased
numbers of GP consultations among elderly people, particularly for
lower respiratory tract infections, with cold temperatures in the
United Kingdom. Many studies have linked cold waves to cardiovascu-
lar events. On the one hand, Rocklöv et al. (2011) indicated that expo-
sure to cold mainly raised the risk of cardiovascular deaths, which at
younger ages, amongmen aged 25–59 years, might bemost directly re-
lated to occupational exposure (Kysely et al., 2009). On the other hand,
acute myocardial infarction mortality, which is due most likely to
changes in blood coagulation, results in thrombosis (Davidkovova
et al., 2014). With respect to other diseases, Zanobetti et al. (2013),
found a higher risk of dying from cold waves among patients with
prior disorders of the peripheral nervous system or dementia.

The trend observed between the two periods analysed in Madrid,
shows that the effect of cold on mortality has increased appreciably
(Díaz et al., 2015a), to the extent of tripling, especially in the over-75
age group, and in the 45–64 and 65–74 age groups, inwhich the ARdou-
bled in relation to the value reported for the period 1986–1997. Elderly
people are potentially more susceptible to the effects of cold spells (Ryti
et al., 2015;Medina-Ramon et al., 2006), possibly due to a reduced ther-
moregulatory capacity combined with a diminished ability to detect
changes in body temperature (Mercer, 2003).

With respect to the limitations of this study and any possible
resulting biases, the following should be mentioned: firstly, an
ecological study such as ours does not permit inferences to be
made at the level of individuals, for fear of the ecological fallacy arising
as a result of the use of pooled data. Secondly, with reference to the
quality and consistency of the data analysed, there might possibly
have been poor classification of the cause ofmortality. Another possible
limitation lies in the representativeness of temperatures which were in
all cases recorded in the provincial capital: indeed, there are some pre-
vious papers that discuss this very point (Mirón et al., 2006; Roldán
et al., 2011). No specific validationwas donewithin the project to assess
representativeness of spatial variability in temperature measures, our
study suffered from Berkson-type measurement error, between others
bias associated to an ecological exposure, as is common in most time-
series studies, which leads to no or little bias but decreases statistically
power.

With regard to the non-use of other environmental variables of in-
terest, such as air pressure and relative humidity, thesewere not includ-
ed in the analysis owing to their negligible relevance in the
temperature–mortality relationship (Barnett et al., 2010; Montero
et al., 2012). Insofar as particulate air pollution is concerned, the lack
of quality data at a national level rendered their use inadvisable,
owing to the risk of introducing instability into the complete series
(Linares et al., 2014).

Furthermore, when it comes to methodological limitations, mention
should essentially be made of two shortcomings inherent in a statistical
method which works with a high number of variables at a 95% confi-
dence level. The use of low daily numbers of deaths in some cities,
generally leads to higher confidence intervals and lower accuracy in
findings.

The non-existence of cold prevention plans in Spainmeans that their
effectiveness cannot be established. Even so, the results obtained by us
show – just as in the case of heat (Díaz et al., 2015b) – a clear need for
their implementation to prevent premature cold-relatedmortality, con-
sidering that evenwithin a climate-change context, coldwaves, far from
decreasing, are going to continue to occur from time to time (IPCC,
2014). It must also be borne in mind that prevention plans should not
be static because, as with heat (Díaz et al., 2015b), thresholds are also
not static and factors such as changes in economic cycles can also alter
the situation. Accordingly, one has to be continually making projections
and changing the risks in time and space for the different regions and
populations, each with its respective underlying factors.

Furthermore, studies conducted in Madrid (Spain) (Díaz et al.,
2015a) indicate that cold-related mortality is slightly higher than
heat-related mortality, a finding that agrees with the results of this
study. However, the number of days with cold waves is lower than
that of days with heat waves. This means that daily mortality attribut-
able to cold is higher than that due to heat and, in turn, that the possible
decrease in daily mortality brought about by the implementation of a
cold prevention plan would be greater than that of an equivalent heat
prevention plan, thus appreciably increasing the need for the former.

The study outlined above is especially relevant, inasmuch as there
are practically no prevention plans implemented anywhere which are
scaled down to the regional level described here,with cold-wave defini-
tion thresholds being calculated for the different regions in Spain. The
results of the impact of cold on daily mortality (similar at the very
least to that those seen for heat) render it essential to implement specif-
ic prevention plans for low temperatures.
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