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Preface
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possibilities to do human biometeorological research. I am grateful to Prof. Timo Partonen, Prof.
Timothy Carter and Docent Kirsti Jylhä for their interest to include health-impact studies into their
projects and, in practice, arranging possibilities for me to conduct this research. I am also grateful to the
Vilho, Yrjö and Kalle Väisälä Foundation for providing me a grant to collate research findings into this
dissertation and putting the outcomes in a wider context of current scientific knowledge on the health
impacts of weather and climate. Without this grant, I doubt if I would ever have had the possibility to
find enough time to finalize the dissertation. My supervisors, Prof. Heikki Järvinen and Docent Ari
Venäläinen helped me in setting the structure for my thesis and encouraging me to finalize it even though
my path has never been straightforward.
Making health-impact research has been and is challenging but also very rewarding. Throughout the
process I have learned so many new interesting things. I like to thank especially Prof. Andreas
Matzarakis, who greatly helped by sharing German biometeorological expertise with me, and made my
visit in the Research Center of Human Biometeorology at the German Meteorological Service (DWD)
in the spring of 2016 both useful and fun. In Finland I have had good collaboration with many experts
in the health sector: I would like to thank all my co-authors from the National Institute for Health and
Welfare (THL) with special thanks to Laura Hiltunen, Timo Partonen, Timo Lanki and Pekka Tiittanen
for their patience in explaining to me the complex issues related to health and epidemiological research.
My co-authors in FMI – Ari Venäläinen, Pentti Pirinen, Kirsti Jylhä and Otto Hyvärinen – I would like
to thank for following me to “unknown” and helping me to clarify both aims and results from the
meteorological point view and supporting me in my moments of doubt. I am grateful to Curtis Wood
for checking my English language and the interesting discussions it lead to and Sanna Luhtala for
valuable advices for both Finnish and English expressions. Finally, I would like to thank all my
colleagues at the FMI, especially in our unit – a good workplace boosts innovative thinking and easygoing collaboration is a joy in our daily affairs.
However important and meaningful the work is, family and friends are far more important and carry
longer than any career. My parents have always encouraged me for further education and have showed
a good example on how curiosity to life maintains a good quality of life. My son, Tarek, has been
keeping my mind young by challenging me continuously with new ideas and viewpoints. Enjoyable and
refreshing leisure time with friends provides also inspiration for the scientific work. Thank you being in
my life.

Helsinki, October 2018
Reija Ruuhela
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1. Introduction and objectives
Impacts of weather and climate on human health have been considered important since
Hippocrates’ times in antiquities, but have been underrated in the 20th century when fast
progress in modern medicine has taken place. The awareness on adverse health impacts of
weather and climate started to increase especially after the heatwave in 2003, that caused about
70 000 extra deaths in Europe (Robine et al., 2008). In the future, heatwaves will become longer
and more intensive due to climate change, while cold stress is expected to decrease because of
climate change (Smith et al., 2014).
Depressive disorders are a major public health problem worldwide (WHO, 2017a). Weather
and climate also affect the mood of people, and seasonal affective disorder is a recognized
mental condition especially in high-latitude areas (Magnusson, 2000). Seasonality of suicides
with a peak in late spring or early summer is well known but the reasons for this seasonal pattern
are not fully understood. Typically it has been connected with increasing amount of sunshine
in spring.
This thesis focuses on direct health impacts of weather and climate in Finland via different
mechanisms. Both heat stress and cold stress lead to physiological responses that may
contribute to mortality. The impacts of heat and cold stress were studied by comparing daily
climate data and all-cause mortality in hospital districts.
The aims were to:


Model the relationship between mortality and thermal environment using various
modelling methods and biometeorological indices for thermal comfort.



Study changes in the mortality related to temperature extremes over decades, 1972–
2014, in various age groups.



Assess regional differences in temperature-related mortality in Finland.

The mental health impacts of weather and climate were studied by comparing climate factors
and deaths from suicide in Finland over three decades (1971–2003), and weather impacts on
suicide attempts in Helsinki for two shorter periods.
The aims related to the mental health impacts were to:
13



Explore the role of meteorological variables in the variation of number of deaths from
suicides in Finland.



Study the role of weather as a trigger for suicide attempts in Helsinki.

In Finland the research and awareness on health impacts of weather and climate has been quite
limited – notwithstanding the studies of a few forerunners. This thesis aims also for raising
awareness about health impacts of weather and climate and enhance the basis for further multidisciplinary research collaboration. Furthermore, themes of this dissertation are relevant in
planning climate change adaptation measures in the health sector. An important motivation for
health impact studies is a need to understand how climate change will affect health risks
together with the socio-demographic changes, such as aging population and urbanization, that
will take place in Finland in the future.
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2. Background
The scientific articles included in this thesis focus on weather and climate dependence of
mortality and self-harm. There are numerous studies on the relationships between mortality and
temperature and less on weather-related morbidity and the impacts of weather on symptoms of
the chronically ill (Oudin Åström et al., 2011; Bunker et al., 2016). However, weather-related
morbidity and disease exacerbation of weather-sensitive individuals may lower the quality of
life and increase need for health services, and thus research on weather and climate impacts on
morbidity is relevant. Therefore this Background chapter begins with a wider discussion on the
adaptation of people to climatic conditions, and generic weather sensitivity, followed by more
detailed discussion on relationships between meteorological factors and mortality and mental
health.

2.1. Human adaptation to variation of climate and amount of light
Human beings have successfully adapted to various thermal environments and spread to live in
almost all climatic zones on the globe. Adaptation to climatic conditions of the living
environment can take place through various behavioural (housing, clothing) and physiological
processes on different time scales.
Genetic adaptation takes place over a long period of time. Skin colorization and basal metabolic
rate (energy consumption at rest) are typical examples of genetic adaptation to regional climatic
conditions (Jablonski and Chaplin, 2000; Leonard et al., 2002; Hancock et al., 2011). The best
cold-adapted people are found in Arctic areas and the best heat-adapted people in tropical areas.
Seasonal acclimatization takes a few weeks in the beginning of the hot or cold season (Koppe
and Jendritzky, 2005; De Freitas and Grigorieva, 2015). The physiological changes related to
this short-term acclimatization are not permanent, and they take place annually or when people
move to stay in new climate zone.
People have developed sophisticated biological mechanisms, circadian clocks, to adapt to daily
(circadian) and seasonal variation in light (Coomans et al., 2015; Honma, 2018). The
hypothalamic suprachiasmatic nucleus in the brain acts as the principal circadian clock and
synchronizes the functions of other clocks in peripheral tissues. Disturbances in the circadian
rhythms have been suggested to be associated with both physical and mental health problems
such as cardiovascular, metabolic and neuropsychiatric diseases (Hastings et al., 2003;
15

Karatsoreos, 2015; Preußner and Heyd, 2016). However, it is not clear up to date if circadian
disruption is a symptom or reason for diseases. Recently Liberman et al. (2018) presented a
model to investigate mechanisms how circadian clock genes lead to mood and circadian
disorders.

2.2. Weather sensitivity
In spite of human’s adaptation capability, weather and climate affect human health and quality
of life. The impacts depend on exposure to particular weather types and relevant individual
characteristics such as age, body size and composition, fitness, health, medication and
behaviour. Possibilities to reduce the exposure and recover from adverse impacts depend also
on a range of socioeconomic factors such as education, income, social isolation, health care
provision and urban design (Carter et al., 2016; Benmarhnia et al., 2015).
Weather and climate have some impact on all people, at least on the behaviour and outdoor
activities, but some individuals are more sensitive to weather than others. Generic weather
sensitivity, meteorosensitivity, has been studied mainly through surveys, where people
themselves report the impacts of weather on their well-being and their weather-dependent
symptoms. In surveys conducted in Germany and Canada, about 55% and 61% of the
population (Von Mackensen et al., 2005) reported that weather affects their well-being. Among
the most frequent weather-related symptoms that were listed were e.g. headache and migraine,
sleep disturbances, fatigue, pain in joints and depression. Most common weather types that
cause problems for well-being are related to cold or stormy weather. Typically women are more
sensitive to weather than men and weather sensitivity increases with age. According to a
German survey, within the group of people who consider themselves weather sensitive 76%
had chronical illnesses (Koppe et al., 2013).
The chronically ill are sensitive to different weather variables. The majority of studies report
on the significant relationship between temperature and total or cause-specific morbidity
including cardio-vascular and pulmonary diseases and diabetes, as well as emergency transport
and hospital admissions (Ye et al., 2012). A high risk of epileptic seizures has been associated
with low atmospheric pressure and high relative air humidity, whereas high ambient
temperatures seem to decrease seizure risk (Rakers et al., 2017). Strokes have been associated
with short-term changes is both high and low temperatures (Lian et al., 2015). A statistically
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significant association has not been found between strokes and atmospheric pressure or
humidity (Cao et al., 2016).
Quality of life and mental health have a clear seasonality. For example Jia and Lubetkin (2009)
investigated the general Health Related Quality of Life (HRQoL) among the U.S. population
and found out that physical HRQoL was best during the summer and worst during the winter,
but the worst mental health occurred during the spring and fall. Grimaldi et al. (2008) found out
that in a Finnish population lower HRQoL and more severe mental ill-being were associated
with greater seasonal changes in mood and behaviour and poor illumination experienced
indoors.
In Finland, surveys on impacts of hot and cold on symptoms and thermal sensations have been
conducted in context of national FINRISK-surveys. Almost half of the subjects (46%) reported
some kind of cold-related symptoms (Näyhä et al., 2011); particularly people with pre-existing
medical conditions experience cardiovascular, respiratory or musculoskeletal symptoms in the
cold. About 80% of adult population perceive heat-related general cardiorespiratory or
psychiatric symptoms even during a normal summer, and 26°C was on average considered as
hot. Most symptoms increase by age, except feelings of thirst declines with age, and the
symptoms are more prevalent in women than men (Näyhä et al., 2014). The prevalence of heatrelated cardiorespiratory symptoms was 12% varying between 3% and 60% depending on
several factors. Heat-related cardiorespiratory symptoms are most common among people with
pre-existing lung or cardiovascular disease, agricultural workers, unemployed, pensioners, and
people having only basic education (Näyhä et al., 2017).
Many of the weather-related symptoms cannot be correlated to any single meteorological
variable, but rather to a weather type, which poses challenge to study methods. Furthermore, a
weakness of survey-based research method is that even though a big share of the variation of
the symptoms would be explained by weather variability, the causal pathways cannot always
be well explained. The best-understood responses to weather conditions are the consequences
of exposure to heat or cold.
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2.3. Human responses to variation in thermal conditions
Physiological responses to the heat and cold stress can be described with the human energy
balance model. The model development has started in early twentieth century, but current
scientific understanding on thermal comfort is firmly based on the studies conducted in sixties
and seventies, and a classic work of Fanger (1970).
The energy balance model is based on thermoregulation of humans: the body aims to maintain
a core temperature of about 37°C, which is vital for the function of internal organs. If the subject
is exposed to cold stress, the blood vessels contract, and the blood circulation in the outer parts
of the body is reduced and skin temperature decreases. The body begins to react to cold
exposure also by e.g. shivering in order to start producing heat through muscular work.
Conversely, when the subject is exposed to heat stress, the blood vessels enlarge, and the blood
circulation in outer parts of the body increases in order to transfer excess heat from the core of
the body. Excess energy is also used for sweating and evaporation of the sweat. Severe heat or
cold stress can lead to severe symptoms or even death.
Thermal stress or thermal comfort of humans depends not only on ambient temperature but also
on humidity, wind speed and radiation. The energy exchange between environment and the
human body can be described with a heat budget model as follows (Jendritzky and de Dear,
2008):
M – W – [QH(Ta,v) + Q*(Tmrt,v)] – [QL(e,v) + QSW(e,v)] – QRe(Ta,e) ± S = 0,

(1)

where M is metabolic rate of the subject, W is mechanical work of the subject, S is the storage
term describing the change in heat content of the body. Other energy terms in the equation are
also functions of meteorological factors. QH(Ta,v) describes the turbulent flux of sensible heat
that depend on air temperature (Ta) and wind velocity (v). Q*(Tmrt,v) is radiation budget, where
the mean radiant temperature (Tmrt) describes the temperature as a consequence of short- and
long-wave radiation fluxes. Turbulent fluxes of latent heat by diffusion of water vapour (QL)
and sweat evaporation (QSW) depend on water vapour pressure (e) and wind velocity (v). Energy
loss in respiration (QRe) depends on air temperature and water vapour pressure.
The complex energy transfer between the core and outer parts of the body and the insulation of
clothing are not explicitly mentioned in this equation while putting the emphasis of
meteorological factors, but these factors are essential and embedded into the energy terms
18

(Parson, 2003). The energy exchange between the environment and human body depend also
on individual characteristics such as age, weight, gender, health and acclimatization, and
environmental factors e.g. in the built environment (Rupp et al., 2015). The role of beige and
brown fat in individual differences and thermoregulation in cold may be substantial. Brown
adipose tissue (BAT) contributes to energy expenditure and cold-induced thermogenesis in
humans, and thus, impacts on the responses of humans to cold exposure (Kiefer, 2017;
Yoneshiro et al., 2016).
There are only a few rational thermal indices i.e. that are based on human energy balance. The
state-of-the-art in the field is UTCI (Universal Thermal Climate Index, Blazejczyk et al., 2012;
Blazejczyk et al., 2013). However, e.g. in comparative study of Morabito et al. (2014), it was
found that UTCI did not perform as well as expected in health impact studies. Yet, they
concluded that thermal indices, which include air temperature, humidity, wind speed and solar
radiation, correlate best with health impacts. In Article I of this thesis, daily mortality is
compared to values of Physiologically Equivalent Temperature, PET (Höppe 1993; 1999). PET
is also based on an energy budget and its values are given in degrees Celsius. PET-values in the
selected thermal environment are equal to similar thermal conditions indoors described by
temperature. Since it is impossible to calculate the heat stress at an individual level in a larger
population, the PET-values are typically calculated using standard values for light activity
(work metabolism 80W) and thermal resistance of clothing (0.9), which could be described as
clothes that people wear on cool summer day. The meteorological input variables need to be
transferred to the height of typical person: mass centre (1.1m) (Höppe, 1999; Matzarakis et al.,
1999).
Earlier, hundreds of different thermal indices have been developed for assessing indoor or
outdoor thermal comfort (e.g. review of Taleghani et al., 2013). Quite often in research on
health impacts of weather and climate, only temperature or simple empirical indices are used.
Simple indices are typically combinations of two or more meteorological variables.

2.4. Temperature dependence of mortality
The heatwave of 2003 in western and central Europe caused about 70 000 excess deaths (Robine
et al., 2008) and the heatwave of 2010 over Russia about 55 000 excess deaths (Barriopedro et
al., 2011). Both of these heatwaves extended also to Finland. According to Kollanus and Lanki
(2014), the number of non-accidental extra deaths was over 200 in 2003 and more than 300 in
19

2010. The impacts were most severe among the elderly, aged 75 years and older, as the daily
mortality increased on average by 21%. An exceptional heatwave took place in Finland in 1972
causing about 800 extra deaths. After that, remarkable heatwaves with increased mortality
occurred also e.g. in 1973, 1978, 1988, 1995 and 1997 (Näyhä, 2005).
The relationship between thermal environment and mortality is widely studied and well
understood. The temperature‒mortality relationship can be described as U-, V- or J-shaped
(Armstrong, 2006; Kovats and Hajat, 2008; Gosling et al., 2009). The mortality increases
towards both extremes of the temperature distribution, and the range of the minimum mortality
temperature (MMT) varies according to the latitude and geographical area (Basu and Samet,
2002; Curriero et al., 2002). People living in cold climates are more sensitive to hot weather
and are better acclimatized to cold conditions than people living in warmer climates. This is
reflected in the shape of the temperature‒mortality relationships.
The MMT describes the optimal thermal conditions that the population is acclimatized to and
it is lower in cool climates than in warm climates. The MMT is typically found around 75th
percentile of the annual daily mean temperature distribution, varying between the 66th and 80th
percentiles (Guo et al 2014). In Finland the mortality is lowest when the daily mean temperature
is at the range of 12–17°C (Figure 1) while in Mediterranean countries the same is true at 22–
25 °C (Keatinge et al., 2000; Näyhä, 2005; Näyhä, 2007). The MMT may vary even within a
country like reported e.g. by Tobias et al. (2017) from Spain and Curriero et al. (2002) in the
USA. A small difference in MMT between southern and northern Finland was also suggested
by Keatinge et al. (2000).
Otherwise, there are contradicting results on the climate dependence of the shape of
temperature–mortality relationships, thus in steepness of the slopes around minimum mortality.
For instance, Curriero et al. (2002) and Gasparrini et al. (2012) found a clear association of the
temperature‒mortality relationship with latitude in US cities, while climate-zone dependence
has not been found in studies of Keatinge et al. (2002) or Guo et al. (2014). Meta-analyses
across European and US cities (Baccini et al., 2008; D’Ippoliti et al., 2008; Medina-Ramón and
Schwartz, 2007) have indicated heterogeneity in the relationships. The risk varies by
community and country and differences in vulnerability and sensitivity of the population to
temperature extremes depend also on non-climatic environmental and socioeconomic factors
such as level of urbanization, buildings, share of elderly, income, education, lifestyles, access
to health care and social structures (Hondula et al., 2015; Bao et al., 2015; Carter et al., 2016).
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Especially the elderly and people with pre-existing medical conditions such as cardiovascular
or respiratory diseases, diabetes or chronic mental illnesses are found to be vulnerable to
temperature extremes (Kovats and Hajat, 2008; Kollanus and Lanki, 2014).
The impacts of thermal stress depend also on the exposure time and they may appear with a
delay. The impacts of cold on mortality are more complex than the impacts of hot due to
different causal pathways. Heat stress leads to enlarging skin vessels and sweating which
increase cardiac work and blood viscosity, and also the risk of thrombosis. Cold stress causes
constriction of skin vessels which increases blood pressure and the risk of thrombosis.
Furthermore, breathing cold air increases the risk of respiratory infections which are associated
to increase in mortality (Näyhä, 2005). The impacts of hot weather on mortality typically appear
on the same day and last for a couple of days, whilst the increase in cold-related mortality can
be found with a delay varying from days up to weeks (Anderson and Bell, 2009; Rocklöv and
Forsberg, 2008; Yu et al., 2012). Most of the temperature-related mortality burden is
attributable to cold—even in tropical and sub-tropical areas (Gasparrini et al., 2015a). On the
other hand, recently e.g. Ebi and Mills (2013) have questioned the assumption that the seasonal
variation with higher mortality in winter than in summer would be attributable only to
temperature. Higher winter mortality may also be related to other factors that vary seasonally
such as influenza epidemics and solar radiation.
Prolonged heatwave or cold spell seems to cause an additional increase in mortality time series.
However, according to Guo et al. (2017) no added heatwave effect on mortality was found in
most of the studied countries. The excess mortality during the heatwaves is rather a cumulative
effect of hot days.
Short-term mortality displacement, so called harvesting effect, causes difficulties in assessing
overall attribution of heat and cold stress on mortality. The number of deaths increases in the
beginning of the heatwave and after a few days number of deaths may decrease even below the
baseline level. This harvesting effect may vary from one location to another. E.g. according to
comparative study of Hajat et al. (2005) the heat-related short-term mortality displacement was
higher in London than in Sao Paulo or Delhi. However, epidemiological studies have suggested
that regardless of mortality displacement, the thermal stress increases the number of deaths in
annual level. Based on data from 12 countries, Armstrong et al. (2017) concluded that most of
the deaths associated acutely with heat and cold extremes shortened lives by at least one year.
In Finland, Kollanus and Lanki (2014) did not find a decrease in mortality in the months
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following the heatwaves in 2003 and 2010, either. Thus, the excess deaths indicated life
shortening rather than short-term mortality displacement.
Exposure to heat or cold stress may vary remarkably even in a small area due to mesoscale or
microscale climatic variation. In densely populated areas the urban heat island (UHI) may cause
an additional heat stress during heatwaves, and affect the spatial distribution of relative risk of
mortality (e.g. Taylor et al., 2015; Ketterer and Matzarakis, 2015). Especially in urban areas,
poor-air-quality episodes may take place simultaneously with heat waves or cold spells causing
an additional health burden. As a consequence of the heatwave 2010 almost 11 000 excess
deaths took place in Moscow. It has been assessed that statistically interactions between high
temperatures and air pollution from wildfires contributed to more than 2000 deaths during the
heatwave (Shaposnikov et al., 2014).

2.5. Mental health and climate
According to WHO depressive disorders are ranked globally as the single largest contributor to
non-fatal health loss (WHO, 2017a). A climate-dependent type of depressive disorder, seasonal
affective disorder (SAD), is characterized by the onset of a depressive illness during the winter
months, when there is less natural sunlight, and improved mood during the spring and summer.
SAD symptoms have been significantly associated with sunshine hours of the same and
previous week, and global radiation of the previous week (Sarran et al., 2017). On a monthly
level, more SAD symptoms have been associated with higher precipitation in the same and
previous month, and on the other hand, people had less depressive symptoms in areas with
sunnier conditions (O’Hare et al., 2016). There are also hypotheses that over-activated brown
adipose tissue might induce disrupted thermoregulation and disrupted circadian rhythm, and
might contribute to lowered mood and pronounced depressive behaviors (Partonen, 2012).
Patients with affective disorders are at higher risk to commit suicide than general population
(Bostwick and Pankratz, 2000).
In Finland almost 40% of population experience some changes in mood and behaviour routinely
during wintertime, while about 9% report actual winter depression symptoms (Grimaldi et al.
2009b). Seasonal affective disorders are linked also to physical health problems. People tend to
be physically less active and gain weight, which may lead also to health problems such as
metabolic syndrome (Grimaldi et al. 2009a).
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Suicides accounted for 1.4% of all deaths worldwide, making it the 17th leading cause of death
in 2015 with incidence of 10.7/100,000 (WHO, 2017b). In eastern European countries the
incidence is highest and South-America lowest. In Finland over 700 persons committed suicide
in 2015 which means incidence of 13.3/100,000, which is higher than in EU-countries on
average. The median age of men who committed suicide was 48 years and of women 51 years.
About 10% of suicides were committed by younger than 25 years (OSF, 2015a).
The seasonal variation of suicides is well-known and reported all over the world both in
northern and southern hemisphere, and also in Finland (e.g. Christodoulou et al., 2012; Woo et
al., 2012; Hakko et al., 1998, Partonen et al., 2004). The suicide rate is typically highest in late
spring or early summer, and smallest in winter. Some studies have reported a secondary peak
in women suicides in autumn. Seasonality is stronger in suicides of men than women. Different
suicide methods have different seasonality (Räsänen et al. 2002) and suicides with violent
methods – hanging, shooting and jumping from high – have stronger seasonality than nonviolent methods such as poisoning. Based on earlier diagnoses, seasonality in suicides is found
with people suffering from severe depression, alcoholism, schizophrenia or other mental health
illness. However, according to the review of Ajdacid-Gross et al. (2010) the seasonality in
suicides has diminished in western countries on the basis of long time series of suicides. The
seasonality of attempted suicides is not as clear as with deaths from suicide. However, a peak
in spring and early summer is also the most typical seasonal pattern in attempted suicides
(Coimbra et al., 2016). In Finland the incidence of attempted suicide was found to be lowest in
December and highest in April (Haukka et al., 2008).
Up to date causal pathways of this seasonality are not fully understood but it has been associated
with a rapid increase in sunshine in springtime (Petridou et al., 2002; Partonen et al., 2004). In
an Austrian study a positive correlation was found between suicides and sunshine hours up to
10 days prior to suicides while more sunshine 14 to 60 days earlier was associated with lower
suicide rate (Vyssoki et al., 2014). Lambert et al. (2002) found that the rate of production of
serotonin by the brain was related to the prevailing duration of bright sunlight, and thus would
explain the seasonality of mood and seasonal affective disorder.
According to review of Thompson et al. (2018) high ambient temperatures have a range of
mental health effects with strongest evidence for increasing suicide risk. For instance, daily
mean temperature has been positively associated with suicides in East Asian countries (Kim et
al., 2016), while in the United States no correlation was found between temperature and suicide
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rates (Dixon et al., 2007). However, possibly due to varying study methods there is little
consensus on impacts of weather factors on suicide rate other than seasonal variation, and
higher suicide risk has not been associated to specific weather conditions so far (Deisenhammer,
2003).

2.6. Impacts of climate change on temperature‒related mortality and mental health
Climate change is projected to increase heat-related mortality especially due to more intense
heatwaves and to decrease cold-related mortality due to fewer cold extremes (Smith et al.,
2014). Therefore the seasonal pattern in mortality is also expected to be gradually altered.
Ballester et al. (2011) assessed that in Europe the rise in heat-related mortality would start to
compensate for the reduction of deaths from cold during the second half of the century. A wide
multi-country study (Gasparrini et al., 2017) on projected temperature-related mortality under
climate change scenarios, assuming no adaptation or population changes, concluded that in
temperate climates such as in northern Europe a large decrease in cold-related excess deaths
would lead to marginally negative or null net change in mortality, and cold-related mortality
would remain higher than hot-related mortality even in high emission scenario. In warmer
regions a sharp increase in heat-related mortality would lead also to large net increases in
mortality, up to 12.5% (−4.7 to 28.1) in central America by the end of the century. However,
there is still ongoing discussion if climate change will substantially decrease cold-related
mortality in future because excess winter mortality is not entirely attributable to cold (e.g. Ebi
and Mills, 2013). For instance Staddon et al. (2014) also concluded that temperature
dependence of winter mortality has disappeared in the UK in recent decades and therefore
winter mortality would not decrease because of future climate change.
Only few studies have included scenarios for acclimatization and changes in sensitivity or
demographic changes (Huang et al., 2011) into projections on mortality in future climates. In a
European-wide multi-country study (Kendrovsky et al., 2017) projected changes in population
were included in an assessment of attributable heat-related deaths in two climate change
scenarios. The outcomes indicated an excess of almost 47 000 and 120 000 attributable deaths
per year by the end of the century under the Representative Concentration Pathways (RCP) 4.5
and 8.5 scenarios respectively. For Finland additional attributable deaths per year were almost
90 and about 290 respectively by the end of the century.

24

The long-term adaptation of population to a gradually warming climate and changes in
sensitivity of people to extreme temperatures cause substantial uncertainty in projected changes
in mortality. Based on past data, several studies have shown a decrease in population
susceptibility to heat over time, but a similar decrease in susceptibility to cold is not found
(Arbuthnott et al., 2016). For instance in Stockholm the relative mortality risk associated with
heat extremes has decreased but a similar decrease in cold-related mortality risk was not found
(Oudin Åström et al., 2013). Furthermore, the minimum mortality temperature has increased
over the course of the 20th century, suggesting that autonomous adaptation has taken place in
the Swedish population (Oudin Åström et al., 2016). In the study of Donaldson et al. (2003) a
decrease in heat-related mortality since 1971 was found in three climatically diverse regions
including southern Finland.
Muthers et al. (2010) concluded that heat-related mortality would increase significantly in
Vienna by the end of the 21st century also in an approach where long-term adaptation was
included. Ballester et al. (2011) suggested that if societies effectively adapt to a warmer climate,
at the end of the century the total mortality due to thermal stress might decrease in Europe,
when increases in heat-related mortality, decreases in cold-related mortality and acclimatization
are taken into account. The discussion of how to include adaptation and changes in sensitivity
into assessments of temperature-related mortality under climate change scenarios has only just
started. The method substantially affects the outcomes and the uncertainties of the outcomes,
but both shift in threshold (adaptation) and reduction in slopes (sensitivity) should be included
in climate change impact assessments (Gosling et al., 2017).
In high-latitude countries people presumably can adapt to gradually changing average thermal
conditions, and the health risks will be attributable to hot and cold extremes of the future
climate. In countries with hot climate already now, there is a risk that limits of human
thermoregulation will be exceeded. According to Mora et al. (2017) about 30% of the world’s
population is currently exposed to climatic conditions exceeding this deadly threshold for at
least 20 days a year. By 2100, this percentage is projected to increase to 48% in the scenario
with low greenhouse gas emissions and to 74% in a high emission scenario. Technical solutions
such as air-conditioning would be vital for adaptation in such climatic conditions, otherwise
migration to cooler climate would be necessary.
Studies on impacts of climate change on mental health and specifically on suicides are less than
on physical health. In causal pathways of impacts on mental health, the emphasis has been on
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post-traumatic stress disorders as a consequence of weather-related hazards. Indirect impacts
such as mental exhaustion due to heat stress, decreasing wellbeing in communities due to
climate change impacts, and related anxiety or concerns have also arisen (Berry et al., 2010;
Doherty and Clayton, 2011; Trombley et al., 2017). Impacts of decreasing solar radiation on
seasonally affective disorders in high-latitude regions has been mentioned in few articles
without deeper studies (Berry et al., 2010). Based on analysis on relationships between suicides
and temperature variations, Williams et al. (2015) concluded that it is very difficult to predict
how climate change will affect the risk of suicide. Impacts of changes in solar radiation on
suicides under climate change scenarios were not considered.
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3. Material and Methods
3.1. All-cause deaths
For research on the relationship between mortality and thermal conditions, daily number of allcause deaths and annual population in 21 hospital districts in Finland from 1971 to 2015 were
obtained from Statistics Finland. The data included the number of all-aged deaths and the
number of deaths in two age groups: 65–74 years and 75 years or older. The daily number of
deaths in additional age groups such as younger than 65 years were calculated from these data.
Daily population values were interpolated from the annual population values for each age
group. The life-expectancy in Finland over the study period has increased markedly. In 1980,
the median age at death was 68.2 years for men and 75.4 years for women. In 2015, the
corresponding values were 76.8 and 85.3 years, respectively (OSF, 2015b).
Study I concentrates on changes in the temperature‒mortality relationship in the most populated
Helsinki–Uusimaa hospital district and the whole time series of mortality by age group were
utilized in that study. Study II on regional differences in temperature‒mortality relationships
across hospital districts is based on all-aged number of deaths in a shorter period, 2000–2014.
Finland is a sparsely populated country and the characteristics of hospital districts vary
substantially. The highest population, about 1.5 million is in the Helsinki–Uusimaa hospital
district. In five hospital districts the population is less than 0.1 million and in the rest of the
hospital districts the population varies between 0.1 and 0.5 million. Daily number of deaths in
the Helsinki–Uusimaa hospital district varied between 11 and 57 with a median of 30 deaths
per day during our study period. In the smallest hospital district the median of daily deaths was
less than five while in most of the hospital districts the median of daily deaths was about 10
with maximum around 20 deaths per day. Typically the share of deaths in age group 75+ was
more than 50% of the all-aged deaths, while the share of elderly (75+) in the population varied
from 5% to 10% in hospital districts, and was highest in eastern Finland. Morbidity indices in
hospital districts were also used as covariates to explain potential differences in mortality‒
temperature relationships between hospital districts. Morbidity indices describe the generic
population health status and in the indices the weight of prevalence of selected disease groups
are based on their significance for mortality, disability, quality of life and health-care costs in
the population (THL’s morbidity index, 2016). The morbidity indices in hospital districts varied
between 66 and 147 and were highest in eastern Finland.

27

3.2. Suicides and suicide attempts
The daily number of deaths from suicide for the period 1969–2003 were obtained from Statistics
Finland for study III. From the total 43 393 suicides, 33 993 were men and 9400 women. Data
on attempted suicides are not collected systematically. Therefore data that were originally
collected for other studies (Billie-Brahe et al., 1995) were used in study IV on attempted
suicides in Helsinki. The para-suicide data of men and women included two separate periods:
the first period was from 1 January 1989 to 31 July 1990 (19 months) and second period from
15 January 1997 to 14 January 1998 (12 months). Altogether 3945 suicide attempts were made
during these two periods, about half of them were men.

3.3. Meteorological data
Various meteorological datasets were used in the studies. Selection of data was based on the
research questions and prior understanding on potentially relevant meteorological factors that
may have impact on health impact in question.
In study I, that concentrates on mortality in the Helsinki–Uusimaa hospital district, two
indicators for exposure to thermal stress were used, namely the daily mean value of PET
(Physiologically Equivalent Temperature) in Helsinki–Vantaa weather station and spatially
averaged daily mean temperature (Tavg) in the hospital district. Station-wise synoptic
temperature, relative humidity, wind speed and global radiation data were used as input to
calculate PET for the study period 1971–2014, and PET daily values we calculated from these
3-hourly data. The calculations were made with the RayMan model (Matzarakis et al. 2007;
Matzarakis et al. 2010). Values of Tavg were derived from the gridded 10 km × 10 km dataset
of the Finnish Meteorological Institute (Aalto et al. 2013).
In study II about regional differences in temperature‒mortality relationships in Finland, the
number of deaths were compared to spatially averaged daily mean temperatures (Tavg) in the
hospital districts in the period 2000–2014.
In study III, deaths from suicide in Finland were compared with global radiation, sunshine
hours, temperature and precipitation in the time period 1971–2003. Temperature and
precipitation were spatially averaged values based on the gridded database, but for solar
radiation station-wise data from Jokioinen in south-western Finland was used instead, because

28

gridded data were not available. About 80% of suicides in Finland take place in southern and
central part of the country.
In study IV, suicide attempts in Helsinki were compared to daily mean, maximum and minimum
temperatures, daily precipitation, global solar radiation, sunshine hours, and atmospheric
pressure from Helsinki–Kaisaniemi weather station. Furthermore, the deviations of temperature
and global solar radiation from their climatic normal values from the period 1971–2000 were
also considered. A descriptive analysis of weather types on peak days of attempted suicides
were based partly on synoptic weather charts, as well.

3.4. Methods
3.4.1. Assessing temperature‒mortality relationship
Study I aimed to assess changes in temperature‒mortality relationship 43-year-long study
period in the Helsinki–Uusimaa hospital district. Demographic changes were taken into account
by calculating daily mortality values as number of deaths / 100,000 inhabitants for each age
group. Expected mortality was used as a baseline mortality: daily expected mortality values
were calculated from the mortality data applying Gaussian smoothing with a filter of 365 days
for the whole study period. The time series of expected mortality include the seasonal cycle but
day-to-day variability is smoothed out. Relative mortality is then the deviation of mortality from
the expected mortality as a percentage. The time series of relative mortality are stationary,
which makes it possible to compare impacts of thermal extremes over the decades regardless
of demographic changes or lengthening life-time. The smoothing method shortens the mortality
time series from both ends and comparisons of relative mortality to the meteorological data
were made for the time period 1972–2014. Figure 1 clarifies this method that was developed
by Koppe and Jendritzky (2005).
The impacts of the thermal conditions on the relative mortality were studied by comparing the
daily mean values of PET and Tavg with the mean value of relative mortality in the same and
following day, thus applying a 1-day lag. Generalized additive model (GAM) was applied to
visualize the relationships and the analysis was done for the whole study period and separately
for two 21 year-long sub-periods, 1972–1992 and 1994–2014. The R-package “mgcv” (Wood,
2016) was used for modelling.
Quantitatively the relationships between relative mortality and the thermal indices were
calculated in 12 percentile categories of the PET and Tavg frequency distributions. Then the
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mean values of relative mortality with 95% confidence intervals were calculated in these
percentile categories were calculated for the age groups: all ages, <65, 65–74, ≥ 75 years. In
order to assess potential changes in the relationships between relative mortality and the thermal
indices during the study period, we applied linear regression to explore linear time trends of the
mean relative mortality in each percentile category. Furthermore, the changes in relative
mortality were concretized by calculating relative mortality mean values in the percentile
categories in the two sub-periods: 1972–1992 and 1994–2014 using the percentile categories
that were defined from the whole study period. The statistical significance of differences in the
relative mortality between the sub-periods were tested by a Welch Two Sample t-test and the
Shapiro–Wilk test was used to check the normality of the distributions.
The dependence between mortality and thermal conditions varies depending on the time
window. Therefore, the relationships were calculate also for longer time windows using 7- and
14-day averages of relative mortality and thermal indices without lag considerations.
The main aim of study II was to assess regional differences is temperature‒mortality
relationships across 21 hospital districts in Finland. The research was conducted using daily allaged mortality data in the 15-yearlong study period, 2000–2014 and the exposure to thermal
stress was described by spatially averaged daily mean temperatures in hospital districts,
calculated from gridded temperature data.
In modelling the relationship between the daily deaths and mean temperatures in the hospital
districts, different versions of distributed lag non-linear model (DLNM) were applied
(Gasparrini et al., 2010; Gasparrini, 2011; Gasparrini and Leone, 2014). The daily number of
deaths follow quasi-Poisson distribution and the general model definition is as follows:
𝐽

g(µt) = α + s(xt; β) + ∑𝑗=1 ℎj(cti; γj)

(2)

where g is a log link function of the expectation µt ≡ E(Yt), with Yt being the time series daily
mortality counts in hospital district, α is an intercept, s(xt;β) is an exposure–response function
to temperature (xt) defined by β and it is chosen as quadratic B-spline defined by internal knots.
The cross-basis matrix of coefficients also describes lag effects of temperature, defined by knots
for lag on a logarithmic scale. Delayed effects of temperature on mortality were studied with a
lag of up to 25 days. Confounding factors (cti) were day of the week and time from the beginning
of the time series. Day of the week is modelled as a categorical variable and elapsed time as a
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natural cubic spline with 7 degrees of freedom (df) per year to control seasonal variation and
long-term trend.
Simple model versions without delayed temperature impacts (lag = 0) and with 4 internal knots
for temperature distribution, were first applied for each hospital district (HD) separately without
confounding factors. After this first-stage modelling, meta-regression analysis (Gasparrini et
al., 2012) was conducted to assess if there is heterogeneity, thus significant differences, in
temperature‒mortality relationship across the hospital districts. In this method the effects of
random variation on the relationships is reduced by calculating best linear unbiased predictions
(BLUP) for the relationship. These BLUP estimates converge the HD-specific relationships
towards a pooled, averaged exposure–response relationship. A Cochran Q test and I2 were used
to study heterogeneity across the BLUP estimates of the relationships in hospital districts.
Climatological mean temperature, ranges of daily mean temperatures, morbidity indices,
population, and share of elderly (75 years and older) in the hospital districts were used as
covariates to explain potential heterogeneity in the temperature‒mortality relationship in the
hospital districts. An LR test and Wald test were applied to study the statistical significance.
Because temperature ranges deviate between the hospital districts, the meta-regression was
done on both absolute and relative temperature scales.
For studying the effects of heat stress and cold stress on mortality with a long delay, we applied
a more complex DLNM version with lag up to 25 days. Based on the lowest Akaike Information
Criteria (AIC) value, the best models in hospital districts had on average three internal knots
for temperature and two knots for lag, and these fixed numbers of knots were used in this
complex modelling version in all hospital districts. The R packages dlnm (Gasparrini, 2011)
and mvmeta (Gasparrini et al., 2012) were used while conducting these studies.
3.4.2. Baseline mortality definitions
The shape of temperature‒mortality relationship varies also according to the chosen definition
for baseline mortality and how seasonal variation is controlled. Different baseline mortality
definitions are used in studies I and II. The consequences of methodological differences needs
to be understood when interpreting the modelled temperature‒mortality relationships, and they
are demonstrated in Figure 1.
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In study I the baseline mortality is seasonally varying expected mortality, which is higher in
winter than in summer. The deviation of the observed mortality from its seasonal expected
value, relative mortality, is then used in modelling the temperature‒mortality relationship, as
described is 3.4.1. In study II the temperature‒mortality relationship is modelled using mortality
at the minimum mortality temperature (MMT) as a reference, and relative risk for mortality is
then number of deaths at given temperature/ number of deaths at MMT. Different baseline
definitions lead to differences in mortality risks in the cold thermal range, while the risks in the
warm range are fairly similar and in study I the modelled increase in mortality due to cold stress
appears to be smaller than in the study II.

MMT

Figure 1. The definition for the baseline mortality effects on the shape of the temperature‒
mortality relationship. In study I (upper row) the baseline mortality is seasonally varying
“expected mortality”, while in study II (lower row) the baseline is the mortality at the
minimum mortality temperature (MMT, vertical line in the graph).
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3.4.3. Assessing impacts of weather and climate on suicides and attempted suicides
The suicide rates and meteorological variables in the time period 1971–2003 were compared in
various time windows ranging from monthly to annual level (Study III). For each time window
the cumulative values of suicide rates (all, men and women), global radiation, sunshine hours
and precipitation were calculated as the sum of daily values for the period in question, whereas
temperature was averaged over the period. Delayed climate impacts were not considered in this
study.
Both simple and multivariate linear regression analyses were performed. Linear univariate
regression models were calculated using the suicide rate as the dependent variable and the
measured global radiation, sunshine hours, average temperature or precipitation as the
explanatory variable. For the multivariate models global radiation, average temperature and
precipitation were included stepwise as the explanatory variables.
The regression analyses were conducted both to the data that included long-term trends, and to
the residual data after the trends were removed in order to differentiate impacts of long-term
variations and trends (years) and short-term variations in weather variables. The trends were
filtered by fitting linear trends both to the suicide and weather data for two sub-periods, i.e., the
periods of increasing suicide rates from 1971 to 1990 and of decreasing suicide rates from 1991
to 2003. The regression analyses were also conducted separately to these sub-periods in order
to see if the impacts of meteorological factors differ between the time periods of increasing and
decreasing suicide trends.
Daily number of suicide attempts in Helsinki during the two shorter study periods (Study IV)
were an average two for both women and men, varying between zero and nine for women and
between zero and eight for men, and the frequency distributions followed Poisson distribution.
Based on weather data and synoptic charts, descriptive case studies were made in the beginning
in order to assess if certain weather types prevailed on cluster days with high number of suicide
attempts, and days without self-harm. The criteria for a cluster day was defined as the
probability for the number of suicide attempts being less than 0.01 according to a Poisson
distribution. Altogether 17 days fulfilled the cluster day criteria, either for men, women or both
sexes together. The outcomes of these preliminary, descriptive analyses were tested using the
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chi-squared test. Similar descriptive analyses were made for cluster weeks and low-self-harm
weeks in order to control for day-of-the-week effect.
Poisson regression was used to study statistical association between weather variables and
suicide attempts in the whole datasets. The analysis was conducted for women and men
separately using weather parameters as independent explanatory variables and daily number of
suicide attempts as dependent variable. Daily mean temperature was taken as deviation from its
normal value, and global radiation as a proportion of its normal value in the period 1971–2000.
Furthermore, Poisson regression was performed separately on violent suicide attempts, which
are defined by the method of the suicide attempt, such as hanging or shooting.
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4. Summary of results
4.1. Heatwaves in 1972 and 2010
Heat-related mortality is important also in Finland, but intense heatwaves do not take place
every summer. In Figure 2 the increases in mortality in the context of two remarkable heatwaves
are presented. In the data used in these impact studies in the period from 1971–2015 the highest
increase in mortality was found in the heatwave 1972. In context of exceptional the heatwave
in 2010, a new heat record was achieved. As a sign of changes in sensitivity of the population
to heat stress, the increase in mortality was less than the heatwave 1972. However, the heatwave
in 1972 lasted longer than the heatwave 2010 and the impacts are therefore not directly
comparable.

Figure 2. Daily relative mortality (all-aged, all-cause) and mean temperature (spatial average
over Finland) in summers 1972 (upper) and 2010 (lower).
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In 1972 the heatwave started in late June and lasted for about two weeks. The highest maximum
temperature was 33.6°C and the heatwave was most intensive in eastern and northern Finland.
The peak in relative mortality was 58% and according to Näyhä (2005) during the heatwave
1972 over 800 extra deaths took place. The heatwave 2010 consisted of two shorter periods in
the middle and end of July. The highest measured maximum temperature was 37.2°C and
especially people in southern and eastern Finland were exposed to heat stress. The peak in
relative mortality was 34% and according to Kollanus and Lanki (2014) the heatwaves in 2010
caused over 300 non-accidental extra deaths.

4.2. Thermal environment and all-cause mortality
4.2.1. Changes in sensitivity to thermal stress over decades
The increase of the relative mortality in the hot extreme end of the thermal distributions is more
than in the cold extreme. The increase in relative mortality appears above the 95th percentile of
the thermal distribution and is highest above the 99th percentile among those 75 years and older.
On the other hand, from the 43-year-long time series of mortality and meteorological data we
found a statistically significant decrease in relative mortality in upper percentiles of the thermal
distribution, indicating decreasing sensitivity to heat stress over the decades. In Figure 3 the
relationship between relative mortality in Helsinki–Uusimaa hospital district and PET in
Helsinki–Vantaa airport for all-aged and elderly (≥ 75 years) for the two 21-year sub-periods.
The decrease in sensitivity to the hot extreme was statistically significant in upper percentiles:
for instance in the highest percentile category (>99th percentile) the all-aged relative mortality
decreased from 18% (1972–1992) to 9% (1994–2014). Among the elderly the decrease was
from 21% to11 %.
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Figure 3. Relationships between relative mortality in the Helsinki–Uusimaa hospital district
and daily mean value of PET in Helsinki–Vantaa weather station in the periods 1972–1992
and 1994–2014 for all-aged and elderly, ≥ 75 years. (Adopted from study I Figure 2.)

In addition to the daily mean value of PET at Helsinki–Vantaa weather station, following other
thermal indicators were also used: daily max and min values of PET based on synoptic data in
Helsinki–Vantaa, station-wise daily mean, max and min temperatures in Helsinki–Vantaa and
spatially averaged daily mean, max and min temperatures over the Helsinki–Uusimaa hospital
district. Even though quantitatively the relationships between relative mortality and the thermal
indicators varied, the shapes of the relationships were fairly similar. In study I the relationship
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between mortality and daily mean values of PET and spatially averaged daily mean temperature
Tavg were reported. In Figure 4 an example of the impact of thermal indicator on the shape of
the relationship between mortality and thermal environment is demonstrated.

Figure 4. Relative mortality in Helsinki–Uusimaa hospital district as a function of PET daily
mean value in Helsinki–Vantaa weather station and spatially averaged daily mean temperature
in Helsinki–Uusimaa hospital district. (Adopted from study I, Figure 2 and Figure 3.)
In the Tavg scale, the impact of heat stress appeared to be somewhat stronger than in the PETscale and the increase in mortality appeared to be also steeper in Tavg. This difference is partly
due to the fact that the PET-scale is wider than spatially averaged temperature, because of the
role of solar radiation in summer and wind in winter in contributing to PET-values. On the other
hand the distribution of spatial average of temperature over hospital district is narrower than
station-wise temperature distribution.
Both PET and spatially averaged temperature are feasible indicators in modelling the
relationship between mortality and thermal environment – depending on the scope of the study
and availability of the data. Based on this conclusion, spatially averaged temperature was used
as indicator for thermal stress in study II.
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4.2.2. Regional differences in the temperature‒mortality relationship
The simple DLNM modelling without lagged effect and without controlling seasonality
produced U-shaped relationships in all hospital districts, except for the two least-populated
ones, which have populations of less than 50 000. The first-stage modelling showed large
differences and variation in the temperature–mortality relationships across hospital districts,
especially on the cold thermal range, but the BLUP estimation converges the relationships
towards the pooled, average relationship and the differences between hospital districts almost
disappear (Figure 5).
According to the meta-analysis there was no statistically significant heterogeneity in mortality–
temperature relationships among the hospital districts on an absolute temperature scale. Thus,
based on the meta-analysis the same mortality–temperature relationship can be applied in all
parts of the country. However, on the relative temperature scale, 21% of variation in the
relationships between hospital districts would be explained by heterogeneity. According to the
Wald test, morbidity index and population in the hospital districts would explain heterogeneity
on a statistically significant level, but the LR tests did not support these findings. Climatological
factors – climatological mean temperature and range of daily mean temperature in the hospital
districts – did not explain considerably the small heterogeneity.
On the basis of the pooled temperature–mortality relationships, the increase in relative risk (RR)
of mortality at a daily mean temperature of 24°C was 1.16 (1.12–1.20; CI 95%) when compared
to mortality at 14°C, which is the minimum mortality temperature (MMT) of the pooled
relationship. On the cold side, at a daily mean temperature of −20°C, RR was 1.14 (1.12–1.16;
CI 95%). The MMT was found at the 79th percentile on the relative scale of daily mean
temperature.
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a)

b)

c)

d)

Figure 5. Temperature–mortality relationships based on the model without lag. a) Hospital
district (HD)-specific models (dash curves) with the pooled relationship (solid curve), b) best
linear unbiased predictions (BLUP) estimates for hospital districts, c) pooled, average
relationship (solid curve) with 95% confidence interval (shaded), relative risk (RR) reference
at T = 14°C, which is the minimum mortality temperature d) Meta-analysis on relative
temperature scale with morbidity index of hospital districts as covariate. (Adopted from Study
II, Figure 2 and Figure 3.)
The impacts of heat stress appeared typically on the same day and lasted for a few days while
the impacts of cold stress appeared after a few days but lasted for several days or even weeks.
Modelling with more complex DLNM with long 25-day lagged effects suggests that including
delayed impacts with a long lag may double or triple the estimated overall mortality risk
compared to the outcomes of a simple model (Table 2 in Study II). Figure 6 visualizes delayed
impacts of heat and cold in the Helsinki−Uusimaa hospital district.
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a)

b)

c)

d)

Figure 6. Example of DLNM with 25-day delayed temperature effect on relative risk of
mortality (RR) in Helsinki−Uusimaa hospital district. a) 3D-visualizaton on RR as a function
of daily mean temperatures and lag. b) Overall temperature−mortality relationship when
impacts are aggregated over the 25-day period. c) Lagged temperature effects at Tavg = 24°C,
representing heat stress and d) Tavg = −20°C, representing cold stress. (Adopted from Study
II, Figure 4 and Figure 5.)
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4.3. Impacts of weather and climate on suicides and suicide attempts
4.3.1. Deaths from suicide in Finland, 1971-2003
A key finding of this study was that from meteorological variables, solar radiation explained
best the inter-annual variability in suicide rates in Finland, and men appeared to be more
sensitive to lack of solar radiation than women (Figure 7). In simple regression, global solar
radiation was statistically significantly correlated with suicide rate at the inter-annual level
(negative correlation, R2=0.23). Temperature or precipitation alone could not explain variations
in suicide rates, but using them in multiple regression together with global radiation increased
the explanatory power (R2=0.32). In a multiple regression, temperature had also statistically
significant positive partial correlation with female suicide rate.

Figure 7. Annual suicide rates (upper panel) in Finland and annual global solar radiation and
sunshine hours in Jokioinen weather station in 1971−2003. (Adopted from Study III, Figure 1).
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In the regression analysis, at monthly and seasonal levels only a few statistically significant
correlations between suicides rates and meteorological variables were found. In order to
identify the time window in which lack of solar radiation had best correlation with suicide rates,
the relationship was calculated in various cumulative time windows starting from November,
which can be considered the beginning of the darkest period in Finland. The strongest negative
correlation was found in a five month period from November to March, when (lack of) solar
radiation explained 40% of variation in male suicide rate. For women the correlation was
substantially smaller, only 14% of the variation of female suicide rate was explained by solar
radiation in this 5-month time window.
4.3.2. Suicide attempts in Helsinki
Based on Poisson regression, the daily number of suicide attempts in Helsinki were correlated
with atmospheric pressure but not with solar radiation, air temperature or precipitation. Small,
but statistically significant, correlations between daily mean atmospheric pressure and the
number of suicide attempts were opposite for women and men. For women the correlation was
positive with rate ratio, RR=1.005/hPa (p=0.026) and for men the correlation was negative with
RR=0.995/hPa (p=0.016). In the cases of violent methods of suicide attempt, the correlation
was stronger for men with RR=0.983/hPa (p<0.001), but for women not significant. The
Poisson regression was repeated by using a few-day average of the atmospheric pressure as an
explanatory variable. For women the correlation was found to be statistically significant for two
days and for men for one day before the suicide attempt.
Descriptive case studies on cluster days of suicides attempts indicated that low-pressure
situations with cloudy weather with rain or snow typically prevailed on male cluster day, but in
spring the cluster days were in high atmospheric pressure situations with sunny weather. Female
cluster days were days with high pressure and cloudy weather. No day-of-the-week effect was
found on cluster days.
Days free from suicides or suicide attempts can partly be explained by a harvesting effect, thus
short-term displacement in suicides and their attempts due to earlier higher incidences. Those
days were excluded from the case studies. For men “protective” weather conditions could be
described as near average atmospheric pressure with varying meteorological variables
otherwise. For women “protective” conditions appeared to be warmer than usual for the season
and cloudy weather in context of low pressure situations. Monday is the most probable day
without suicides or suicide attempts.
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5. Discussion
5.1. All-cause mortality
The studies of this thesis increase the understanding of temperature-related mortality in Finland
and provide relevant information for further development of Heat-Health Warning System and
cold weather warnings. Heatwaves in Finland will become more intense and longer due to
climate change (Kim, 2017). Temperature‒mortality relationships produced in this study in the
current climate can be used as a baseline for further studies on climate change impacts on
mortality. Both studies indicate that heat-related mortality is substantial even in northern
countries like Finland. Seemingly contradictory outcomes concerning the importance of coldrelated mortality are due to different definitions for baseline mortality. In study I the increase
in mortality was compared to seasonally varying expected mortality while in study II the
increase in mortality was compared to minimum mortality, which was found at daily mean
temperature of 14°C. The baseline mortality used in study I is applicable especially in research
concentrating on impacts of extreme temperatures, while the baseline mortality used in study II
is applicable in research on generic temperature‒mortality relationships.
Study I, in which baseline mortality includes seasonal variation, indicates that increases in
relative mortality are greater in hot than in cold extreme conditions, and people in Finland are
less accustomed to high than low temperatures. This finding supports the globally demonstrated
phenomenon that people adapt to their climatic conditions. The increase in relative mortality
appears above the 95th percentile of the thermal distribution and is highest above the 99th
percentile among elderly, 75 years and older. However, the dependence of mortality on extreme
temperatures has weakened during the 43-year-long study period, even among the age group
75 years and older. Thus, the study shows that the sensitivity of the Finnish population to
temperature extremes has decreased in recent decades. It was beyond the scope of the study to
explain reasons behind the decreasing sensitivity. Potential explanations can be physiological
or behavioural changes of people or infrastructural changes in society, such as improved public
health and lengthening of life expectancy.
The calculation of PET values requires sub-daily meteorological data – temperature, humidity,
wind speed and solar radiation – and spatial distribution of PET values is affected remarkably
by topography and the built environment. The study I shows that temperature may give results
that in many cases are good enough for studies related to impacts of weather and climate on
mortality. Especially in climate change impact studies it may be adequate to use only
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temperature scenarios without considering projections for all the input variables that are needed
for calculations of PET. The use of gridded temperature data instead of station-wise
meteorological data extends the possibilities to study weather impacts on mortality in sparselypopulated larger areas, which is the case in most parts of Finland.
Study II showed that modelling temperature‒mortality relationships at the hospital-district level
gave realistic, U-shaped relationships even in sparsely populated areas, in hospital districts with
population less than 50 000. The shapes of hospital-district-specific first-stage relationship
varied substantially but the best linear unbiased prediction (BLUP) reduced the variability in
the relationships and statistically significant differences in the temperature‒mortality
relationships across hospital districts were not found. Thus, based on the meta-analysis the same
mortality–temperature relationship can be applied in all parts of the country.
There are substantial regional differences in mortality and morbidity in Finland (THL, 2016;
Figure 8). People in southern and western parts of the country are healthier and mortality lower
than in eastern and northern parts of the country. The hypothesis for the study II was that there
would be regional differences in temperature‒mortality relationships and acclimatization of
population in Finland, but this hypothesis could not be confirmed. However, the metaregression on the relative temperature scale suggests that morbidity index and population in the
hospital districts might explain some of the small regional heterogeneity of the temperature–
mortality association. In future studies this could be further examined by using more relevant

Figure 8. Mortality (1/100,000; left) and morbidity index (right) in hospital districts in 2014.
(THL, Sotkanet)
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health indicators such as incidences of weather-sensitive chronic diseases (e.g. cardiovascular
and respiratory diseases) as additional explaining variables. Climatological factors –
climatological mean temperature and range of daily mean temperature – did not explain
considerably the small heterogeneity.
Seasonality in mortality is well-known, however, the reasons behind this seasonality are not
self-evident. Based on the studies of this thesis I tend to support the conclusion of Ebi and Mills
(2013) that higher mortality during winter is not related to temperature variation only but also
to other seasonally varying meteorological and behavioural factors, and influenza epidemics.
Furthermore people spend most of their time indoors. Based on a population study in Finland,
people spent only 4% of their total time under cold exposure (Mäkinen et al., 2006). A
climatologically interesting candidate to explain excess mortality during winter might be lack
of solar radiation and vitamin D concentration, which typically varies seasonally. In a metaanalysis of Rush et al. (2013) vitamin D status was inversely associated with all-cause mortality.
That meta-analysis included also the study of Virtanen et al. (2011) from Finland.
Sensitivity to temperature extremes has decreased over decades, but based on that result from
the past times series we cannot conclude that this trend would continue also in the future. In
climate change impact studies various scenarios for development in sensitivity and
acclimatization should also be considered and applied together with different climate change
scenarios. People spend most of their time indoors. Therefore the studies, in which the exposure
to thermal stress is based only on outdoor thermal conditions, do not provide accurate
information on the real exposure to heat or cold stress and further studies are needed to assess
relationship between indoor and outdoor thermal conditions. Furthermore, urbanization is
expected to continue in the future, and a big share of the population will be exposure to thermal
stress, that is also modified by the urban heat island effect. Further holistic, multi-disciplinary
research is needed to better explain and predict future temperature-related mortality.

5.2. Suicides and attempted suicides
In 1970s the Finnish health authorities became concerned about the increasing suicide trend
and in 1986 a nationwide suicide-prevention program was launched, which lead to decreasing
suicide trend after 1990 (Beskow et al. 1999, Hakko et al. 1998). The main finding of study III
is that the variation in annual solar radiation explains part (about 20%) of the inter-annual
variation in suicides. Furthermore, this finding also suggests that both increasing suicide trend
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until 1990 and decreasing trend after that could partly be explained by long-term variation in
solar radiation (see also Figure 7).
Lack of solar radiation was associated with higher suicide risk especially during a five month
period from November to March. Thus, the darker the winter the higher the suicide mortality.
This raises another concern related to climate change. In Finland the amount of solar radiation
is expected to decrease in winter, in the high-emission RCP8.5 forcing scenario the projected
change is −17% to +2% by middle of the century (Ruosteenoja et al., 2016). The decrease in
solar radiation will be exacerbated by a shortening snow-cover period, which will reduce the
amount of reflected shortwave radiation from the ground. The worst scenario is that the positive
development in suicide prevention and decreasing suicide trend will come to a halt because of
darker winters. Since e.g. seasonal affective disorders depend on solar radiation, future studies
need to be extended more widely to the impacts on mental health. Furthermore, the impacts of
various solar-radiation spectral ranges on mental health need to be better understood.
The outcome of this study may seem to contradict the earlier studies that associate quickly
increasing solar radiation with higher suicide incidence in spring and early summer. However,
season and length of the time windows explain these different outcomes. Correlations between
deaths from suicide and meteorological variables indicated that the lack of solar radiation
increased suicide risk especially in winter. It has been suggested that sunshine acts like an
antidepressant that first increase the suicide risk and later improves the mood (Christodoulou et
al., 2012). In future studies the impact of solar radiation could be studied by using more
advanced modelling methods that would take into account both cumulative lack of solar
radiation in winter as a factor that increases the number of people at suicide risk, and quickly
increasing amount of solar radiation as trigger for committing suicide in spring. As suggested
also by Vyssoki et al. (2014), sunshine may have a bimodal effect on suicidal behaviour: more
sunshine may increase suicide risk in short exposure time scale but decrease suicide risks in
longer exposure time scale.
Another interesting outcome of study III is that climatic conditions have impact on suicide risks
for both genders, but men and women react differently. Men appeared to be more sensitive than
women to variation in solar radiation. Furthermore, temperature was associated more with
suicide risk of women than of men. A later study (Hiltunen et al., 2014) also concluded that
daily temperatures and large increase in temperature in a few-day period, as can often happen
in spring, may contribute to higher suicide risk. These gender differences might be related to
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differences in circadian rhythms and thermoregulation between sexes, but requires further
studies.
The main findings of study IV, on relationship between suicide attempts and weather, were that
atmospheric pressure predicted the risk of suicides attempts, and the impact of atmospheric
pressure was opposite on men and women. Low pressure conditions were associated with higher
risk for suicide attempts of men, but with lower risk for suicide attempts of women. The other
meteorological variables – solar radiation, temperature and precipitation – did not have
statistically significant correlation with the suicide attempts in Helsinki. However, the
robustness of these outcomes are limited due to short time series and small samples.
Understanding a causal pathway explaining this relationship needs further studies. If the
atmospheric pressure as such has direct impacts on the suicide attempt risks, and when the
impacts on men and women are opposite, the reason might even be hormonal and e.g. the levels
of some sex-specific hormones have been found to respond to atmospheric pressure (ElMigdadi et al., 2000). On the other hand, atmospheric pressure might be an indicator describing
the weather type. The descriptive meteorological case studies indicated that the impacts of
weather types on para-suicides may also vary seasonally, but due to short datasets of suicide
attempts a firm conclusion cannot be made.
These studies have increased the understanding on relationships between meteorological
variables and deaths from suicide and suicide attempts, but only piecemeal, and further
comprehensive, multidisciplinary research is needed to understand how individual, societal and
environmental factors together impact on mental health and suicide risks. Associations between
meteorological factors and deaths from suicides and suicide attempts appear seemingly
contradictory. Partly these differences are related to differences in time spans used in the studies
and a small sample size of suicide attempts is a limitation for the study. However, there may be
also other factors explaining the differences, since for instance the differences in gender ratios
between deaths from suicides and suicides attempts are not fully understood. The impacts of
weather and climate on suicides and suicide attempts are small compared to the other risk
factors, but they may contribute by increasing the probability or affect timing of self-harm.
However, the applicability of these outcomes could also be studied in clinical work when
assessing risk of suicidal patients.
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6. Summary
Human beings are able to adapt to their climatic normal conditions, but despite this capability,
weather extremes especially may pose a substantial health risk. Changing climate raises
questions on how the weather-related health risks will change and to what extent people can
adapt to continuously changing climate and extremes of the future climate. This thesis on
weather dependence of all-cause mortality and suicides and suicide attempts in the present
climate in Finland gives a basis for further studies on impacts of climate change on human
health in Finland, and in general in northern-latitude countries.
Human thermoregulation aims to maintain the core temperature of the body as constant.
Thermoregulation forms the basis of a human energy balance model that describes the heat
exchange between body and environment. Ambient temperature, humidity, wind speed and
radiation balance are essential meteorological factors in this energy exchange. Both heat and
cold stress may pose severe risk to health and contribute to premature death. Elderly and people
with pre-existing chronic diseases such as cardiovascular and respiratory diseases are most
vulnerable to temperature extremes.
In this thesis different methods were used to study dependence of mortality on thermal
conditions. The method to calculate relative mortality makes the long mortality time series
stationary and, thus, comparable over the decades regardless of changes in population and lifeexpectancy. This method was applied to study changes in sensitivity of Finnish population to
temperature extremes over a 43-year-long period. Hospital-district-specific temperature‒
mortality relationships were studied using complex, distributed lag non-linear models and
differences in these relationships were assessed by meta-regression with selected climatic and
sociodemographic covariates.
The studies of this thesis show that heat-related mortality is remarkable also in a northern
country like Finland. The increase of the relative mortality in the hot extreme of the thermal
distributions is more than in the cold extreme. On the other hand, based on the analysis of the
43-year-long time series, a statistically significant decrease in relative mortality in the upper
percentiles of the thermal distribution was found indicating decreasing sensitivity to thermal
stress in the Finnish population over the decades.
Regional differences in temperature–mortality relationships were not found at the statistically
significant level on the absolute temperature scale, thus, the same pooled temperature–mortality
49

relationship can be applied in different parts of the country in e.g. climate change impact studies
in future. On the other hand, the meta-analysis on a relative temperature scale indicated that
morbidity indices and population in hospital districts could explain the small heterogeneity in
the relationships ‒ a characteristics that might be worthy of deeper studies. Further studies are
also needed to assess temperature-related mortality in areas where urban heat island effect is
clear.
Both station-wise PET (physiologically equivalent temperature) and spatially-averaged
temperature over larger areas like hospital districts are feasible indicators in modelling the
dependence of mortality on the thermal environment. The indicator can be selected depending
on the scope of the study and availability of the data.
The study on deaths from suicide on the basis of a 33-year-long time series from Finland
showed a significant association between suicide rates and global solar radiation especially
during winter in the period from November to March, suggesting that a lack of solar radiation
during the winter in higher-latitude regions increases the risk of suicide mortality. The study
showed also that men are more sensitive to variation in solar radiation than women. On the
other hand, women seemed to be more sensitive than men to variation in temperature, but the
temperature dependence of suicides was not as strong as the dependence on solar radiation. The
study of weather dependence of attempted suicides in Helsinki on the basis of two shorter
periods showed another interesting difference between genders. The risk of suicide attempts of
men increased with decreasing atmospheric pressure, while the risk of suicide attempts of
women increased with increasing pressure.
Further studies on self-harm should be conducted by using more sophisticated modelling
methods such as distributed lag non-linear models in order to understand better the impact of
solar radiation. Based on studies of this thesis, lack of solar radiation in winter may increase
the number of people at suicide risk, while – based on literature – quickly increasing amount of
solar radiation in spring may act as a trigger for committing suicide.
The impacts of decreasing global solar radiation on suicide risks due to climate change need to
be studied. Future winters in Finland will become milder with increasing cloudiness and
precipitation and shorter snow-cover period. These together with decreasing solar radiation may
lead to wider adverse mental health impacts in Finland through seasonally affective disorders,
SAD.
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The outcomes of this thesis can be used in communicating the impacts of weather and climate
on both physical and mental health. They can also be applied in the health sector for instance
to improve preparedness for heatwaves and cold spells, and planning long-term adaptation
measures to climate change.
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Abstract: Climate change is expected to increase heat-related and decrease cold-related mortality.
The extent of acclimatization of the population to gradually-changing thermal conditions is not well
understood. We aimed to define the relationship between mortality and temperature extremes in
different age groups in the Helsinki-Uusimaa hospital district in Southern Finland, and changes in
sensitivity of the population to temperature extremes over the period of 1972–2014. Time series of
mortality were made stationary with a method that utilizes 365-day Gaussian smoothing, removes
trends and seasonality, and gives relative mortality as the result. We used generalized additive
models to examine the association of relative mortality to physiologically equivalent temperature
(PET) and to air temperature in the 43-year study period and in two 21-year long sub-periods
(1972–1992 and 1994–2014). We calculated the mean values of relative mortality in percentile-based
categories of thermal indices. Relative mortality increases more in the hot than in the cold tail of the
thermal distribution. The increase is strongest among those aged 75 years and older, but is somewhat
elevated even among those younger than 65 years. Above the 99th percentile of the PET distribution,
the all-aged relative mortality decreased in time from 18.3 to 8.6%. Among those ≥75 years old,
the decrease in relative mortality between the sub-periods were found to be above the 90th percentile.
The dependence of relative mortality on cold extremes was negligible, except among those ≥75 years
old, in the latter period. Thus, heat-related mortality is also remarkable in Finland, but the sensitivity
to heat stress has decreased over the decades.
Keywords: mortality; thermal comfort index; heat stress; cold stress; climate; acclimatization

1. Introduction
Temperature dependence of mortality is often described as U-, V-, or J-shaped with increasing
mortality towards both hot and cold temperature extremes, e.g., [1–3]. The shape of the
mortality-temperature relationship and the temperature range of minimum mortality vary by latitude
and climatic zone [4,5]. The optimal, minimum mortality temperature is lower in cold than in warm
climates due to acclimatization of the population to their typical climatic conditions. In Finland,
Northern Europe, the mortality is lowest when the daily mean temperature is in the range of 12–17 ◦ C,
while in Mediterranean countries the same is true at 22–25 ◦ C [6–8].
Well-known past extreme events include the 2003 heat wave in Central and Western Europe,
causing about 70,000 additional deaths [9], and the 2010 heat wave in Russia, leading to about 55,000
additional deaths [10]. These heat waves also extended to Finland, which has about 5.5 million
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inhabitants. According to Kollanus and Lanki [11], the number of non-accidental extra deaths was
over 200 in 2003 and more than 300 in 2010. The impact of these two heat waves in Finland was most
severe among the elderly, aged 75 years and older, as the increase in daily mortality was, on average,
21%. The most severe heat wave that has been studied in Finland took place in 1972 and caused about
800 extra deaths. After that, remarkable heat waves with increased mortality also occurred e.g., in 1973,
1978, 1988, 1995, and 1997 [7].
Most of the temperature-related mortality burden is contributable to cold in different climatic
zones—even in tropical and sub-tropical areas [12]. The impacts of cold thermal conditions on mortality
are more complex than the impacts of hot conditions due to different causal pathways. When the
impacts of hot weather tend to appear with short lags, on the same day or within a couple of days, the
increase in cold-related mortality can be found with some delay varying from days up to weeks [13–15].
On the other hand, Ebi and Mills [16] questioned the assumption that temperature is the reason for
the strong seasonality with higher mortality in winter, particularly in case of cardiovascular, but also
respiratory disease mortality.
Sensitivity to heat or cold stress varies according to many health and societal aspects, such as age,
ill health, personal lifestyles, poverty, infrastructure and buildings, access to health care, and social
structures [17,18]. Especially elderly and people with pre-existing medical conditions, such as
cardio-vascular or respiratory diseases, diabetes, or chronic mental illnesses, are found to be vulnerable
to temperature extremes [2,11,19,20]. Changes in sensitivity and adaptive capacity through, e.g.,
improved population health and the provision of health services may also change temperature-related
mortality [2,18].
Short-term acclimatization to seasonal temperature variations takes place within a couple of
weeks and should also be considered [21]. In the United States of America (USA), Lee et al. [22] found
that heat effects were larger in the spring and early summer, and cold effects were larger in late fall.
In addition, heat effects were larger in regions where high temperatures were less common, and vice
versa for cold effects.
Long-term adaptation of the populations to their normal local climatic conditions takes place
over decades through physiological acclimatization processes or through behavioural adaptation, such
as housing or clothing suitable for the climate. According to Oudin Åström et al. [23] the minimum
mortality temperature increased in Stockholm over the course of the 20th century, suggesting that
autonomous adaptation took place in the Swedish population—in climatic conditions rather similar to
those in Southern Finland. In another study, Oudin Åström et al. [24] found that the relative risk of
mortality from cold and heat extremes remained stable over the period of 1980–2009.
Climate change is projected to increase heat-related mortality, especially due to more intense heat
waves and a decrease in cold-related mortality due to fewer cold extremes [25]. Thus, global warming
is expected to gradually alter the seasonal mortality cycle as well. Ballester et al. [3] assessed that in
Europe, the rise in heat-related mortality would start to compensate for the reduction of deaths from
cold during the second half of the century.
This long-term adaptation causes substantial uncertainty in projected changes in mortality and
should be included in the assessments of climate change impacts on mortality. According to a
review by Huang et al. [26], only half of the studies on projecting future heat-related mortality
included acclimatization. For instance, Muthers et al. [27] concluded that heat-related mortality
would increase significantly in Vienna until the end of the 21st century, also in an approach where
long-term adaptation was included. On the other hand, Ballester et al. [3] suggested that if societies
effectively adapt to a warmer climate, at the end of the century the total mortality due to thermal
stress might decrease in Europe, when increases in heat-related mortality, decreases in cold-related
mortality, and acclimatization are taken into account. Zacharias et al. [28] concluded that by the
end of the 21st century, excess deaths due to ischemic heart diseases in Germany attributable to
heat waves is expected to rise by factor 2.4 and 5.1 in the acclimatization and non-acclimatization
approach, respectively.
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Heat and cold stress depend on the energy exchange experienced by humans and are closely
related to human thermoregulatory mechanisms and the human circulatory system [29–32]. Thermal
indices based on the human energy balance require several meteorological input parameters:
air temperature, air humidity, wind speed, and the short- and long-wave radiation fluxes, the total
impact of the latter two being summarized as the mean radiant temperature [30,32].
A widely-used human biometeorological thermal index, the physiologically equivalent
temperature (PET), is based on the human energy balance. It describes the temperature at a given
place (outdoors or indoors) equivalent to the air temperature in a typical indoor setting with core and
skin temperatures equal to those under the conditions being assessed. Units of PET, degrees Celsius,
make the results comprehensible [32]. The standard PET values are valid for the assumed values of
activity (80 W) and thermal resistance of the clothing (0.9) [31,33]. Moreover, the meteorological input
parameters are to be measured at, or transferred to, the average height of a standing person’s gravity
centre, 1.1 m above the ground [28,34].
Thermal indices such as PET describe the thermal environment of a person more realistically
than a single parameter, such as outdoor air temperature [35]. However, it should be kept in mind
that the meteorological input parameters for thermal indices often show remarkable temporal and
spatial variability, and are therefore sources of large uncertainties in the indices. Wind speed and
mean radiant temperature show the highest variability and are modified strongly by surroundings and
obstacles, especially in complex urban areas [36]. Therefore, it is not self-evident that the use of energy
balance-based rational thermal indices would always be the best choice for studies if the health impact
data does not include precise spatial information. Quite often in studies on heat- and cold-related
mortality, only outdoor air temperature is used as an explanatory variable.
The main aims of this study were (1) to quantify the increase in mortality related to both hot and
cold temperature extremes according to different age groups in the Helsinki-Uusimaa hospital district
in Southern Finland; (2) to study potential changes in time of the temperature-mortality relationships
over the period of 1972–2014; and (3) to examine whether outdoor air temperature and PET give
similar temperature-mortality relationships. Finally, we discussed the results from the viewpoint of
potential acclimatization and changes in sensitivity of the Finnish population to temperature extremes.
2. Materials and Methods
2.1. Mortality Data in the Study Area
Daily numbers of all-cause deaths and annual population in the Helsinki-Uusimaa hospital
district in Finland from 1971 to 2015 were obtained from Statistics Finland (Helsinki, Finland). The data
included the number of all-aged deaths and the number of deaths in two age groups: 65–74 years
and 75 years and older. From these data, we calculated the daily number of deaths in two additional
age groups: younger than 65 years, and 65 years and older. Total number of deaths in the study
period was 465,553, out of which 235,963 were 75 years and older, 98,967 were 65–74 years, and 130,623
were younger than 65 years. We interpolated daily population values from the annual population,
and used them to calculate the daily mortality (1/100,000). Linear time trends for mortality with a 95%
confidence level were determined in each age group.
The population in this hospital district (area 9.097 km2 ) increased from about 1.0 million to about
1.6 million during the study period. The age distribution during the study period changed remarkably
as the share of elderly (≥65 years) increased from 9.1 to 16.5%. The life-expectancy in Finland over the
study period has increased markedly. In 1980, the median age at death was 68.2 years for men and
75.4 years for women. In 2015, the corresponding values were 76.8 and 85.3 years, respectively [37].
2.2. Expected and Relative Mortality
In order to study the impacts of temperature extremes on mortality and changes in these
impacts over the decades, we applied the following method developed by Koppe and Jendritzky [21].
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Figure 1. Time series of mortality (1/100,000) (upper panel), expected mortality (1/100,000) (middle),
and relative mortality (%) (lower panel) in Helsinki-Uusimaa hospital district, 1972–2014. All-cause
and relative mortality (%) (lower panel) in Helsinki-Uusimaa hospital district, 1972–2014. All-cause
deaths and all age groups.
deaths and all age groups.

2.3. Meteorological Data
2.3. Meteorological Data
Synoptic (three-hourly) temperature, relative humidity, wind speed, and global radiation data
Synoptic (three-hourly) temperature, relative humidity, wind speed, and global radiation data
from the Helsinki-Vantaa weather station were used as input to calculate PET indices for the study
from the Helsinki-Vantaa weather station were used as input to calculate PET indices for the study
period. We made the calculations with the RayMan model [38,39]. The daily mean values of PET were
period. We made the calculations with the RayMan model [38,39]. The daily mean values of PET were
calculated from the three-hourly data to describe the daily average thermal conditions. While the
calculated from the three-hourly data to describe the daily average thermal conditions. While the
emphasis of this paper is given to daily means of PET, we also calculated PET at 12 UTC (Universal
emphasis of this paper is given to daily means of PET, we also calculated PET at 12 UTC (Universal
Time Coordinated, at 15/14 local time during summer/winter) to describe the maximum daytime heat
Time Coordinated, at 15/14 local time during summer/winter) to describe the maximum daytime heat
load and PET at 06 UTC (at 9/8 local time during summer/winter) to describe thermal conditions in
load and PET at 06 UTC (at 9/8 local time during summer/winter) to describe thermal conditions in
the active morning hours.
the active morning hours.
In addition to the station-wise PET indices, we used spatial averages of daily mean air
In addition to the station-wise PET indices, we used spatial averages of daily mean air
temperatures (Tavg ) over the Helsinki-Uusimaa hospital district as an explanatory variable for
temperatures (Tavg) over the Helsinki-Uusimaa hospital district as an explanatory variable for relative
relative mortality. Values of T
were derived from the gridded 10 × 10 km dataset of the Finnish
mortality. Values of Tavg were avg
derived from the gridded 10 × 10 km dataset of the Finnish
Meteorological Institute [40]. Spatial averages of daily mean maximum and minimum temperatures
Meteorological Institute [40]. Spatial averages of daily mean maximum and minimum temperatures
were calculated likewise.
were calculated likewise.
The use of two indices, PET, based on station data, and Tavg, based on gridded data, was
motivated by the fact that weather conditions may vary remarkably within the Helsinki and Uusimaa
province, especially depending on the distance from the Gulf of Finland and the wind direction, and
the station-wise PET value may not describe thermal conditions in the hospital district. On the other
hand, if both indices produce similar assessments of temperature-related mortality in our study area,
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The use of two indices, PET, based on station data, and Tavg , based on gridded data, was motivated
by the fact that weather conditions may vary remarkably within the Helsinki and Uusimaa province,
especially depending on the distance from the Gulf of Finland and the wind direction, and the
station-wise PET value may not describe thermal conditions in the hospital district. On the other
hand, if both indices produce similar assessments of temperature-related mortality in our study area,
confidence in the results is increased. Linear time trends with 95% confidence level were determined
from the time series of the PET and Tavg .
2.4. Assessing the Relationship between Relative Mortality and Thermal Indices
The impacts of the thermal conditions on the relative mortality in different age groups were
studied by comparing the daily mean values of PET and Tavg with the mean value of relative
mortality in the same and following day, thus applying a one-day lag. We used a generalized additive
model (GAM) to describe the relationships between the relative mortality and the thermal indices.
The exposure-response curves with 95% confidence intervals were fitted to the data by using penalized
thin plate regression splines in the R package “mgcv” [41]. In addition to the whole study period,
we conducted the analysis for two 21 year-long sub-periods, 1972–1992 and 1994–2014, in order to
visualize potential changes in these relationships.
Another approach was used for quantitative analysis to assess relationships between relative
mortality and the thermal indices: From the frequency distributions of daily values of PET and Tavg ,
we determined the following percentiles: 1%, 2.5%, 5%, 10%, 25%, 50%, 75%, 90%, 95%, 97.5%, and
99% for the whole study period. These percentiles were used to classify the thermal indices into
12 categories. Then the mean values of relative mortality in these percentile categories were calculated
with 95% confidence intervals for various age groups: all, <65, 65–74, ≥75, and ≥65 years.
In order to assess whether the relationships between relative mortality and the thermal indices
have changed over the study period, we applied linear regression to explore linear time trends of the
mean relative mortality in each percentile category and each age group for the whole study period.
Furthermore, we concretized the changes in relative mortality by calculating the mean values of
relative mortality in the two 21-year long sub-periods: 1972–1992 and 1994–2014 using the percentile
categories that were defined from the whole study period. We tested the statistical significance of
differences in the relative mortality between the sub-period percentile categories by Welch Two Sample
t-test. The Shapiro-Wilk test was used to check the sub-period specific normality of the distributions of
relative mortality.
The dependence between mortality and thermal conditions varies depending on the time window,
thus, exposure time and lag, chosen for the study. The impacts of heat stress become apparent typically
on a shorter time window than cold stress. In order to study impacts of prolonged heat waves or
cold spells on mortality, we also calculated the relationships for longer time windows using 7- and
14-day averages of relative mortality and thermal indices without lag. These time windows also partly
include delayed impacts and potential harvesting effects.
The statistical calculations were done with R version 3.2.3.
3. Results
3.1. Trends in the Thermal Indices and Mortality Data
Air temperature and PET have statistically significant increasing time trends (p-values < 0.001)
indicating ongoing climate change. Regression coefficients for the linear time trends (with a 95%
confidence level) in the period of 1972–2014 for PET daily mean value and daily mean temperature
in Helsinki-Vantaa were 0.37 ◦ C/decade (0.22, 0.52) and 0.44 ◦ C/decade (0.33, 0.55), respectively.
Based on the gridded data, the trend for the daily mean temperature as an average over the hospital
district was 0.36 ◦ C/decade (0.24, 0.47).
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Lengthening lifetime can be seen as statistically significant (p-values < 0.001) decreasing mortality
trends in all age groups in the Helsinki-Uusimaa hospital district. The all-aged mortality (1/100,000)
was 2.2 (±0.5) on average during the study period, with a decreasing trend of −0.116/decade (−0.122,
−0.110). The mortality among 75 years and older during the study period was on average 24 ± 8
and the decreasing trend in mortality was clear, −2.1/decade (−2.2, −2.0). In the relative mortality,
there are no time trends, because the methodology to calculate relative mortality removes trends from
the time series, as explained in the Methods section.
3.2. Relationships between Relative Mortality and Thermal Indices
In the following, we first visually inspect how daily values of relative mortality, i.e., the deviations
from expected mortality values, are related to two thermal indices, PET and the spatially-averaged
temperature (Tavg ). Means, ranges, and temporal trends of relative mortality values are then studied
as a function of percentiles of the indices.
The dependencies of the two-day mean of relative mortality on the daily mean value of PET in
the whole study period (1972–2014) and in the two 21-year sub-periods (1972–1992 and 1994–2014)
according to different age groups are presented in Figure 2. The modelled relative mortality-PET
association curves show a clear increase from the expected mortality in all age groups at the PET
mean value exceeding 20 ◦ C. The slope is steepest in the age group ≥75 years. The increase in relative
mortality is less in the cold than in the hot extreme conditions. In the cold thermal range, a slight
increase in relative mortality with decreasing PET is seen only in the age group ≥75 years at the PET
values below −30 ◦ C. Some changes in time in the modelled relative mortality-PET association curves
can be seen in both cold and hot extremes. In the latter sub-period, the increase in relative mortality
with high values of PET is still apparent in all age groups, but smaller than previously. Moreover, in the
latter sub-period, the dependence of relative mortality on PET in the cold thermal range is negligible.
The relationship between relative mortality and spatially-averaged daily mean temperature in the
hospital district shows similar characteristics to the dependence of relative mortality on PET, especially
in the hot extreme temperature range (Figure 3). However, in the cold temperature range, the Tavg
dependencies differ somewhat from the PET dependencies: especially in the age group 65–74 years,
the relative mortality-Tavg relationship in the cold range shows increases and decreases that are not
seen in the relative mortality-PET relationship.
Relative mortality mean values in different percentile categories of daily mean PET and Tavg
distributions are presented in Tables 1 and 2, respectively, for different age groups. In the data covering
the whole study period of 1972–2014, in the hot extreme end of the PET and Tavg distributions,
the relative mortality values are elevated, by more than about 4% in the percentiles above 95%.
The highest increase in mortality, 18.6%, was found above the 99th percentile of the Tavg distribution
among the elderly, 75 years and older, but even among the younger population (<65 years) the increase
in mortality was almost 10% (Table 2). The increase in relative mortality in the highest percentile
category appears to be larger for Tavg than for PET.
The increase of the relative mortality at the cold extreme end of the distributions is smaller than
in the hot extreme, typically only a few percent in the time period of 1972–2014. The largest deviation
from the expected mortality, 5.2%, was found in the first percentile category of the PET distribution
(below −25.1 ◦ C) among the elderly, 75 years and older (Table 1).
Although the original time series of relative mortality by definition do not have long-term trends
in time, this is not necessarily true when relative mortality values in different percentile categories of
thermal indices are considered. Statistically significant decreasing linear trends in the relative mortality
were indeed found in the highest percentile categories, above the 99th percentile of PET and Tavg in all
age groups, except among those 65–74 years old. In the age group ≥75 years, the decreasing trend is
seen also in more common thermal conditions, in PET and Tavg percentile categories above 90%. In the
cold thermal range, only two statistically significant decreasing trends were found.
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The considerations of the relative mortality in the various percentile categories of PET and Tavg
show clear differences between the two 21-year sub-periods (Tables 1 and 2, last columns). Above the
99th percentile of the PET distribution, a decrease of about 10%, from 18.3% in the period of 1972–1992
to 8.6% in 1994–2014, was found in all-aged relative mortality (Table 1). In the temperature distribution,
the decrease was even greater, about 12%, from 22.5 to 10.7%, respectively (Table 2). In the age group
≥75 years, the decreases between the two sub-periods in the percentiles above the 90th were clear,
although they did not reach the level of statistical significance in either case. As an example, the mean
relative mortality was equal in the PET percentile class of 90 to 95th of the former sub-period and the
class 97.5 to 99th of the latter sub-period. It is also noteworthy that the increase in relative mortality
almost disappeared between the 90th to 97.5th percentile of both PET and Tavg distributions in the
latter sub-period (Tables 1 and 2). Among the group aged <65 years, the decrease in time in relative
mortality between the sub-periods above the 99th percentile was 11–12%, from 15.7 to 4.0% for PET
(Table 1), and from 16.3 to 5.6% for Tavg (Table 2).
In the cold thermal range, the changes in relative mortality between the two sub-periods were
small and inconsistent (Tables 1 and 2). However, in the latter sub-period, the dependence of relative
mortality on cold extremes almost disappeared, except among those aged 75 years and older. In general,
the changes between the two sub-periods were more consistent in the PET percentiles than in the Tavg
percentiles, and more consistent in the warm thermal range than in the cold thermal range.
In addition to the narrow time window of two days for mortality, considered above, we studied
the effect of the length of the time window on the outcomes by also making calculations using 7- and
14-day averages of mortality and explaining the thermal indices, without lag. The dependencies of
relative mortality on PET (Supplementary Material, Figures S1 and S2 and Tables S1 and S2) and Tavg
are also J-shaped in these time windows, indicating that the impact of heat stress on relative mortality
is more pronounced than the impact of cold stress. In the longer time windows, the differences between
the sub-periods become statistically significant in a larger number of percentile categories than in the
two-day time window. Hence, the calculations in these time windows confirm our previous finding
that the tendency of hot extremes to increase mortality has somewhat weakened over the decades.
Furthermore, the outcomes in the longer time windows also suggest a decrease in the impact of the
coldest extreme conditions on mortality but, interestingly, also a small increase in the more common
wintertime thermal range with PET values around −10 ◦ C among the group aged 65–74 years.
In this paper, we report the dependencies of relative mortality on daily mean values of PET and
Tavg . However, we made similar calculations also using PET at 12 and 06 UTC and daily maximum
and minimum temperatures. Numerically, the relationships are somewhat different (data not shown)
compared to the calculations with daily mean values, but the generic outcomes—increases in mortality
in the highest percentiles of the thermal range, and decreasing impacts of heat and cold stress from the
first to the later sub-period—are the same as when using daily mean values of thermal indices.
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Table 1. Mean relative mortality (95% CI) of different age groups in percentiles of daily mean values of physiologically equivalent temperature (PET)at the
Helsinki-Vantaa airport, and their linear time trends in the period of 1972–2014 with statistical significance. Mean relative mortality in two 21-year sub-periods,
1972–1992 and 1994–2014, and the statistical significance of the differences in relative mortality between the sub-periods.
Percentiles

PET Range

Relative Mortality 1972–2014 (%)

Trend (%/10 years)

t-Test

Relative Mortality 1972–1992 (%)

Relative Mortality 1994–2014 (%)

t-Test

All

−42.0, −25.1
−25.1, −20.9
−20.9, −17.1
−17.1, −12.8
−12.8, −6.9
−6.9, 0.4
0.4, 11.3
11.3, 17.3
17.3, 20.4
20.4, 22.6
22.6, 24.5
24.5, 29.4

2.1
1.9
0.9
0.2
0.4
−1.5
−0.9
0.0
2.5
4.4
7.2
11.7

(−0.2, 4.4)
(0.2, 3.6)
(−0.5, 2.4)
(−0.8, 1.2)
(−0.2, 0.9)
(−1.9, −1.1)
(−1.4, −0.5)
(−0.6, 0.6)
(1.5, 3.6)
(2.9, 5.9)
(5.2, 9.3)
(8.9, 14.5)

0.3
−0.6
−0.9
0.5
0.1
0.1
0.3
−0.3
−0.4
−1.0
−1.5
−3.9

(−1.6, 2.2)
(−2.0, 0.9)
(−2.1, 0.2)
(−0.3, 1.3)
(−0.3, 0.6)
(−0.2, 0.5)
(−0.1, 0.6)
(−0.8, 0.2)
(−1.2, 0.4)
(−2.2, 0.2)
(−3.2, 0.1)
(−6.0, −1.8)

Aged ≥75 years
0–1
−42.0, −25.1
1–2.5
−25.1, −20.9
2.5–5
−20.9, −17.1
5–10
−17.1, −12.8
10–25
−12.8, −6.9
25–50
−6.9, 0.4
50–75
0.4, 11.3
75–90
11.3, 17.3
90–95
17.3, 20.4
95–97.5
20.4, 22.6
97.5–99
22.6, 24.5
99–100
24.5, 29.4

5.2
2.1
2.6
0.0
0.1
−2.3
−0.8
0.8
3.1
4.0
7.9
14.3

(2.5, 7.9)
(−0.3, 4.5)
(0.7, 4.5)
(−1.5, 1.4)
(−0.7, 0.9)
(−2.9, −1.7)
(−1.4, −0.2)
(0.0, 1.6)
(1.6, 4.6)
(1.9, 6.1)
(4.7, 11.1)
(10.4, 18.3)

−0.4
0.3
−2.0
0.6
0.2
0.3
0.6
−0.4
−1.3
−2.3
−3.6
−4.8

(−2.7, 1.8)
(−1.7, 2.2)
(−3.5, −0.5)
(−0.6, 1.7)
(−0.5, 0.9)
(−0.2, 0.8)
(0.1, 1.1)
(−1.0, 0.3)
(−2.5, −0.2)
(−4.0, −0.6)
(−6.1, −1.1)
(−7.8, −1.9)

0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

***

*

*
*
**
**
**

2.5
2.7
2.4
−0.4
0.3
−1.5
−1.3
0.3
3.1
5.2
9.5
18.3

(−0.6, 5.6)
(0.3, 5.0)
(0.4, 4.3)
(−1.8, 1.0)
(−0.5, 1.2)
(−2.2, −0.9)
(−1.9, −0.7)
(−0.6, 1.2)
(1.6, 4.7)
(3.1, 7.4)
(6.3, 12.8)
(12.4, 24.3)

1.7
0.7
−0.4
0.9
0.4
−1.6
−0.6
−0.2
2.1
3.5
5.9
8.6

(−1.7, 5.1)
(−2.0, 3.3)
(−2.5, 1.7)
(−0.7, 2.4)
(−0.4, 1.2)
(−2.2, −1.0)
(−1.2, −0.1)
(−1.0, 0.6)
(0.8, 3.4)
(1.4, 5.6)
(3.2, 8.5)
(5.6, 11.5)

5.7
2.1
4.9
−0.9
0.3
−2.5
−1.6
1.4
4.7
6.0
13.4
21.0

(2.0, 9.3)
(−1.3, 5.4)
(2.1, 7.7)
(−2.9, 1.2)
(−1.0, 1.6)
(−3.5, −1.6)
(−2.5, −0.6)
(0.1, 2.7)
(2.2, 7.2)
(2.7, 9.3)
(7.6, 19.3)
(12.3, 29.7)

4.7
1.8
0.4
0.9
0.0
−2.2
−0.1
0.3
1.9
1.8
4.6
11.1

(0.6, 8.7)
(−1.7, 5.2)
(−2.2, 3.0)
(−1.1, 3.0)
(−1.0, 1.1)
(−3.0, −1.4)
(−0.9, 0.79
(−0.8, 1.4)
(0.1, 3.7)
(−1.0, 4.5)
(0.9, 8.3)
(7.1, 15.2)

**

*

*

*
*
*
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Table 1. Cont.
Percentiles

PET Range

Relative Mortality 1972–2014 (%)

Trend (%/10 years)

t-Test

Relative Mortality 1972–1992 (%)

Relative Mortality 1994–2014 (%)

Aged 65–74 years
0–1
−42.0, −25.1
1–2.5
−25.1, −20.9
2.5–5
−20.9, −17.1
5–10
−17.1, −12.8
10–25
−12.8, −6.9
25–50
−6.9, 0.4
50–75
0.4, 11.3
75–90
11.3, 17.3
90–95
17.3, 20.4
95–97.5
20.4, 22.6
97.5–99
22.6, 24.5
99–100
24.5, 29.4

−0.7
2.4
−1.6
0.1
1.8
−1.6
−1.0
−0.6
3.1
4.7
6.7
10.9

(−5.3, 3.9)
(−1.5, 6.3)
(−4.4, 1.1)
(−1.9, 2.1)
(0.6, 2.9)
(−2.5, −0.7)
(−1.9, 0.0)
(−1.8, 0.7)
(0.9, 5.2)
(1.6, 7.8)
(2.5, 10.8)
(5.9, 15.9)

−1.6
−2.4
−0.4
0.3
0.8
0.3
−0.5
−0.2
0.7
−0.2
0.3
−3.7

(−5.5, 2.3)
(−5.6, 0.8)
(−2.6, 1.8)
(−1.3, 1.9)
(−0.2, 1.7)
(−0.5, 1.0)
(−1.3, 0.2)
(−1.2, 0.8)
(−1.0, 2.4)
(−2.7, 2.3)
(−3.0, 3.6)
(−7.5, 0.1)

1.2
4.7
0.0
0.0
0.9
−1.6
−0.6
−0.4
2.5
5.3
7.2
17.7

(−4.8, 7.2)
(−0.2, 9.7)
(−4.0, 4.0)
(−2.7, 2.7)
(−0.7, 2.6)
(−2.9, −0.4)
(−1.9, 0.7)
(−2.2, 1.3)
(−0.6, 5.5)
(1.4, 9.1)
(0.9, 13.5)
(7.9, 27.4)

−2.9
−0.2
−3.2
−0.2
2.7
−1.5
−1.5
−0.7
3.9
4.5
6.0
7.7

(−10.2, 4.4)
(−6.4, 6.1)
(−7.0, 0.7)
(−3.1, 2.7)
(1.0, 4.5)
(−2.9, −0.1)
(−2.9, −0.1)
(−2.5, 1.1)
(0.8, 7.0)
(−0.2, 9.3)
(0.5, 11.6)
(2.0, 13.4)

Aged <65 years
0–1
−42.0, −25.1
1–2.5
−25.1, −20.9
2.5–5
−20.9, −17.1
5–10
−17.1, −12.8
10–25
−12.8, −6.9
25–50
−6.9, 0.4
50–75
0.4, 11.3
75–90
11.3, 17.3
90–95
17.3, 20.4
95–97.5
20.4, 22.6
97.5–99
22.6, 24.5
99–100
24.5, 29.4

−1.6
0.6
0.6
0.8
−0.1
0.0
−1.5
−0.8
1.7
5.6
7.0
7.7

(−6.2, 3.0)
(−2.8, 4.0)
(−1.8, 3.0)
(−1.1, 2.6)
(−1.1, 0.9)
(−0.8, 0.8)
(−2.3, −0.7)
(−1.8, 0.3)
(−0.1, 3.5)
(2.7, 8.4)
(3.7, 10.4)
(3.7, 11.7)

2.4
−1.0
−0.1
0.7
−0.5
0.1
0.4
−0.5
−0.1
0.0
0.3
−3.1

(−1.4, 6.3)
(−3.9, 1.8)
(−2.1, 1.8)
(−0.7, 2.2)
(−1.3, 0.3)
(−0.5, 0.8)
(−0.3, 1.0)
(−1.4, 0.3)
(−1.5, 1.4)
(−2.3, 2.3)
(−2.4, 2.9)
(−6.2, −0.1)

−1.7
1.9
1.1
0.2
0.0
0.0
−1.5
−0.7
1.7
5.0
5.8
15.7

(−8.0, 4.7)
(−2.5, 6.2)
(−2.1, 4.3)
(−2.2, 2.6)
(−1.5, 1.4)
(−1.2, 1.1)
(−2.7, −0.4)
(−2.2, 0.8)
(−1.0, 4.4)
(1.0, 9.0)
(1.5, 10.1)
(8.4, 22.9)

−1.5
−1.6
0.1
1.6
−0.7
0.1
−1.2
−1.1
1.3
6.0
7.9
4.0

(−8.2, 5.3)
(−7.0, 3.8)
(−3.7, 3.8)
(−1.2, 4.5)
(−2.1, 0.7)
(−1.2, 1.3)
(−2.3, 0.0)
(−2.6, 0.4)
(−1.2, 3.8)
(2.1, 10.0)
(3.1, 12.6)
(−0.7, 8.7)

*

* p < 0.05, ** p < 0.01, *** p < 0.001.

t-Test

**
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Table 2. Mean relative mortality of different age groups (95% CI) in percentiles of daily mean temperature on average in the Helsinki-Uusimaa hospital district (Tavg ),
and time trends in the period of 1972–2014, and two 21-year sub-periods: 1972–1992 and 1994–2014.
Percentiles

Tavg Range

Relative Mortality 1972–2014 (%)

Trend (%/10 years)

t-Test

Relative Mortality 1972–1992 (%)

Relative Mortality 1994–2014 (%)

t-Test

All

−33.4, −18.5
−18.5, −14.1
−14.1, −10.7
−10.7, −6.6
−6.6, −0.8
−0.8, 4.8
4.8, 12.7
12.7, 16.7
16.7, 18.6
18.6, 19.9
19.9, 21.4
21.4, 25.4

0.5
3.2
1.7
−0.2
0.3
−1.4
−1.1
0.3
1.7
4.3
5.6
15.2

(−1.7, 2.8)
(1.3, 5.0)
(0.2, 3.1)
(−1.2, 0.8)
(−0.1, 1.0)
(−1.7, −0.9)
(−1.6, −0.7)
(−0.3, 0.9)
(0.8, 2.7)
(2.8, 5.8)
(3.5, 7.6)
(12.5, 18.0)

−0.3
−0.7
−0.8
0.3
0.2
0.2
0.2
−0.1
−0.5
−1.5
0.4
−4.1

(−2.2, 1.6)
(−2.2, 0.8)
(−1.9, 0.4)
(−0.5, 1.2)
(−0.2, 0.7)
(−0.2, 0.5)
(−0.2, 0.5)
(−0.6, 0.4)
(−1.2, 0.3)
(−2.7, −0.3)
(−1.2, 2.0)
(−6.0, −2.3)

Aged ≥75 years
0–1
−33.4, −18.5
1–2.5
−18.5, −14.1
2.5–5
−14.1, −10.7
5–10
−10.7, −6.6
10–25
−6.6, −0.8
25–50
−0.8, 4.8
50–75
4.8, 12.7
75–90
12.7, 16.7
90–95
16.7, 18.6
95–97.5
18.6, 19.9
97.5–99
19.9, 21.4
99–100
21.4, 25.4

3.9
4.1
3.3
−0.8
0.0
−2.0
−1.3
1.0
2.2
4.7
5.7
18.6

(1.1, 6.8)
(1.5, 6.7)
(1.4, 5.3)
(−2.2, 0.6)
(−0.8, 0.9)
(−2.6, −1.4)
(−1.9, −0.7)
(0.2, 1.8)
(0.8, 3.6)
(2.5, 6.9)
(2.8, 8.7)
(14.5, 22.7)

−2.0
0.1
−0.8
0.3
0.2
0.3
0.7
−0.2
−1.2
−3.3
−2.5
−4.6

(−4.4, 0.4)
(−2.0, 2.2)
(−2.4, 0.7)
(−0.9, 1.4)
(−0.5, 0.8)
(−0.2, 0.8)
(0.2, 1.2)
(−0.9, 0.4)
(−2.2, −0.1)
(−5.0, −1.6)
(−4.8, −0.1)
(−7.4, −1.8)

0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

*
***

**
*
***
*
**

1.5
3.3
2.8
−0.2
0.1
−1.4
−1.5
0.5
2.4
6.0
4.6
22.5

(−1.5, 4.5)
(0.8, 5.8)
(1.0, 4.7)
(−1.6, 1.1)
(−0.8, 0.9)
(−2.0, −0.8)
(−2.2, −0.9)
(−0.4, 1.4)
(1.0, 3.9)
(3.7, 8.3)
(1.3, 7.9)
(17.7, 27.3)

−0.9
2.6
0.2
0.0
0.5
−1.4
−0.8
0.2
1.1
2.6
6.1
10.7

(−4.3, 2.5)
(−0.1, 5.3)
(−2.2, 2.5)
(−1.5, 1.6)
(−0.3, 1.3)
(−2.0, −0.8)
(−1.4, −0.2)
(−0.6, 1.0)
(−0.2, 2.4)
(0.6, 4.7)
(3.5, 8.6)
(7.7, 13.8)

5.9
3.5
4.4
−0.9
0.0
−2.2
−2.3
1.7
3.7
8.2
8.2
26.6

(2.0, 9.8)
(−0.2, 7.2)
(1.8, 7.0)
(−2.9, 1.1)
(−1.3, 1.3)
(−3.1, −1.2)
(−3.3, −1.4)
(0.4, 3.0)
(1.5, 6.0)
(4.4, 11.9)
(2.8, 13.7)
(18.7, 34.4)

0.9
4.5
2.0
−0.3
0.1
−1.9
−0.3
0.5
0.8
1.6
4.3
13.7

(−3.1, 5.0)
(0.9, 8.1)
(−0.9, 4.9)
(−2.3, 1.7)
(−1.0, 1.1)
(−2.7, −1.1)
(−1.1, 0.5)
(−0.6, 1.6)
(−0.9, 2.5)
(−1.0, 4.2)
(0.8, 7.9)
(9.2, 18.1)

*
***

*
**
**
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Table 2. Cont.
Percentiles

PET Range

Relative Mortality 1972–2014 (%)

Trend (%/10 years)

Aged 65–75 years
0–1
−33.4, −18.5
1–2.5
−18.5, −14.1
2.5–5
−14.1, −10.7
5–10
−10.7, −6.6
10–25
−6.6, −0.8
25–50
−0.8, 4.8
50–75
4.8, 12.7
75–90
12.7, 16.7
90–95
16.7, 18.6
95–97.5
18.6, 19.9
97.5–99
19.9, 21.4
99–100
21.4, 25.4

−1.8
2.8
−0.4
−0.5
1.7
−1.4
−1.4
0.3
2.0
3.7
4.3
14.4

(−6.4, 2.7)
(−0.9, 6.4)
(−3.2, 2.5)
(−2.4, 1.5)
(0.5, 2.8)
(−2.3, −0.5)
(−2.3, −0.4)
(−1.0, 1.5)
(−0.1, 4.29
(0.6, 6.8)
(0.1, 8.4)
(9.6, 19.3)

0.9
−3.6
−2.3
0.6
0.9
0.3
−0.7
0.0
−0.1
1.1
3.2
−5.9

(−3.0, 4.8)
(−6.6, −0.6)
(−4.6, 0.0)
(−1.0, 2.1)
(0.0, 1.9)
(−0.4, 1.0)
(−1.4, 0.1)
(−1.0, 0.9)
(−1.8, 1.6)
(−1.3, 3.5)
(−0.1, 6.59)
(−9.2, −2.7)

Aged <65 years
0–1
−33.4, −18.5
1–2.5
−18.5, −14.1
2.5–5
−14.1, −10.7
5–10
−10.7, −6.6
10–25
−6.6, −0.8
25–50
−0.8, 4.8
50–75
4.8, 12.7
75–90
12.7, 16.7
90–95
16.7, 18.6
95–97.5
18.6, 19.9
97.5–99
19.9, 21.4
99–100
21.4, 25.4

−3.0
1.2
0.0
1.3
−0.1
−0.3
−1.0
−0.9
1.2
5.0
7.1
9.7

(−7.3, 1.3)
(−2.1, 4.6)
(−2.5, 2.5)
(−0.5, 3.1)
(−1.1, 1.0)
(−1.1, 0.5)
(−1.9, −0.2)
(−1.9, 0.2)
(−0.5, 3.0)
(2.1, 7.8)
(3.6, 10.5)
(5.7, 13.7)

0.7
−0.1
−0.5
0.3
−0.2
0.1
0.1
−0.1
0.1
−1.1
2.9
−3.7

(−2.9, 4.4)
(−2.8, 2.6)
(−2.5, 1.5)
(−1.1, 1.8)
(−1.0, 0.6)
(−0.6, 0.7)
(−0.6, 0.7)
(−0.9, 0.8)
(−1.3, 1.4)
(−3.4, 1.1)
(0.2, 5.6)
(−6.4, −1.0)

t-Test

Relative Mortality 1972–1992 (%)

Relative Mortality 1994–2014 (%)

t-Test

***

−2.3
5.9
2.6
−0.8
0.6
−1.3
−0.9
0.0
2.6
3.1
0.2
24.7

(−7.4, 2.8)
(1.2, 10.6)
(−1.4, 6.5)
(−3.4, 1.9)
(−1.1, 2.2)
(−2.5, −0.1)
(−2.2, 0.4)
(−1.7, 1.7)
(−0.4, 5.6)
(−0.8, 7.0)
(−5.8, 6.1)
(16.6, 32.8)

−1.2
−1.2
−4.1
−0.2
2.7
−1.3
−2.0
0.5
1.9
4.2
6.5
8.1

(−9.8, 7.4)
(−7.1, 4.7)
(−8.3, 0.1)
(−3.1, 2.8)
(1.0, 4.4)
(−2.7, 0.1)
(−3.4, −0.6)
(−1.3, 2.3)
(−1.1, 5.0)
(−0.5, 8.9)
(0.9, 12.2)
(2.3, 13.9)

**

*
**

−1.8
0.6
0.8
1.6
0.0
−0.3
−1.0
−1.1
1.0
6.1
3.3
16.3

(−7.4, 3.8)
(−3.7, 4.9)
(−2.2, 3.8)
(−0.8, 4.0)
(−1.5, 1.4)
(−1.4, 0.8)
(−2.2, 0.2)
(−2.6, 0.4)
(−1.5, 3.5)
(2.2, 10.0)
(−2.1, 8.7)
(10.2, 22.3)

−4.9
1.2
−1.4
1.1
−0.4
−0.2
−0.9
−0.8
1.2
3.5
9.2
5.6

(−11.7, 2.0)
(−4.1, 6.5)
(−5.6, 2.8)
(−1.7, 3.8)
(−1.9, 1.0)
(−1.4, 1.0)
(−2.0, 0.3)
(−2.3, 0.7)
(−1.4, 3.7)
(−0.6, 7.6)
(4.7, 13.6)
(0.4, 10.8)

**

*

* p < 0.05, ** p < 0.01, *** p < 0.001.

*
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4. Discussion
Our study shows that the impact of heat stress on mortality is remarkable in the climate of
Finland, in Northern Europe. The increase in relative mortality appears above the 95th percentile
of the thermal distribution and is highest above the 99th percentile among those 75 years and older.
The increase in relative mortality is greater in hot than in cold extreme conditions. This outcome
may seem to contradict the common understanding that cold-related mortality is more remarkable
than heat-related mortality (e.g., [7]). However, this difference is due to the method used in our
study. Instead of absolute mortality we used relative mortality, defined as the deviation from the
expected mortality, which includes seasonal variation. Thus, we studied the weather dependence of the
mortality deviation from its expected seasonal value. According to our study, this method, developed
by Koppe and Jendritzky [21], to calculate relative mortality is feasible especially when assessing
impacts of temperature extremes. The method has also been applied, e.g., by Muthers et al. [27],
in mortality studies in Vienna, and by Zacharias et al. [28] for ischemic heart diseases in Germany.
The temperature dependence of mortality in the cold side of the thermal distribution is more
complex than in the warm side, and might require further studies with more sophisticated methods,
such as a distributed lag model between mortality and thermal conditions, e.g., [12,42]. The cold-related
mortality may also be related to the behaviour of people and exposure to the cold stress. Based on
a population study in Finland, people spent only 4% of their total time under cold exposure, most of it
(71%) during leisure time [43]. In extremely cold conditions, people avoid outdoor activities and are
not exposed to cold stress for a long period of time, while in more typical cold conditions they may
spend more time outdoors and are therefore more exposed to the cold stress. Interestingly, we found
also a small increase in sensitivity in the thermal range with PET values around −10 ◦ C among the
group aged 65–74 years that might be worth further studies. In Finland, the indoor conditions are also
typically thermally comfortable in the cold season due to the heating of houses. On the other hand,
the cooling of houses in summer is currently rare in Finland, especially in older buildings. The heat
stress inside buildings during heat waves may be severe depending on the building characteristics
and intensity of the urban heat island (e.g., [44,45]).
The time series of relative mortality in our study are stationary, i.e., without a seasonal cycle
or a trend in time. The use of the concept of relative mortality enables us to study changes in the
temperature dependence of mortality during the study period. Our study shows a decrease in the
impact of hot extremes on mortality in all age groups over four decades. This suggests that Finns,
in general, have become less sensitive to very warm weather than previously. Thus, our study
in the Finnish population supports the findings of some other studies on decreasing sensitivity to
temperature extremes, e.g., [42,46]. Our study also confirms the earlier studies of Donaldson et al. [47]
and Näyhä [7], which conclude that heat-related mortality has decreased in Finland over decades.
On the other hand, de’Donato et al. [48] reported a reduction in heat-related mortality in some
European cities, but suggested an increasing heat effect in Helsinki and Stockholm. However, in that
research two quite short time periods were compared, namely 1996–2002 and 2004–2010. Additionally,
the latter period included one of the most significant heat waves in Finland in summer 2010.
In studies related to acclimatization or changes in sensitivity to temperature extremes, sufficiently
long time series, e.g., in our study over 40 years, should be used to capture inter-annual climate
variability and any potential long-term climatic and non-climatic trends. On the other hand, a time
period of about 20 years may be adequate, if the goal is to estimate impacts of extreme temperatures on
mortality in the current climate and population structure. In our study, the increase in relative mortality
with increasing temperature appeared to be larger when assessed in the whole study period than when
assessed in only the latter sub-period. As we can see in Figure 1, the level of expected mortality in
the Helsinki-Uusimaa hospital district has been on a fairly stable level since 2000. Accordingly, a time
period starting around 2000 could be sufficiently long for health impact assessments in the current
climate of Finland.
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Based on our results, the dependence of mortality on extreme temperatures has weakened in
time, even among those 75 years and older. Nonetheless, it is beyond the scope of the present
paper to firmly attribute the decreased temperature-related mortality burden to any physiological
or behavioural changes of humans or infrastructural changes in society, such as improved public
health or lengthening of life time. While our study strongly suggests that the sensitivity of the
Finnish population to temperature extremes has decreased in the past decades, it does not provide
new information about long-term acclimatization. Our study did not capture changes in minimum
mortality temperature, which would have been an important indicator for acclimatization as, e.g.,
in studies of Oudin Åström et al. [23] and Ballester et al. [3]. However, the decreasing impact of hot
extremes on mortality that we found in our study might partly be due to long-term acclimatization
as well.
In northern countries like Finland, the possibilities for future acclimatization to gradually
increasing mean temperatures are good, since the limits of physiological acclimatization are not
a threat, as in many parts of the world in hot climates. However, heat waves are expected to also
become more frequent and intensive in Finland [49], and therefore planned adaptation measures to
minimize heat-related health risks should not be neglected.
A limitation in our research was that the dataset did not include information on causes of death.
Hence, we were not able to investigate whether heat- and cold-related mortality decreased among
temperature-sensitive risk groups, such as people with heart and respiratory illnesses, or whether the
decrease can be explained mainly by a healthier population in general. However, the recent research
of Ryti et al. [50] on cold spells and sudden cardiac deaths suggests that the use of cardioprotective
medication decreases the risk of sudden death during cold spells.
An important motivation for our study was to provide information for assessing impacts of
climate change on mortality. Since potential acclimatization to gradually-warming climate and changes
in sensitivity of the population to temperature extremes are important sources of uncertainties in
studies related to climate change impacts on temperature-related mortality, there is a clear need for
multi-disciplinary research.
One of our aims was to study the feasibility of different biometeorological indices to describe
the dependence of mortality on thermal conditions. Meteorological input variables to calculate
physiologically equivalent temperature, PET, are air temperature, humidity, wind speed, and solar
radiation. Therefore, PET describes the thermal environment of a person more realistically than air
temperature alone. In our study, PET seemed to provide a more consistent mortality-thermal condition
relationship than air temperature throughout the thermal distribution, especially in the cold thermal
range. Morabito et al. [51] also concluded that indices, which account for the extra effect of wind speed
and solar radiation, fit best with all-cause elderly mortality.
The calculation of PET values requires sub-daily meteorological data and its spatial distribution is
affected remarkably by topography and the built environment. Here, we also reported the mortality
dependence on spatially-averaged gridded temperature data. Based on our results, temperature may
give results that are in many cases good enough for studies related to weather and climate change
impacts on mortality, at least in the warm thermal range. The use of gridded temperature data instead
of station-wise meteorological data may, e.g., extend the possibilities to study weather impacts on
mortality in sparsely-populated larger areas, which is the case in most parts of Finland and in areas
having a sparse weather station network. Furthermore, in climate change impact studies, it may be
adequate to use temperature scenarios alone, without projections for all the input variables needed
for calculations of PET. Compared to inaccuracies arising from the use of temperature instead of PET,
the other, non-climatic sources of uncertainty, discussed above, may be more influential.
The Finnish Meteorological Institute started to issue heat wave and cold spell warnings in 2011
but, so far, they have not been fully utilized in the health sector. Our findings on decreasing sensitivity
to temperature extremes over the decades in Finland show the importance of the work to improve
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public health, and of well-functioning healthcare in the prevention of heat-related mortality and
adaptation to climate change.
5. Conclusions
Heat-related mortality is also remarkable in northern countries such as Finland. The increase of
the relative mortality in the hot extreme of the thermal distributions is more than in the cold extreme.
On the other hand, from the 43-year long time series of mortality and meteorological data, we found
a statistically significant decrease in relative mortality in upper percentiles of the thermal distribution,
indicating a decreasing sensitivity to heat stress over the decades.
Both PET and spatially-averaged temperature are feasible indicators in modelling the dependence
of mortality on thermal environment, depending on the scope of the study and availability of the data.
Further studies to elaborate the dependence of mortality on thermal conditions would require
modelling of delayed effects by applying, e.g., distributed lag non-linear models. In studies on
acclimatization, long time series of mortality should be used; according to our study, a period of at
least several decades is needed to find time trends in sensitivity.
Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/14/8/944/s1,
Figure S1: Scatterplots of 7-day mean of relative mortality in different age groups and 7-day mean values
of PET at Helsinki-Vantaa airport district in 1972–2014, and two 21-year time periods, 1972–1992 and 1994–2014
and their relationships fitted with the generalized additive model, GAM (95% CI). Figure S2: Scatterplots of
14-day means of relative mortality in different age groups and 14-day mean values of PET at Helsinki-Vantaa
airport district in 1972–2014 and two 21-year time periods, 1972–1992 and 1994–014, and their relationships fitted
with the generalized additive model, GAM (95% CI). Table S1: 7-day mean values of relative mortality (95% CI) of
different age groups in the percentiles of 7-day mean values of PET at Helsinki-Vantaa airport in 1972–2014, and in
two 21-year sub-periods, 1972–1992 and 1994–2014, and the statistical significance of the differences in relative
mortality between the sub-periods. Table S2: 14-day mean values of relative mortality (95% CI) of different age
groups in the percentiles of 14-day mean values of PET at Helsinki-Vantaa airport in 1972–2014, and in two 21-year
sub-periods, 1972–1992 and 1994–2014, and the statistical significance of the differences in relative mortality
between the sub-periods.
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Figure S1. Scatterplots of 7-day mean of relative mortality in different age groups and 7-day mean values of PET at
Helsinki-Vantaa airport district in 1972–2014, and two 21-year time periods, 1972–1992 and 1994–2014 and their
relationships fitted with the generalized additive model, GAM (95% CI).
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Figure S2. Scatterplots of 14-day means of relative mortality in different age groups and 14-day mean values of PET
at Helsinki-Vantaa airport district in 1972–2014 and two 21-year time periods, 1972–1992 and 1994–014, and their
relationships fitted with the generalized additive model, GAM (95% CI).

Table S1. 7-day mean values of relative mortality (95% CI) of different age groups in the percentiles of 7-day mean
values of PET at Helsinki-Vantaa airport in 1972–2014, and in two 21-year sub-periods, 1972–1992 and 1994–2014,
and the statistical significance of the differences in relative mortality between the sub-periods.* p < 0.05, ** p < 0.01,
*** p < 0.001.
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2.9
(0.2,
5.7)
2.5
(0.7,
4.4)
1.7
(0.3,
3.1)
2.5
(1.2,
3.7)
0.2
(-0.4,
0.9)
-2.8
(-3.2, -2.3)
0.2
(-0.2,
0.7)
-0.3
(-0.9,
0.3)
0.1
(-0.8,
1.1)
3.2
(1.7,
4.6)
4.2
(2.2,
6.2)
13.8 (11.1, 16.6)

ttest

-22.2
-18.9
-15.9
-12.5
-7.4
0.4
11.6
16.8
19.4
21.3
23.0
27.3

Relative Mortality
1972–2014 [%]
4.3
(2.8,
5.9)
4.6
(3.3,
5.9)
2.0
(1.0,
3.1)
1.5
(0.6,
2.3)
0.3
(-0.1,
0.8)
-2.8
(-3.1, -2.5)
-0.5
(-0.9, -0.2)
0.6
(0.2,
1.1)
1.6
(0.8,
2.4)
4.7
(3.5,
6.0)
6.7
(4.7,
8.7)
16.7 (14.2, 19.1)

Relative Mortality
1972–1992 [%]
-2.0
(-4.9,
0.8)
5.3
(2.7,
7.8)
2.3
(0.1,
4.6)
2.4
(0.8,
3.9)
-1.0
(-1.8,
-0.1)
-1.2
(-1.8,
-0.6)
-0.9
(-1.6,
-0.2)
-0.2
(-1.1,
0.7)
2.8
(1.2,
4.4)
5.4
(2.6,
8.1)
8.1
(5.2, 11.0)
20.0 (14.6, 25.5)

Relative Mortality
1994–2014 [%]
1.4 (-2.5,
5.2)
-0.7 (-3.8,
2.5)
-2.9 (-5.1,
-0.7)
0.7 (-0.9,
2.3)
3.1
(2.2,
4.0)
-2.5 (-3.2,
-1.7)
-1.6 (-2.3,
-0.9)
0.5 (-0.5,
1.5)
2.7
(1.1,
4.3)
4.2
(2.1,
6.2)
5.0
(1.9,
8.2)
8.4
(5.4, 11.4)

ttest

-22.2
-18.9
-15.9
-12.5
-7.4
0.4
11.6
16.8
19.4
21.3
23.0
27.3

Relative Mortality
1972–2014 [%]
-0.6 (-2.9,
1.7)
2.3
(0.2,
4.3)
-0.3 (-1.8,
1.3)
1.5
(0.5,
2.6)
1.1
(0.5,
1.7)
-1.9 (-2.4,
-1.4)
-1.2 (-1.7,
-0.7)
0.2 (-0.5,
0.9)
2.7
(1.6,
3.8)
4.6
(3.0,
6.2)
6.3
(4.1,
8.5)
11.8
(9.0, 14.5)

***

***
**
**
*
***

Age >75 years
Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

c)

PETmean
range
-38.7, -22.2
-22.2, -18.9
-18.9, -15.9
-15.9, -12.5
-12.5,
-7.4
-7.4,
0.4
0.4,
11.6
11.6,
16.8
16.8,
19.4
19.4,
21.3
21.3,
23.0
23.0,
27.3

PETmean
range
-38.7,
-22.2,
-18.9,
-15.9,
-12.5,
-7.4,
0.4,
11.6,
16.8,
19.4,
21.3,
23.0,

**
*

***
***
***
**
**
***

Age 65–74 years
Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

PETmean
range
-38.7,
-22.2,
-18.9,
-15.9,
-12.5,
-7.4,
0.4,
11.6,
16.8,
19.4,
21.3,
23.0,

**
**
***
*

***

d)

Age <65 years

Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

PETmean
range
-38.7,
-22.2,
-18.9,
-15.9,
-12.5,
-7.4,
0.4,
11.6,
16.8,
19.4,
21.3,
23.0,

-22.2
-18.9
-15.9
-12.5
-7.4
0.4
11.6
16.8
19.4
21.3
23.0
27.3

Relative Mortality
1972–2014 [%]
-1.0 (-2.9,
0.9)
0.7 (-0.9,
2.4)
0.3 (-1.0,
1.6)
-0.1 (-1.1,
0.9)
0.3 (-0.2,
0.9)
-0.2 (-0.6,
0.2)
-1.5 (-1.9,
-1.0)
0.1 (-0.5,
0.7)
1.2
(0.2,
2.3)
3.4
(2.1,
4.8)
5.6
(3.8,
7.4)
8.6
(6.2, 10.9)

Relative Mortality
1972–1992 [%]
-1.5
(-4.2,
1.3)
2.0
(-0.2,
4.2)
0.2
(-1.6,
2.0)
0.2
(-1.1,
1.4)
0.9
(0.2,
1.7)
-0.5
(-1.1,
0.1)
-1.6
(-2.2,
-1.0)
0.1
(-0.7,
1.0)
1.2
(-0.2,
2.6)
2.3
(0.2,
4.4)
5.6
(2.9,
8.2)
19.9 (15.4, 24.4)

Relative Mortality
1994–2014 [%]
-0.4 (-3.0,
2.1)
-0.5 (-2.9,
2.0)
0.4 (-1.5,
2.4)
-0.7 (-2.3,
0.9)
-0.6 (-1.4,
0.2)
0.3 (-0.4,
0.9)
-1.0 (-1.6,
-0.5)
-0.5 (-1.3,
0.4)
1.3 (-0.3,
2.8)
4.1
(2.3,
5.8)
5.6
(3.2,
8.0)
4.0
(1.7,
6.3)

ttest

**

***

Table S2. 14-day mean values of relative mortality (95% CI) of different age groups in the percentiles of 14-day
mean values of PET at Helsinki-Vantaa airport in 1972–2014, and in two 21-year sub-periods, 1972–1992 and 1994–
2014, and the statistical significance of the differences in relative mortality between the sub-periods.
* p < 0.05, ** p < 0.01, *** p < 0.001.
a)

All

Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

b)

Relative Mortality
1972–1992 [%]
2.8
(1.9,
3.8)
3.6
(2.4,
4.8)
1.7
(0.8,
2.7)
1.0
(0.3,
1.6)
0.4
(0.0,
0.8)
-2.0
(-2.2,
-1.8)
-1.1
(-1.3,
-0.8)
1.1
(0.7,
1.4)
2.1
(1.5,
2.7)
5.6
(4.7,
6.6)
4.1
(2.2,
6.1)
16.8 (14.8, 18.8)

Relative Mortality
1994–2014 [%]
2.3 (-0.2,
4.7)
1.4
(0.3,
2.6)
2.1
(1.2,
2.9)
0.4 (-0.3,
1.0)
0.5
80.1,
0.9)
-1.8 (-2.1,
-1.6)
-0.4 (-0.6,
-0.1)
-0.1 (-0.4,
0.3)
1.4
(0.8,
1.9)
2.0
(1.2,
2.8)
4.3
(3.2,
5.3)
9.4
(8.2, 10.5)

ttest

-20.8
-17.7
-15.5
-12.4
-7.6
0.4
11.6
16.6
18.8
20.5
22.0
25.4

Relative Mortality
1972–2014 [%]
2.7
(1.7,
3.6)
2.5
(1.7,
3.3)
1.9
(1.2,
2.5)
0.7
(0.2,
1.2)
0.6
(0.3,
0.8)
-1.9
(-2.1, -1.8)
-0.7
(-0.9, -0.5)
0.5
(0.3,
0.8)
1.7
(1.3,
2.1)
3.4
(2.8,
4.1)
4.2
(3.3,
5.1)
12.0 (10.8, 13.1)

-20.8
-17.7
-15.5
-12.4
-7.6
0.4
11.6
16.6
18.8
20.5
22.0
25.4

Relative Mortality
1972–2014 [%]
5.3
(4.0,
6.6)
3.4
(2.3,
4.4)
3.1
(2.3,
3.8)
1.2
(0.6,
1.8)
0.5
(0.1,
0.9)
-2.8
(-3.0, -2.6)
-0.4
(-0.6, -0.1)
0.9
(0.6,
1.2)
1.5
(1.0,
2.1)
3.8
(2.9,
4.7)
4.4
(3.2,
5.6)
14.5 (12.6, 16.4)

Relative Mortality
1972–1992 [%]
6.4
(5.3,
7.6)
5.0
(3.5,
6.4)
2.9
(1.8,
4.0)
1.4
(0.4,
2.3)
0.3
(-0.3,
0.8)
-2.9
(-3.3,
-2.6)
-1.3
(-1.6,
-0.9)
2.2
(1.7,
2.6)
2.6
(1.7,
3.5)
6.6
(4.8,
8.4)
4.9
(2.2,
7.6)
19.9 (16.3, 23.5)

Relative Mortality
1994–2014 [%]
2.8 (-0.4,
6.1)
1.8
(0.3,
3.2)
3.2
(2.1,
4.3)
1.0
(0.2,
1.9)
0.6
(0.1,
1.2)
-2.7 (-3.0,
-2.4)
0.4
(0.1,
0.7)
-0.4 (-0.8,
0.0)
0.7
(0.0,
1.5)
2.0
(1.0,
3.0)
4.2
(2.9,
5.6)
11.5
(9.5, 13.5)

ttest
*
**

PETmean
range
-33.7,
-20.8
-20.8,
-17.7
-17.7,
-15.5
-15.5,
-12.4
-12.4,
-7.6
-7.6,
0.4
0.4,
11.6
11.6,
16.6
16.6,
18.8
18.8,
20.5
20.5,
22.0
22.0,
25.4

Relative Mortality
1972–2014 [%]
0.6 (-0.6,
1.8)
1.9
(0.5,
3.3)
2.3
(1.1,
3.5)
0.2 (-0.6,
1.0)
0.8
(0.4,
1.2)
-1.8 (-2.1,
-1.5)
-1.0 (-1.4,
-0.7)
0.5
(0.0,
0.9)
2.6
(1.8,
3.3)
4.1
(3.0,
5.2)
4.8
(3.2,
6.4)
10.8
(9.1, 12.5)

Relative Mortality
1972–1992 [%]
0.4
(-1.1,
1.9)
3.4
(1.5,
5.3)
2.6
(1.0,
4.2)
1.0
(-0.1,
2.2)
-0.2
(-0.8,
0.4)
-1.7
(-2.1,
-1.3)
-0.5
(-0.9,
0.0)
0.1
(-0.5,
0.7)
2.4
(1.3,
3.6)
7.1
(5.7,
8.6)
3.9
(1.5,
6.3)
14.8 (12.2, 17.4)

Relative Mortality
1994–2014 [%]
1.0 (-0.9,
3.0)
0.4 (-1.6,
2.4)
2.0
(0.3,
3.7)
-0.8 (-1.8,
0.3)
1.8
(1.1,
2.5)
-1.9 (-2.4,
-1.3)
-1.7 (-2.2,
-1.2)
1.0
(0.3,
1.6)
2.7
(1.7,
3.8)
2.1
(0.6,
3.5)
5.1
(3.1,
7.2)
8.6
(6.5, 10.7)

ttest

*

***
***
***
***

Age >75 years

Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

c)

PETmean
range
-33.7,
-20.8,
-17.7,
-15.5,
-12.4,
-7.6,
0.4,
11.6,
16.6,
18.8,
20.5,
22.0,

PETmean
range
-33.7,
-20.8,
-17.7,
-15.5,
-12.4,
-7.6,
0.4,
11.6,
16.6,
18.8,
20.5,
22.0,

***
***
**
***
***

Age 65–74 years

Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

*
*
***
***
*
***
***

d)

Age <65 years

Percentiles
0–1
1–2.5
2.5–5
5–10
10–25
25–50
50–75
75–90
90–95
95–97.5
97.5–99
99–100

PETmean
range
-33.7,
-20.8,
-17.7,
-15.5,
-12.4,
-7.6,
0.4,
11.6,
16.6,
18.8,
20.5,
22.0,

-20.8
-17.7
-15.5
-12.4
-7.6
0.4
11.6
16.6
18.8
20.5
22.0
25.4

Relative Mortality
1972–2014 [%]
-0.3 (-1.7,
1.1)
2.0
(0.8,
3.2)
-0.2 (-1.2,
0.7)
0.3 (-0.4,
0.9)
0.3 (-0.1,
0.7)
-0.4 (-0.6,
-0.1)
-1.4 (-1.7,
-1.1)
0.4 (-0.1,
0.8)
1.3
(0.6,
2.0)
2.7
(1.6,
3.7)
3.5
(2.2,
4.8)
8.2
(6.9,
9.6)

Relative Mortality
1972–1992 [%]
-1.2
(-2.9,
0.5)
2.3
(0.5,
4.2)
-0.1
(-1.6,
1.3)
0.5
(-0.4,
1.4)
1.0
(0.5,
1.5)
-0.8
(-1.2,
-0.4)
-1.5
(-1.9,
-1.1)
0.4
(-0.2,
1.0)
1.0
(0.1,
1.9)
3.5
(2.1,
5.0)
3.3
(0.7,
5.9)
15.5 (14.0, 17.1)

Relative Mortality
1994–2014 [%]
1.8
(1.8,
2.5)
1.7
(1.7,
1.5)
-0.4
-0.4,
1.2)
-0.2 (-0.2,
0.9)
-0.7 (-0.7,
0.6)
0.3
(0.3,
0.4)
-1.1 (-1.1,
0.4)
-0.1 (-0.1,
0.6)
1.5
(1.5,
1.0)
2.1
(2.1,
1.4)
3.6
(3.6,
1.5)
4.3
(4.3,
1.4)

ttest
*

***
***

***
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Abstract: The aim of this study was to assess regional differences in temperature–mortality relationships
across 21 hospital districts in Finland. The temperature dependence of the daily number of all-cause,
all-aged deaths during 2000–2014 was studied in each hospital district by using daily mean temperatures,
spatially averaged across each hospital district, to describe exposure to heat stress and cold stress.
The relationships were modelled using distributed lag non-linear models (DLNM). In a simple model
version, no delayed impacts of heat and cold on mortality were taken into account, whereas a more
complex version included delayed impacts up to 25 days. A meta-analysis with selected climatic
and sociodemographic covariates was conducted to study differences in the relationships between
hospital districts. A pooled mortality-temperature relationship was produced to describe the average
relationship in Finland. The simple DLNM model version without lag gave U-shaped dependencies
of mortality on temperature almost without exception. The outputs of the model version with a 25-day
lag were also U-shaped in most hospital districts. According to the meta-analysis, the differences in
the temperature-mortality relationships between hospital districts were not statistically significant on
the absolute temperature scale, meaning that the pooled mortality–temperature relationship can be
applied to the whole country. However, on a relative temperature scale, heterogeneity was found,
and the meta-regression suggested that morbidity index and population in the hospital districts
might explain some of this heterogeneity. The pooled estimate for the relative risk (RR) of mortality
at a daily mean temperature of 24 ◦ C was 1.16 (95% CI 1.12–1.20) with reference at 14 ◦ C, which is
the minimum mortality temperature (MMT) of the pooled relationship. On the cold side, the RR at
a daily mean temperature of −20 ◦ C was 1.14 (95% CI 1.12–1.16). On a relative scale of daily mean
temperature, the MMT was found at the 79th percentile.
Keywords: temperature-related mortality; distributed lag models; regional differences; meta-analysis

1. Introduction
Mortality-temperature association is often schematically described as a U-shaped (or V-, J-shaped)
curve with a trough at a so-called minimum mortality temperature (MMT) and increasing mortality
towards both hot and cold tails of the temperature distribution. However, the exposure–response
relationship is quite complex because of the non-linear and delayed impacts of thermal stress on
human health. The shape of this relationship also varies regionally and in relation to sociodemographic
factors [1–4].
The MMT is lower in cooler compared to warmer climatic zones [5,6], meaning that differences
in MMT across climatic zones can be considered as an indicator of acclimatization of a population to
their typical climatic environment. According to Guo et al. [6], on the basis of data from 12 countries in
different climatic zones, the MMT is found at approximately the 75th percentile of the temperature
distribution, varying between the 66th and 80th percentiles. However, Tobias et al. [7] detected a much
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wider range for the MMT among cities in Spain. Earlier studies indicated that in Finland the MMT is
about 12–17 ◦ C, while, in Mediterranean countries, the lowest mortality is found at 22–25 ◦ C [5,8,9].
No systematic climate zone dependence has been found otherwise in the shape of the
temperature-mortality relationship, thus in the steepness of the slopes around the minimum mortality
temperature [5,6]. However, for example Curriero et al. [10] found a strong association of the
temperature–mortality relationship with latitude in U.S. cities. People in colder climates are more
sensitive to high temperatures than people in warm climates. Meta-analyses across European and
U.S. cities [11–13] have also indicated heterogeneity in temperature–mortality relationships. The risk
varies by community and country [6], and differences in vulnerability and sensitivity of the population
to temperature extremes depend also on socioeconomic and non-climatic environmental factors.
For instance, in a study comparing U.S. cities, Hondula et al. [14] concluded that places with a greater
risk had a developed urban environment, higher percentage of children, elderly, and minority residents,
and lower income and educational attainment; however, the key explanatory variables varied from
one city to another.
The effects of hot temperatures on mortality appear immediately on the same day and usually
last a few days, while the effects of cold appear typically after a couple of days and last about
10 days [6,15,16] or even weeks [4]. The impacts of extreme temperatures vary seasonally, and for
instance the impacts of heat waves in early summer may be more severe than later in the season.
Short-term acclimatization to seasonal variation takes place typically within a couple of weeks [17].
Furthermore, the heat and cold stress may lead to a displacement of mortality, called “harvesting”,
with death taking place earlier than it would have happened otherwise [2].
The complexity of the mortality–temperature relationship creates challenges for modelling
and assessing the overall impacts of hot and cold stress on mortality. In simple statistical models,
mortality and temperature on the same day are compared. However, in recent years, more complex
distributed lag non-linear models (DLNM) have been developed and applied in studies on the
mortality–temperature relationship [2,18–21]. DLNM has been applied in several multi-country, (e.g., [6,22]),
and multi-city studies including Helsinki, the capital of Finland [23], and at the country level, e.g., in
Estonia, a neighbouring country of Finland [24].
In vulnerability assessment of the elderly to climate change in Finland [25], one mortality-temperature
relationship was applied to the whole country. However, there are substantial regional differences in
mortality (Figure 1, right) and morbidity in Finland. According to a morbidity index of the National
Institute of Health and Welfare in Finland, people in western and southern Finland are healthier than
in eastern and northern Finland, and there are significant differences between municipalities in the
prevalence of chronic disease [26]. The main motivation for modelling the mortality–temperature
relationship regionally is to further improve the vulnerability assessment.
Thermal stress experienced by people depends not only on temperature but also on humidity,
wind, and radiation balance. Thermal indices based on human energy balance describe the thermal
environment more realistically than air temperature alone [27]. However, so far there is no consensus
on the best thermal index for predicting temperature-related mortality. Based on a comparison of two
indices, Physiologically Equivalent Temperature (PET) and outdoor air temperature, Ruuhela et al. [28]
concluded that although PET appeared to better describe impacts of cold stress, the latter was applicable
as well. Therefore, in this study, temperature is used as the indicator for heat and cold stress.
Our initial hypotheses were that: (1) there are regional differences in the mortality–temperature
relationships between hospital districts in Finland; (2) these differences can be partly explained by
climatic and sociodemographic factors. In this paper, we show that these hypotheses could not be fully
confirmed. Furthermore, we study applicability of spline modelling methods in sparsely populated
areas using models with and without delayed temperature impacts.
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Figure 1. Hospital districts (left; 2011 regionalization), annual mean temperature in Finland in the
Figure 1. Hospital districts (left; 2011 regionalization), annual mean temperature in Finland in the
climate normal period 1981–2010 (middle, [29]) and mortality (1/100,000) by hospital district in 2014
climate normal period 1981–2010 (middle, [29]) and mortality (1/100,000) by hospital district in 2014
(right, [30]).
[30]).
(right,

2. Materials and Methods
2. Materials and Methods
2.1.
2.1. Data
Data
The
regionaladministrative
administrativelevel
levelofof
health
services
in Finland
consists
21 hospital
districts
The regional
health
services
in Finland
consists
of 21ofhospital
districts
(HD)
(HD)
(Figure
1,
left).
All‐cause
daily
number
of
deaths
and
annual
population
in
the
HDs
the
(Figure 1, left). All-cause daily number of deaths and annual population in the HDs for thefor
study
study period
of 2000–2014
were obtained
from Statistics
is a sparsely
populated
period
of 2000–2014
were obtained
from Statistics
Finland.Finland.
FinlandFinland
is a sparsely
populated
country
country
with
a
somewhat
higher
population
density
in
the
southern
part
of
the
country.
The
with a somewhat higher population density in the southern part of the country. The population
is
population
is
highest,
about
1.5
million,
in
the
Helsinki‐Uusimaa
hospital
district
(HD1)
highest, about 1.5 million, in the Helsinki-Uusimaa hospital district (HD1) (Supplementary Materials
(Supplementary
Materials
Table S1).
five hospital
districts,
population
less
than 0.1hospital
million
Table
S1). In five hospital
districts,
the In
population
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conditions. The spatial temperature differences may be negligible, less than 0.5 ◦ C, during cloudy
weather, while the differences may be more than 20 ◦ C in clear sky conditions during winter in Lapland,
largely because of topographic variations in the region.
2.2. Methods
In modelling the relationship between the number of daily deaths and daily mean temperatures
in the hospital districts, we applied the distributed lag non-linear model (DLNM) and quasi-Poisson
distribution for the number of deaths [19,20,33]. The general model definition is:
J

g ( µt ) = α + s ( x t ; β ) +

∑ hj (cti ; γi )

j =1

where g is a log link function of the expectation µt ≡ E(Yt ), with Yt being the time series daily mortality
counts in hospital district, α is an intercept, s(xt ;β) is an exposure-response function to temperature
(xt ) defined by β and it is chosen as quadratic B-spline defined by internal knots. In addition,
the cross-basis matrix of coefficients also describes lag effects of temperature, defined by knots for
lag on a logarithmic scale. Here, we studied delayed temperature effects on mortality with a lag of
up to 25 days. Confounding factors (cti ) in this study were day of the week and elapsed time from
the beginning of the time series. Day of the week is modelled as a categorical variable and elapsed
time as a natural cubic spline with 7 degrees of freedom (df) per year to control seasonal variation and
long-term trend.
We applied different versions of DLNM, with varying lags and internal knots and with or
without confounding factors. A simple version of the model, with no delayed temperature impacts
(lag = 0), no confounding factors, and 4 internal knots for temperature distribution, was first applied
for each hospital district (HD) separately. After this first-stage modelling, we studied potential
regional differences in mortality–temperature relationship between the hospital districts with the aid
of meta-regression analysis, following the method developed by Gasparrini et al. [34]. In order
to reduce the effects of random variation in the relationships, especially in the less populated
HDs, best linear unbiased predictions (BLUP) were applied. These BLUP estimates converge
the HD-specific relationships towards a pooled, averaged exposure–response relationship. In the
meta-analysis, Cochran Q test and I2 were used to study heterogeneity across the BLUP estimates
of the relationships in hospital districts. Because temperature ranges deviate between the hospital
districts, the meta-regression was done on both absolute and relative temperature scales.
We used selected characteristics of the hospital districts as covariates in meta-regression in order
to assess their effect in explaining potential heterogeneity in temperature-mortality relationships
between hospital districts. These covariates were climatological mean temperature, ranges of daily
mean temperatures, morbidity indices, population, and share of elderly (75 years of age and older)
in the hospital districts. LR test and Wald test were also applied to study the significance of these
covariates to explain heterogeneity.
For sensitivity analysis of the modelled temperature-mortality relationship, we used three slightly
different versions of the simple model: (i) three knots for temperature range; (ii) a model with the
confounding effects of weekday and seasonal variation and long-term trend; (iii) a model with an
exposure term of a moving average of daily mean temperature on the same and five previous days.
The last analysis covers part the lagged effects of the heat and cold exposure.
For studying the impacts of temperature on mortality with long delay, we applied a more complex
DLNM with lag up to 25 days. Here, the first modelling was performed using the lowest Akaike
Information Criteria (AIC) value as a criterion for selecting the number of knots for the model in each
hospital district. Thereby, the lag structure and optimal knots for the temperature distribution could
be determined. The AIC-based number of knots varied from only one knot for both temperature and
lag, to five knots for temperature and three knots for lag. On average, the best models had three knots
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for temperature and two knots for lag, and in the following step the modelling was done using these
fixed numbers of knots for each hospital district.
The temperature–mortality relationships were concretized by reporting the relative risks of
mortality (RR), with 95% confidence intervals (CI) at selected values (+24, +20, –15, –20, and –25 ◦ C)
of spatially averaged temperature (Tavg). The baseline for RR is the mortality at minimum mortality
temperature. MMT and its 95% confidence intervals (CI) were determined with the help of a simulation
method developed in Tobias et al. [7]. Furthermore, the lag distributions were drawn from the DLNM
output. The R packages dlnm [20] and mvmeta [34] were used to conduct the studies.
3. Results
3.1. Model without Lag and Meta-Analysis
The simple model version without lag produced U-shaped relationships in all hospital districts,
except for the two least-populated ones, which have populations of less than 50,000. Another district,
HD22, located in an archipelago in the Baltic Sea, was left out from the subsequent analysis. In Figure 2b,
hospital district-specific mortality–temperature relationships, based on the first-stage modelling,
are presented together with the pooled, average relationship. The HD-specific, first-stage modelling
results show large differences and variation, especially on the cold temperature scale, but the BLUP
estimation converges the relationships towards the average, and the differences between hospital
districts almost disappear (Figure 2c). Examples of how the BLUP estimations differ from the first-stage
models and from the pooled average in the hospital districts are presented in Figure 2d,e. In the
Helsinki–Uusimaa hospital district (HD1), all the three relationships are fairly similar for typical
temperatures, but in the cold extreme of the temperature distribution (below −20 ◦ C), the first stage
model outcome is remarkable higher than the BLUB estimate. In the less populated HD12 in eastern
Finland, the BLUP estimate is drawn towards the average throughout the temperature scale more
strongly than in HD1.
Exposure to high or low temperatures increased the mortality risk: the pooled estimate for the
relative risk (RR) of mortality at a daily mean temperature of 24 ◦ C was 1.16 (95% CI 1.12–1.20) when
compared to mortality at 14 ◦ C, which is the MMT of the pooled relationship. On the cold side, at a
daily mean temperature of −20 ◦ C, RR was 1.14 (95% CI 1.12–1.16). On the relative scale of daily mean
temperature, the MMT was at the 79th percentile.
The pooled relationship had relatively narrow confidence intervals (Figure 2a), and the meta-analysis
confirmed that there was no statistically significant heterogeneity in mortality–temperature relationships
among the hospital districts when the analysis was made on an absolute temperature scale (Table 1).
However, on the relative temperature scale, heterogeneity was found (Q test p = 0.029), and 21% of
variation in the relationships would be explained by heterogeneity (I2 = 21.1%). According to the Wald
test, morbidity index and population in the hospital districts explain heterogeneity on a statistically
significant level, but the LR tests do not support these findings. The climatological mean temperature
and temperature range do not explain a considerable amount of heterogeneity. Figure 3 demonstrates
the small impacts of selected meta-regression covariates and the differences in mortality–temperature
relationship at the 25th and 75th percentiles of the covariate. On the basis of this meta-analysis,
we can conclude that, since there are no statistically significant differences in temperature–mortality
relationships between hospital districts on the absolute temperature scale, the same relationship can
be applied in all parts of the country. On the other hand, the meta-analysis on the relative temperature
scale suggests that morbidity index and population in the hospital districts might explain some of the
small regional heterogeneity of the temperature–mortality association.
The sensitivity analysis of the modelled temperature–mortality relationships supports the finding
above that there is no statistically significant heterogeneity in the temperature–mortality relationship
across the hospital districts on the absolute temperature scale, while some heterogeneity is found on
the relative temperature scale. Sensitivity analysis was performed using the simple model relationship
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heat-related RR was apparent immediately on the same day and it disappeared within a few
cold‐related RR appeared after a few days but lasted for several days or even weeks. Aggregating
days. The cold-related RR appeared after a few days but lasted for several days or even weeks.
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of three model versions are presented: (i) the pooled model results without lag and without seasonal
variation; (ii) hospital district-specific simple models without lag and without seasonal variation;
(iii) a complex DLNM model with 25-day lag, seasonal variation, and a fixed number of knots for
temperature and for lag. Our preliminary results suggest that including delayed impacts with long lag
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1.21 (1.17, 1.26)
Tavg
RR(1.11,
(95%
CI)
−20
1.14 (1.09, 1.18)
1.25 (1.20, 1.31)
Pooled Estimate
24
1.16(1.06,
(1.12,
1.20) 1.29 (1.21, 1.39)
−25
1.13
1.20)

‐Without
Lag
DLNM
-With 25-Day Lag

20

24
−15
20
−−20
15
−20
−25
−25

1.04 (1.03, 1.05) 1.55 (1.24, 1.94)

1.34 (1.22, 1.48)
1.13(1.06,
(1.12,
1.15)
1.10
1.13)
1.20
(1.09,
1.31)
1.14 (1.12, 1.16)
1.25 (1.11, 1.39)
1.16 (1.13, 1.19)
1.32 (1.00, 1.74)

1.18 (1.07, 1.31)
1.26 (1.05, 1.52)
1.34 (1.07, 1.68)
1.37 (1.09, 1.72)

HD1
HD12
Simple Model
24
1.15 (1.10, 1.20)
1.25 (1.14, 1.38)
4. Discussion
‐Without Lag
20
1.06 (1.04, 1.08)
1.10 (1.05, 1.15)
We conducted regional assessments of−15
the temperature–mortality
relationship
in hospital districts
1.14 (1.11, 1.16)
1.21 (1.17, 1.26)
in Finland by using different versions of distributed
lag
non-linear
models
(DLNM)
and meta-analysis.
−20
1.14 (1.09, 1.18)
1.25 (1.20, 1.31)
Finland is a sparsely populated country,
generates
challenges
large
uncertainties in
−25which1.13
(1.06, 1.20)
1.29and
(1.21,
1.39)
modelling. Earlier studies have focused on the capital city of Helsinki [11,23] or on larger areas
DLNM
24
1.34 (1.22, 1.48)
1.55 (1.24, 1.94)
such as southern Finland or northern Finland [5,8,9].
‐With 25‐Day Lag
20
1.10 (1.06, 1.13)
1.18 (1.07, 1.31)
To our knowledge, this is the first attempt to model the temperature–mortality relationships
−15
1.20 (1.09, 1.31)
1.26 (1.05, 1.52)
at the hospital district level, i.e., at the regional administrative level of health services in Finland.
−20
1.25 (1.11, 1.39)
1.34 (1.07, 1.68)
The characteristics—e.g., area, population, public health, and climate—of hospital districts vary
−25
1.32 (1.00, 1.74)
1.37 (1.09, 1.72)
4. Discussion
We conducted regional assessments of the temperature–mortality relationship in hospital
districts in Finland by using different versions of distributed lag non‐linear models (DLNM) and
meta‐analysis. Finland is a sparsely populated country, which generates challenges and large
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substantially, and our aim was to assess how heat- and cold-related health risks vary between
hospital districts.
Following the conclusions in Ruuhela et al. [28], we used the spatially averaged daily mean
temperature in each hospital district as an indicator for thermal environment. Spatially averaged
temperatures describe the thermal environment in a larger area better than single station-wise
temperatures, since they include the topographic effects on the temperature variation in the area.
We used 10 km × 10 km gridded climate data from the Finnish Meteorological Institute [30].
We found that modelling at the hospital district level gives realistic, U-shaped relationships even
in sparsely populated areas, but with some limitations: the outcomes of the model version without lag
were unrealistic in two hospital districts, possibly because of a small population, of less than 50,000,
in those hospital districts. When complexity in modelling was increased by taking into account 25-day
lag impacts of heat and cold, the uncertainties in the temperature-mortality relationships increased,
and their shapes became unrealistic in a few more hospital districts in the northern and western part
of the country. However, in regions where the modelling with a 25-day lag is possible, these models
can provide a better understanding of the overall health impacts of heat and cold than the model
without lag.
Studies that have found heterogeneity in temperature–mortality relationships were made in larger
areas such as Europe or the USA [11–13]. Our study concentrated only on one country, and we could not
confirm heterogeneity across Finland on the absolute temperature scale. According to the meta-analysis
and BLUP estimates of temperature–mortality relationships in the hospital districts, the small
differences in relationships across hospital districts were not statistically significant and cannot be
explained by climatic or sociodemographic factors. Therefore, a pooled, average mortality–temperature
relationship can be applied throughout the country, e.g., in climate change impact studies.
However, on the relative temperature scale, some heterogeneity was detected in the
temperature-mortality association between the hospital districts. Sociodemographic factors such
as morbidity index and population might partly explain these differences. Yet, we cannot firmly
conclude these outcomes because of the contradicting outcomes of the statistical tests.
The minimum mortality temperature (MMT) in Finland is clearly lower than among populations
in warmer climates. Based on the pooled, average temperature–mortality relationship, the MMT in
Finland is 14 ◦ C. In a relative temperature scale, the MMT is found at the 79th percentile of the daily mean
temperature distribution, thus somewhat higher than in studies from other countries, (e.g., [6]). We did
not find regional differences in MMT, thus we cannot conclude that there would be regional differences
in acclimatization in the Finnish population either. One explanation for this conclusion could be
internal migration, which is substantial in Finland, mainly towards the south. However, in their study
about internal migration and mortality, Saarela and Finnäs [35] found that the birth region is a very
decisive mortality determinant. One limitation in our study was that we were not able to conduct
research at the individual level and track the place of birth for each individual.
The relative risk (RR) of mortality in the hot tail of the temperature distribution appeared quite
similar regardless of the DLNM version. In the cold tail of the temperature distribution, the variation
and uncertainty in the modelled relationship was larger than in the hot tail, at least partly because of the
long-lasting delayed impacts, as can be seen in Figure 5b. In this study, we focused on studying regional
differences in the temperature–mortality relationship and finding the location of MMT, but modelling
with various versions of DLNM model provided interesting outcomes for further studies and
discussions on cold-related mortality. The simple model without lag or controlling seasonality produces
classic U-shaped association between temperature and mortality. When seasonality was included into
the model as a confounding factor, the cold tail of the association became flat, thus mortality risk did
not appear to depend on temperature on the cold side. When delayed impacts were included into the
model, the cold-related mortality risk was again elevated (Figure S1). When extending the lag up to
25 days, the cold impacts become more pronounced (Figure 4).
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These various model versions indicate that more research is needed on the winter mortality and
impacts of cold. The study of Ebi and Mills [36] questioned the assumption that seasonality with
higher mortality in winter than in summer would be attributable to temperature. Higher winter
mortality may also be related to other factors that vary seasonally, such as influenza epidemics [37].
A climatologically interesting candidate to partly explain excess winter mortality, especially in high
latitude countries, might be vitamin D concentration, which typically varies seasonally depending on
solar radiation. In the meta-analysis of Rush et al. [38], vitamin D status was inversely associated with
all-cause mortality. Similar conclusion was reported also in Finland [39].
According to the morbidity index of the National Institute of Health and Welfare, there are
significant regional differences in public health in Finland [26]. We expected that these regional health
differences would reflect into the temperature–mortality relationships as well, but our study did not
fully support that. In the future, the regional differences in health risks due to heat and cold could
be studied using, as additional explanatory variables, also other relevant socioeconomic and health
indicators, such as the incidences of weather-sensitive chronic diseases. However, the small number of
cases would limit the statistical power of such studies.
In areas of northern Finland with larger differences in elevation, the spatially aggregated
temperature data may not describe well the exposure to heat or cold stress, because valleys are
more populated than higher-altitude areas. One way forward in modelling the mortality–temperature
relationship might be using population-weighted gridded temperature data.
The outcomes of this study can be used, e.g., in increasing the awareness of temperature-related
health risks in high-latitude countries and, specifically, in discussions on the potential benefits of early
warning systems in the health sector in Finland.
5. Conclusions
Modelling temperature dependence of mortality by DLNM without delayed impacts produced
U-shaped relationships even in sparsely populated areas if the population is over 50,000. The DLNM
with a 25-day lag also produced U-shaped relationships in most of the hospital districts and could
thus provide a better understanding of the delayed health impacts of heat and cold than the model
without delayed effects.
We did not find statistically significant differences in the temperature–mortality relationships between
hospital districts on the absolute temperature scale, thus no differences in acclimatization between
hospital district populations were found. Therefore, a pooled national average temperature–mortality
relationship can be applied throughout the country in studies about future climate change impacts on
temperature-related mortality in Finland. However, on the relative temperature scale, some heterogeneity
was found, and the meta-regression suggested that morbidity index and population in the hospital
districts might explain part of the heterogeneity.
Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/3/406/s1,
Table S1: Characteristics of the hospital districts in 2000–2014: daily number of deaths, population, share
of elderly, morbidity index, and spatially averaged daily temperature in the hospital districts, Figure S1:
Pooled temperature–mortality relationships with different model parameters.
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Table S1. Characteristics of the hospital districts in 2000–2014: daily number of deaths, population, share of
elderly (75 years and older), morbidity index (2001–2014) and spatially averaged daily temperature in the
hospital districts

Daily deaths, all

Population, all

Share of elderly,
75+ years [%]

Morbidity index

Daily mean T [°C]

Median Min Max Median Min
Max
Median Min Max Mean Min
Max
Median
Hospital district
HD1, Helsinki-Uusimaa
30 11
57 1471550 1375772 1599390
5.6
5.0 6.4 83.0 76.7 88.0
5.7
HD3, Varsinais-Suomi
12
2
27 461928 449316 449316
8.5
7.3 9.9 108.6 94.9 116.1
5.7
HD4, Satakunta
7
0
20 227590 223983 234228
9.4
7.7 10.4 108.2 103.4 112.3
5.3
HD5, Kanta-Häme
5
0
16 170703 165190 175481
8.9
7.7 9.7 102.4 100.2 105.0
5.1
HD6, Pirkanmaa
12
1
27 472015 443763 500265
7.9
6.8 8.7 101.8 98.2 104.6
4.7
HD7, Päijät-Häme
6
0
17 210934 208837 213542
8.4
6.8 9.7 116.2 107.6 123.1
4.9
HD8, Kymenlaakso
5
0
16 176675 172908 181119
9.4
7.8 10.4 119.1 111.8 125.7
5.2
HD9, Etelä-Karjala
4
0
13 134169 131764 136524
9.5
7.7 10.8 113.1 105.2 117.4
4.6
HD10, Etelä-Savo
3
0
13 108212 103873 113157 10.1
8.4 11.0 128.3 123.3 130.7
4.4
HD11, Itä-Savo
1
0
8
47083 44051 50110 10.9
9.1 11.4 126.3 122.6 130.0
4.2
HD12, Pohjois-Karjala
5
0
16 171326 168896 177235
9.0
7.3 9.9 139.2 129.5 147.4
3.2
HD13, Pohjois-Savo
7
0
18 249184 247943 255451
9.0
7.1 9.9 141.1 137.4 145.5
3.6
HD14, Keski-Suomi
7
0
18 270457 265131 275360
8.1
6.6 9.2 111.7 106.6 121.9
4.0
HD15, Etelä-Pohjanmaa
8
0
21 198832 198242 201999
9.6
8.0 10.3 115.4 111.2 118.2
4.2
HD16, Vaasa
4
0
14 162864 161112 169652
9.2
8.2 9.7 93.9 87.2 97.4
4.7
HD17, Keski-Pohjanmaa
2
0
9
74703 74180 75494
8.3
6.8 9.2 112.7 105.1 116.9
3.7
HD18, Pohjois-Pohjanmaa
8
1
25 388683 369835 408536
6.4
5.2 7.4 121.7 110.9 127.6
2.4
HD19, Kainuu
2
0
11 80477 76119 86940
9.2
7.1 9.8 134.2 131.4 135.9
2.2
HD20, Länsi-Pohja
2
0
9
66042 63603 69240
8.5
6.6 9.3 131.2 116.9 141.6
2.1
HD21, Lappi
3
0
13 118620 118145 125105
7.7
5.6 9.3 119.3 115.2 125.4
0.5
HD22, Ahvenanmaa
1
0
6
27038 25706 25706
8.3
8.3 9.7 75.6 65.7 83.1
6.2

Min

–24.5
–25.2
–26.6
–27.3
–28.9
–28.0
–28.1
–30.9
–28.8
–30.7
–34.9
–30.8
–29.7
–28.8
–27.7
–32.4
–33.2
–32.2
–33.4
–31.6
–22.3

Max

25.4
25.7
25.5
25.7
25.6
25.5
26.2
26.9
26.4
26.2
26.9
27.8
26.6
24.7
24.0
24.8
24.5
25.9
24.6
22.5
24.1

Figure S1. Pooled mortality-temperature relationships with different model parameters.

Exposure: Daily mean temperature (left), 5 day moving temperature average (right)
No confounding factors. Shaded areas represent 95% confidence intervals.

Confounding factors: day of the week and seasonal variation and long-term trend included;
Exposure: Daily mean temperature (left), 5 day moving temperature average (right)

Exposure: Daily mean temperature, model with 3 internal knots for temperature. No confounding
factors.
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Erratum
In Table 2, the last time frame in the first column should be 1991–2003.
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Abstract Seasonal patterns of death from suicide are welldocumented and have been attributed to climatic factors
such as solar radiation and ambient temperature. However,
studies on the impact of weather and climate on suicide are
not consistent, and conflicting data have been reported. In
this study, we performed a correlation analysis between
nationwide suicide rates and weather variables in Finland
during the period 1971–2003. The weather parameters
studied were global solar radiation, temperature and
precipitation, and a range of time spans from 1 month to
1 year were used in order to elucidate the dose-response
relationship, if any, between weather variables and suicide.
Single and multiple linear regression models show weak
associations using 1-month and 3-month time spans, but
robust associations using a 12-month time span. Cumulative global solar radiation had the best explanatory power,
while average temperature and cumulative precipitation had
only a minor impact on suicide rates. Our results demonstrate that winters with low global radiation may increase
the risk of suicide. The best correlation found was for the
5-month period from November to March; the inter-annual
variability in the cumulative global radiation for that period
explained 40 % of the variation in the male suicide rate and
14 % of the variation in the female suicide rate, both at a
statistically significant level. Long-term variations in global
radiation may also explain, in part, the observed increasing
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trend in the suicide rate until 1990 and the decreasing trend
since then in Finland.
Keywords Climate impact . Global solar radiation . Season .
Suicide . Weather impact

Introduction
Suicide is a public health problem in many European
countries, with an average suicide rate of 17.5 per 100,000
in the WHO European Region (WHO 2005). In Finland,
the average suicide rate was 20.3 per 100,000 in 2004 as
compared, for example, with 13.2 per 100,000 in Sweden
in 2002, 11.5 per 100,000 in Norway in 2004, and 34.3 per
100,000 in Russia in 2004. To visualise the impact, suicide
was ranked as the fourth leading cause of death among both
men and women of working age in Finland in 2006. In
other words, in 2006, there were 663 and 206 deaths from
suicide, representing 8.9% and 6.5% of all deaths of
individuals aged 15 to 64 years. Suicide mortality varies
between men and women in different parts of Finland,
being highest for men in northern and north-eastern areas,
and highest for women in the south of Finland, since the
1970s (Partonen et al. 2003).
Suicide is a complex phenomenon, usually having more
than one risk factor such as mental illness, unemployment,
low income and a family history of suicide (Qin et al. 2003;
Mann et al. 2005). In addition, suicidal behaviour follows a
seasonal pattern, with a peak in the spring and early
summer in both the northern and southern hemispheres
(Näyhä 1981; Hakko et al. 1998a; Rock et al. 2003;
Partonen et al. 2004a; Rocchi et al. 2004; Bridges et al.
2005; Zonda et al. 2005). For women, there seems to be a
second peak in the autumn (Meares et al. 1981; Näyhä
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1982; Micciolo et al. 1989). In addition, violent methods of
death from suicide appear to have a more seasonal pattern
than other forms (Hakko et al. 1998b; Räsänen et al. 2002).
Weather varies from season to season, and influences
populations living under these conditions. Weather has an
impact on individuals in their habitat at the social,
psychological and physiological levels, and this may be
seen in a range of behaviours (Voracek et al. 2007). So far,
however, no specific meteorological condition can be
labelled as “suicide weather” (Dixon and Shulman 1983;
Yan 2000; Deisenhammer 2003; Lee et al. 2006). Higher
temperatures appear to increase the risk of suicide (Lee et al.
2006; Page et al. 2007; Preti et al. 2007), but negative
correlations have also been found (Souêtre et al. 1987,
1989), as well as no correlation at all (Partonen et al. 2004b;
Dixon et al. 2007). In Finland, drops in temperature on
successive days during spring have been found to be related
to suicide rates in northern Finland (Partonen et al. 2004c).
Daily sunshine duration has a positive correlation with
suicide rates (Souêtre et al. 1987; Petridou et al. 2002;
Lambert et al. 2003), contributing in part to the seasonal
effect on suicide mortality, which increases with increasing
latitudes (Parker et al. 2001; Heerlein et al. 2006). Sunlight
might possibly act as a trigger for suicide (Papadopoulos
et al. 2005), because an increase in daylight is specifically
able to stimulate the production of serotonin in the brain
(Lambert et al. 2002), and among suicide victims there are
indeed some abnormalities in serotonin metabolism in the
brain (Dwivedi et al. 2001; Pandey et al. 2002). However,
negative correlations between daily sunshine duration and
suicide rates have also been reported (Stoupel et al. 1995;
Preti 1998).
Most studies in this field analyse daily sunshine
duration, whereas solar radiance has been used for analysis
in only one earlier study, reporting data from Greece
(Papadopoulos et al. 2005). The conflicting results from
earlier studies, as summarised above, thus gave a rationale
for the present study, and data on global solar radiation is
an added feature of this analysis.
One reason for the contradictions in earlier studies on the
climate dependence of suicides may be that they have been
performed in different climatic conditions. Finland, situated
in northern Europe, has a strong seasonal variation
determined mainly by temporal variations in the solar
radiation energy received in the area. Most of the solar
radiation is received in the summer, when the monthly sum
of global radiation is about 600 MJ/m2, while in the winter
months the monthly global radiation is typically only onetenth of summer-time values. The annual global solar
radiation varies from 2,800 MJ/m2 in the north to
3,400 MJ/m2 in southern Finland. The monthly duration
of sunshine in Lapland varies on average from 270 h in
June to a period of darkness in the winter. In southern
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Finland, the sun shines on average 300 h in June and only
30 h in December. The annual mean temperature varies
between −2°C in northern Lapland to +5°C in southern
Finland, and the annual precipitation from 500 mm in
northern Lapland to 650 mm in southern Finland. The
winter (December–February) is usually cold, and the mean
temperature varies from −4°C in southern Finland to −16°C
in northern Lapland. The summer (June–August) mean
temperature varies from 12 to 16°C; precipitation during
summer months exceeds that in winter (Drebs et al. 2002).
Our aims were to test whether global solar radiation
(hereafter, global radiation) explains the inter-annual and
intra-seasonal variation in suicide rates better than daily
sunshine duration (hereafter, sunshine hours) and, if so, is
global radiation the most informative of the explanatory
weather parameters. In addition, we hypothesised that climate
may have a cumulative impact on suicide rate. Longer
periods, i.e. season(s) to year(s), of climatic anomalies might
have an effect on the number of potential suicide candidates,
whereas shorter periods of days to week(s) might act as a
trigger for the actual decision to commit suicide.

Methods
Our material contained data on all the 43,393 deaths from
suicide (33,993 men and 9,400 women) in Finland (which
has a population of approximately 5 million), over the
35-year period from 1969 to 2003, both years inclusive.
The data, derived from official death certificates, were
obtained from Statistics Finland (www.stat.fi) and
contained the following information for each case: the date
of death, date of birth, sex, and residence. The codes of death
from suicide according to the World Health Organization’s
International Classifications of Diseases include X60-X84
and Y87.0 (ICD-10), E950A-E959X (ICD-9) and E950.9E959.9 (ICD-8). The detailed content of the Finnish death
certificate provides excellent accuracy and reliability of
information on the cause of death. Finnish law requires a
medico-legal (forensic) investigation of the cause and the
manner of death whenever it has been unnatural, or is
suspected to be so, or whenever it has been sudden or
unexpected. The proportion of investigations for suicide has
been stable for many decades (Näyhä 1981), and the overall
autopsy rate has remained relatively high, both of which
allow for reliable conclusions on suicide trends over time.
Daily climate data from the Finnish Meteorological
Institute (www.fmi.fi) were used in this study. For
temperature and precipitation, we used data that have been
interpolated from weather observations onto a grid of
10 km×10 km. For global radiation, grid-based data are
not available, so we used data that were measured at a
weather station located at Jokioinen, in south-western
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Finland, this being well enough representative of the
variability in global radiation in the most densely
populated (southern and central) areas of Finland, where
80% of suicides take place. Global radiation is measured
with a pyranometer at 1-min intervals. Daily cumulative
observations of radiation were available in the database
from 1971 onwards, which thus defined the study period
for analysis.
Suicide rates and weather variables were analysed using
time frames ranging from the monthly to the annual level.
For each time frame, the cumulative values of suicide rate,
global radiation, sunshine hours and precipitation were
calculated as the sum of daily values for the period in
question, whereas temperature was averaged over the whole
period. The definition of the four seasons used in our
analysis was as follows: spring is from March to May,
summer is from June to August, autumn is from September
to November, and winter is from December to February.
Suicide rates were analysed for the total population as well
as for men and women separately.
Statistics
Both simple and multivariate linear regression analyses
were performed. Linear univariate regression models
were calculated using the suicide rate as the dependent
variable and measured global radiation, sunshine hours,
average temperature or precipitation as explanatory
variables. For the multivariate models the measured
global radiation, average temperature and precipitation
were included stepwise as explanatory variables. Sunshine hours were not used, since this parameter can no
longer be considered to be an independent variable
when global radiation is included in the model. The
model follows Eq. 1:
SR ¼ a þ bðGÞ þ cðTavgÞ þ dðRRÞ

ð1Þ

where SR is suicide rate (per 100,000 persons); a, b, c, and
d are regression coefficients; G is cumulative global
radiation (MJ/m2); Tavg is average temperature (°C); and
RR is accumulated precipitation (mm). The regression
analysis was executed using a range of time spans from
the monthly to the annual level. In order to study the effect
of the long-term variation in climate factors, a regression
analysis was first performed with the data including trends
and then with the residual data after removing the effect of
trends. The trends were filtered by fitting linear trends
both to the suicide and weather data for two sub-periods,
i.e. the periods of increasing suicide rates from 1971 to
1990 and of decreasing suicide rates from 1991 to 2003;
the regression was analysed using the residual of suicide
rate as the dependent variable and the residuals of the
weather parameters as the explanatory variables.

Results
Annual suicide rates and weather parameters
There was a marked inter-annual variability in suicide and
weather variables (Fig. 1). Concerning global radiation,
there is both inter-annual and long-term variability with no
clear trend, but a decreasing trend can be interpreted for the
period of 1971–1990 and an increasing trend thereafter. The
current climate change can be discerned in the annual mean
temperature, but the inter-annual variability is even stronger.
As a sign of ongoing climate change, we noted that since 1989
no years have been as cold as they still were in the 1970s and
1980s, and that there is an increasing trend (+0.2°C in
10 years) in the annual mean temperature in the 1990s. At the
annual level there is no precipitation trend.
At the annual level, global radiation correlated best with
suicide rates, with the correlation being stronger than that
for sunshine hours (Table 1). The correlation coefficient (R)
between sunshine hours and global radiation was only
0.839. Global radiation is a parameter that measures the
amount of energy received at ground level from both the
direct and diffuse solar radiation. It gives a more valid
estimate of luminance than sunshine hours, because
sunshine hours accumulate only when there are no clouds
or only thin high-level clouds in front of the sun. Global
radiation is often strong in situations of changing cumulus
or scattered middle-level altocumulus clouds. In addition,
an altostratus cloud cover may let a large proportion of
radiation through to the ground.
Regression analyses show that statistically significant
(P<0.01) models for both the total suicide rate and the male
suicide rate were achieved using only global radiation as
the independent variable, and in these models R2 was as
great as 0.23 (Table 2). Temperature or precipitation alone
made no significant contribution to the suicide rates (data
not shown). However, using temperature and precipitation
together with global radiation as the independent variables,
the model explained a greater proportion of the variation
(R2 =0.32) in the suicide rates (Table 2). Because the female
suicide rate was lower than the male suicide rate, the
stochastic variations in suicide incidence may be larger.
Next, the regression analysis was computed separately
for the periods of increasing (1971–1990) and decreasing
(1991–2003) suicide rates. The dependence on weather was
more robust for the former period (Table 2). For the latter
period, any dependence on the weather disappeared (Table 2).
It is important to note that the results from these different
periods are not totally comparable because the smaller
number of observations in the latter period makes the
statistical significance weaker.
In view of these trends, the suicide rates and weather
variables were analysed further using the residuals after
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Fig. 1 Total, male and female
suicide rates (top panel), annual
global solar radiation and sunshine hours at Jokioinen (middle
panel), and annual mean temperature and precipitation (bottom panel) in Finland from 1971
to 2003
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fitting the trends to the data, even though this was rather
hypothetical in the case of the weather data. In this way we
sought to discover whether the variation in the weather
variables correlated with the variation in the suicide rates
(Table 3).
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Precipitation

After trend filtering, the coefficients for global radiation
became smaller and less significant (Tables 2, 3). On the
other hand, the changes in the coefficients for temperature
and precipitation were small, but they became more
significant. Thus, the impact of temperature and precipita-

Table 1 Pearson correlation matrix for annual suicide rates and weather parameters in Finland in the period 1971–2003

Suicide rate
Male suicide rate
Female suicide rate
Global radiation
Sunshine hours
Average temperature
Precipitation

Suicide rate

Male suicide rate

Female suicide rate

Global radiation

Sunshine hours

Average temperature

Precipitation

1.000
0.991
0.814
−0.475
−0.276
0.071
0.108

1.000
0.729
−0.475
−0.317
0.016
0.094

1.000
−0.349
−0.047
0.278
0.121

1.000
0.839
0.096
−0.572

1.000
0.138
−0.527

1.000
0.312

1.000
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Table 2 Regression coefficients for annual global radiation (G), average temperature (Tavg), and precipitation (RR) explaining annual suicide rates
Total suicide rate
Coefficient

Male suicide rate
P

Suicide rates explained by global radiation
1971–2003
G
−0.007*
0.005*
0.23
R2
1971–1990
G
−0.006*
0.027*
0.24
R2
1991–2003
G
−0.008
0.093
0.24
R2
Suicide rates explained by global radiation, temperature and precipitation
1971–2003
G
−0.010*
0.001*
0.609
0.140
Tavg
RR
−0.014
0.075
0.32
Multiple R2
P
0.010*
1971–1990
G
−0.010*
0.003*
0.829*
0.032*
Tavg
RR
−0.013
0.066
0.47
Multiple R2
P
0.016*
1971–1990
G
−0.011
0.065
−0.051
0.154
Tavg
RR
−0.014
0.976
0.27
Multiple R2
P
0.389

Female suicide rate

Coefficient

P

Coefficient

P

−0.012*
0.23
−0.011*
0.27
−0.015
0.245

0.005*

−0.002*
0.12
−0.002
0.13
−0.001
0.10

0.047*

−0.018*
0.833
−0.023
0.31

0.001*
0.259
0.087

−0.003*
0.364*
−0.004
0.29

0.006*
0.016*
0.102

0.020*
0.083

0.013*
0.002*
0.035*
0.056

−0.017*
1.320*
−0.022
0.48

0.013*
0.156
0.882
0.572

−0.019
−0.448
−0.024
0.29

−0.003*
0.355
−0.004
0.33
−0.003
0.328
−0.005
0.17

0.364

0.115
0.302

0.018*
0.026*
0.051
0.171
0.084
0.233
0.487
0.471
0.619

*P<0.05

Table 3 Regression coefficients for the residuals of weather parameters explaining suicide rates after fitting linear trends for the years of 1971–
1990 and 1991–2003
Suicide rate total
Coeffient

Suicide rate male
P

Coeffient

Suicide rates explained by radiation, temperature and precipitation in 1971–2003
G
−0.004*
0.019*
−0.006*
0.627*
0.002*
0.960*
Tavg
RR
−0.010*
0.004*
−0.017*
0.35
0.32
Multiple R2
P
0.005*
Suicide rates explained by radiation, temperature and precipitation in 1971–1990
G
−0.004
0.061
−0.008*
0.692*
0.009*
1.102*
Tavg
RR
−0.012*
0.013*
−0.020*
0.42
0.43
Multiple R2
P
0.028*
Suicide rates explained by radiation, temperature and precipitation in 1991–2003
G
−0.001
0.497
−0.003
0.365
0.373
0.307
Tavg
RR
−0.003
0.563
−0.004
0.05
0.05
Multiple R2
P
0.914
*P<0.05

Suicide rate female
P

Coeffient

P

0.014*
0.005*
0.005*

−0.001
0.307*
−0.004
0.26

0.336
0.006*
0.052

0.010*
0.041*
0.001*
0.011*

0.033*
−0.001
0.299*
−0.004
0.28

0.027*
0.526
0.710
0.696
0.914

0.400
0.034*
0.103
0.149

0.000
0.428
−0.002
0.26

0.870
0.121
0.557
0.410
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tion on the suicide rate appeared similar, whereas the
impact of global radiation raised new questions.
Monthly and seasonal suicide rates and weather parameters
The significant associations found at the annual level raised
the question of whether there is any particular period of the
year during which these correlations are at their strongest.
In other words, is the dependence on weather parameters
constant throughout the year, and does the relative impact
of weather parameters change during the course of the
year? To that end, we wanted to analyse these relationships
at the monthly and seasonal (3-month) levels. The monthly
and seasonal suicide rates, global radiation, mean temperature and precipitation were modelled in a similar way to
those at the annual level.
Analysis of the monthly weather data yielded few
significant associations. The male suicide rate was related
to global radiation in March (b=−0.004, P=0.050) and
September (b=−0.006, P=0.015). The female suicide rate
was related to global radiation (b=−0.011, P=0.026) and
mean temperature (c=0.046, P=0.005) in November.
Next, seasonal analysis using 3-month cumulative values
yielded no significant correlation between the suicide rates
and the weather parameters for spring or summer. For autumn,
there was a negative correlation between global radiation and
the suicide rate for both men (R2 =0.17; b=−0.012, P=0.017)
and women (R2 =0.20; b=−0.004, P=0.009). In the winter,
there was a positive correlation between mean temperature
and the suicide rate for men (R2 =0.16; c=0.16, P=0.022)
only. Multiple regression with global radiation, mean
temperature and precipitation as the independent variables
improved the explanatory power of the findings in autumn
but not those in winter.

Cumulative suicide rates and global radiation
Finally, we wanted to test whether a lack of global radiation
results in a gradual increase in suicide rates. To address this
question we analysed the cumulative effect using a range of
time periods. For this purpose we computed correlations
between suicide rates and global radiation starting from
November, which is the beginning of the darkest, and
therefore potentially the most depressing period of the year.
From November onwards, daylight time is short (less than
9 h, even in southern Finland) and the weather is quite often
cloudy and rainy, which reduces solar radiation on the
ground. It is noteworthy that the selection of a “suicide
year” as the 12-month period of November to October had
an influence on the results, with those based on the calendar
year presented in Table 2 being slightly different.
The analysis of cumulative global radiation showed that
the longer the cumulative period, the stronger the association
of suicide rates with global radiation (Table 4). The best
correlation was found for the period of November to March,
especially for the male suicide rate; 40% of the variation in
this rate was explained by cumulative global radiation.
From April onwards, the impact of the cumulative global
solar radiation on the suicide rates decreased, being at its
lowest for the period of November to July. After summer,
these negative correlations between suicide rates and
cumulative global solar radiation again reached significance.

Discussion
Our key finding was that global solar radiation from
November to March had an influence on the subsequent
number of deaths from suicide in Finland. The less global

Table 4 Dependence of suicide rates on cumulative global radiation (Glob) by period, starting from November onwards. Data for this analysis:
time period November 1971–October 2003, nationwide suicide rates, global solar radiation from the Jokioinen weather station
Suicide rate total

Suicide rate male

Suicide rate female

Time period

Coefficient Glob

R2

P

Coefficient Glob

R2

P

Coefficient Glob

R2

P

November
November-December
November-January
November-February
November-March
November-April
November-May
November-June
November-July
November-August
November-September
November-October

−0.012
−0.013
−0.011
−0.012
−0.015*
−0.007*
−0.005
−0.004
−0.003
−0.004
−0.006*
−0.011*

0.08
0.07
0.03
0.06
0.39*
0.23*
0.12
0.10
0.03
0.07
0.17*
0.17*

0.123
0.157
0.312
0.176
0.0001*
0.005*
0.051
0.075
0.333
0.137
0.018*
0.019*

−0.014
−0.018
−0.011
−0.017
−0.026*
−0.013*
−0.008
−0.007
−0.005
−0.007
−0.011*
−0.011*

0.04
0.04
0.01
0.04
0.40*
0.23*
0.11
0.09
0.03
0.07
0.18*
0.17*

0.306
0.274
0.556
0.260
0.0001*
0.006*
0.064
0.106
0.326
0.138
0.017*
0.019*

−0.011*
−0.008
−0.011
−0.006
−0.004*
−0.002
−0.001
−0.001
−0.000
−0.001
−0.006*
−0.006*

0.14*
0.08
0.12
0.07
0.14*
0.08
0.06
0.07
0.004
0.02
0.17*
0.17*

0.036*
0.108
0.058
0.071
0.035*
0.112
0.188
0.138
0.728
0.425
0.018*
0.021*

*P<0.05
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radiation there is during the winter, the higher the risk of
suicide will be, from November to March in particular.
These results do not contradict, but rather extend a series of
earlier findings regarding suicidal behaviour from nationwide study samples in Finland. In Finland, the incidence of
attempted suicide is lowest in December and highest in
April (Haukka et al. 2008), whereas the risk of death from
suicide is greatest in May. The latter is not only associated
with high levels of solar radiation but is also most
pronounced in springs of longer-term periods, which have
relatively low suicide rates (Partonen et al. 2004b). For
violent suicides there is a clear spring peak, whereas nonviolent suicides are more likely to occur in the autumn
(Hakko et al. 1998a). However, by analysing time spans
from 1 month to a year, we found no positive correlation
between the suicide rate and global radiation, and no further
support for the view that the spring peak in suicide
mortality is due to increases in the amount of sunlight.
Concerning suicide mortality from April to June in particular,
analysis of time spans shorter than a month may be of added
value but is beyond the scope of our current report.
Global solar radiation is unique among meteorological
variables as an independent risk factor, since it explained
the suicide rates in a significant way. However, after trend
filtering, its impact was lessened and was statistically less
significant in our analysis. Longer-term trends in suicide
mortality have been considered to be due to socio-economic
or psychological factors. As health authorities became
concerned at the increasing mortality due to suicide in the
1970s, a nationwide suicide-prevention program was
started in Finland in 1986, leading to a decreasing trend
after 1990 (Beskow et al. 1999). This change specifically
parallels the decrease seen in violent suicides (Hakko et al.
1998b). Here, on the basis of our results, the long-term
trends seen in suicide mortality may not just be an outcome
of the sum of the aforementioned factors; longer-term
variability in global solar radiation may also be relevant. A
limitation of our analysis, however, is that individual data
concerning the age, education, civil status, socio-economic
status or mental illness were not available and therefore not
taken into account as risk factors. It also needs to be noted
that variations in physical factors such as sunshine hours
may result in changes in people's social activities and, if
these changes end in difficulties in social relationships and
associated negative outcomes, contribute to suicide rates.
Papadopoulos et al. (2005) reported that solar radiance
during the preceding day increased the risk of suicide by
2% per each MW/m2. The finding seems to contradict ours,
as we found that the less solar radiance there was during the
winter, the higher the risk of suicide, but the two studies
applied different time spans in that Papadopoulos et al.
focussed on time spans shorter than a month whereas we
analysed those longer than a month. In the data from
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Greece, however, the past solar radiance was related on
average to risk of suicide on a daily level, indicating that
there might be a mechanism with a duration effect. Our
results from Finland support the finding that there was a
duration effect. They also found that longer sunshine
exposure was needed in men to trigger suicide. In this
study, we demonstrate the magnitude of the weather impact
on suicide occurrence by applying coefficients from Table 2
(suicide rates explained by global radiation) for the Finnish
population. A variability of twice the standard deviation (of
180 MJ/m2) in global radiation would mean a variation of 130
suicide cases per year. Even the smaller coefficients of global
radiation (from Table 3) would mean a variation of 65 suicide
cases per year. To conclude, variability in global radiation has
a marked influence on suicide mortality and is therefore of
interest to public health and suicide prevention programs.
Precipitation and mean temperature also have an effect,
though smaller (71 and 66 suicide cases, respectively).
Another of our key findings was that the dose-response
period of time may be shorter for women. For women, the
significant correlation between suicide rate and global
radiation disappears early in March, whereas for men the
correlation remains stronger for a longer period. Interestingly,
these negative correlations were stronger for men than
women, indicating that men might be more sensitive to
variability in global radiation than women. On the other hand,
the mean temperature was more strongly related to the suicide
rate for women than for men, thereby suggesting that both
men and women react to climate, but in a different way.
The impact of climate on the suicide rates, and the
relative value of each weather parameter to explain
variation, fluctuates over the year. Using the 1-month time
span there is no relationship between suicide rates and
weather for most months. One reason may be that the
stochastic variability is greater at the monthly than at the
annual level. Therefore, a calendar month may not be a
valid frame for estimation of the impact of weather on
suicide. In addition, the dose-response effect may lead to a
nonsensical correlation if the suicides rates of a given
month are compared with the weather parameters of the
same month, and any possible lag is ignored.
Our current results indicate that the period of autumn
and winter months having a lack of global solar radiation,
in other words being relatively dark, increases the number
of people at risk of committing suicide. Our monthly and
seasonal time span analysis showed that the mean
temperature had a positive correlation with the female
suicide rate in November and with the male suicide rate in
winter (December to February). These findings support the
results from two recent studies (Ajdacic-Gross et al. 2007;
Preti et al. 2007) suggesting that it may not be the heat as
such but the lack of cold that is related to suicide
occurrence.

174

The suicide peak in spring has often been attributed to
sudden increases in luminance and sunshine. However, in
this study, using 1-month or 3-month time spans we found
no positive correlation between suicide and global radiation
during spring. On the contrary, there were negative
correlations only at the annual, seasonal (autumn) and
monthly (March, September, November) levels.
There are some limitations to our analysis. First, the
spatial resolution of our temperature and precipitation data
are high, but for global radiation we used measurements
from only one weather station at Jokioinen. However, this
particular station is located in the middle of the most
densely populated (south-western) part of Finland and
therefore the weather impact is very similar if the number
of suicides completed near Jokioinen is used as the
dependent variable. Therefore, in order to generalise the
results, we decided to use nationwide suicide rates for our
analysis. Second, the characteristics of weather and climate
that impact on suicide might have been elucidated in more
detail by using longer cumulative periods to analyse
whether weather affects the number of people at risk of
committing suicide, and by using shorter study periods to
study whether weather is a short-acting trigger for suicide.
We also need to keep in mind the fact that weather
parameters are not truly independent. However, our results
suggest that weather and climate factors may be significant
and worthy of further studies in suicide research.
Our finding regarding the negative association of annual
global radiation levels with suicide rates is of continuing
interest, and may be a key to suicide mortality statistics at
the global level. Suicide rates tend to be higher at higher
latitudes than at lower latitudes (Lester 1970; Terao et al.
2002; Lawrynowicz and Baker 2005). Our results now
show that there is a significant association between suicide
rates and global radiation, and thus suggest that a lack of
short-wave radiation, especially during the winter time in
higher latitudes, may make a difference to suicide mortality.
The relative importance of global radiation and other
climate factors additionally raises the question of whether
the current climate change is having an effect on suicide
mortality. In Finland, there has been a decreasing trend in
suicide mortality since 1990, with male and female suicide
rates being reduced by 39% and 24%, respectively, to 2006.
Due to projected climate change, however, global radiation
is likely to be reduced in winter because of increasing
precipitation and cloudiness, and shorter periods with snow
cover. For northern Europe, winter (December–February)
precipitation is projected to increase by 9–25% by the end
of this century (Christensen et al. 2007), and the number of
days with snow cover to decrease by 30–40% on average as
compared with the current climate (Jylhä et al. 2008). The
worst scenario is that the positive development in suicide
prevention and mental health promotion will come to a halt
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to be replaced by an increasing trend in suicide in the next
decades.
In conclusion, our results show that global solar
radiation gives a more accurate representation of the impact
of climate on suicide rates than sunshine hours. Cumulative
periods ranging across seasons rather than the commonly
used calendar months give a more robust association of
weather parameters with suicide rates. Variability in annual
global radiation explains a large proportion of the suicide
occurrence at the annual level and may also closely reflect
long-term trends in suicide rates.
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Abstract The influence of weather on mood and mental
health is commonly debated. Furthermore, studies concerning
weather and suicidal behavior have given inconsistent results.
Our aim was to see if daily weather changes associate with the
number of suicide attempts in Finland. All suicide attempts
treated in the hospitals in Helsinki, Finland, during two separate periods, 8 years apart, were included. Altogether, 3,945
suicide attempts were compared with daily weather parameters and analyzed with a Poisson regression. We found that
daily atmospheric pressure correlated statistically significantly
with the number of suicide attempts, and for men the correlation was negative. Taking into account the seasonal normal
value during the period 1971–2000, daily temperature, global
solar radiation and precipitation did not associate with the
number of suicide attempts on a statistically significant level
in our study. We concluded that daily atmospheric pressure
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may have an impact on suicidal behavior, especially on suicide attempts of men by violent methods (P<0.001), and may
explain the clustering of suicide attempts. Men seem to be
more vulnerable to attempt suicide under low atmospheric
pressure and women under high atmospheric pressure. We
show only statistical correlations, which leaves the exact
mechanisms of interaction between weather and suicidal behavior open. However, suicidal behavior should be assessed
from the point of view of weather in addition to psychiatric
and social aspects.
Keywords Global solar radiation . Precipitation .
Temperature . Season . Weather

Introduction
Despite the common belief that weather has an effect on
mental health, the scientific results do not agree. In the
Netherlands, no correlation between weather and mood in
general population was found (Huibers et al. 2010), but in
Italy a positive correlation between behavior and affective
states and weather was found among day-care children
(Ciucci et al. 2011), and it has also been suggested that there
is an association between low barometric pressure and acts
of violence and emergency psychiatric visits (Schory et al.
2003). Furthermore, sunlight exposure seems to have an
influence on cognitive function among depressed individuals (Kent et al. 2009), and bright-light therapy is effective in
the treatment of seasonal affective disorder (Gooley 2008).
Although, some criticism against the seasonal pattern has
emerged (Ajdacic-Gross et al. 2010), the seasonality of
affective disorders (Wehr and Rosenthal 1989) and suicidal
behavior (Barker et al. 1994; Partonen et al. 2004; Valtonen
et al. 2006; Yip and Yang 2004) have been explained partly
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by meteorological variations. It may therefore be that
the depressed are more sensitive to weather signals than
others.
In seasonal as well as in non-seasonal depression (Germain
and Kupfer 2008; Monteleone and Maj 2008), which is often
involved in suicidal behavior (Henriksson et al. 1993;
Suominen et al. 1996), disturbances in circadian rhythms are
often seen, but it is not known whether the circadian clock of
depressed individuals reacts differently to environmental
signals. Normally, changes in the rhythm of daylight
(Roenneberg et al. 2007) and in ambient temperature
(Majercak et al. 1999) are zeitgebergs, that is, the primary
signals that help the circadian clock to synchronize the endogenous circadian rhythms with environmental variations such
as seasonal changes.
Sunshine hours have been demonstrated to have a positive correlation with suicides (Lambert et al. 2003, 2002;
Petridou et al. 2002; Salib and Gray 1997; Souetre et al.
1987, 1990, 1991), but a negative correlation has also been
reported (Preti 1998; Stoupel et al. 1995). In our earlier
study, we showed that low levels of cumulative global solar
radiation during winter in Finland are associated with a
higher number of suicides (Ruuhela et al. 2009), although
the highest number of suicides occurred around the summer
solstice (Hiltunen et al. 2011). A number of studies on the
correlation between ambient temperature and suicide mortality (Ajdacic-Gross et al. 2007; Lee et al. 2006; Lester
1986; Page et al. 2007; Salib and Gray 1997; Souetre et al.
1987, 1990) have given inconsistent results, as have studies
on the interaction between atmospheric pressure and suicidal
behavior (Barker et al. 1994; Breuer et al. 1986; Dexter 1904;
Schory et al. 2003; Wang et al. 1997; Yan 2000).
Attempted suicides have received much less attention
compared with completed suicides. However, the incidence
of attempted suicides is more than ten-fold that of completed
suicides, and attempted suicides increase markedly the risk
of completed suicides (Haukka et al. 2008; Owens et al.
2002; Sinclair et al. 2010; Suokas et al. 2001; Suominen et
al. 2004), and also the risk of suicidal behavior in following
generations (Brent et al. 2002).
The interaction between weather, mental health and suicidal behavior seems to be a complex one, requiring further
study (Deisenhammer 2003; Dexter 1904; Mills 1934). Several explanations for the inconsistent results observed have
been proposed (Dixon and Kalkstein 2009).
Our aim was to focus on possible interactions between
weather and suicide attempts. We aimed to study which daily
weather variables or which specific weather types, if any, are
associated with suicide attempts. In order to take into account
the weather as a whole, we chose to use synoptic weather
analyses in addition to analyzing single weather variables. We
also attempted to assess if a weather impact appears particularly on days or weeks when the number of suicide attempts is

clearly above the average (hereafter called “cluster days” and
“cluster weeks”, see also the exact definition in Materials and
methods) and, for comparison, if a certain weather type can be
considered to exert a protective effect, with no or only a low
number of suicide attempts.

Materials and methods
Subjects
Our data consist of two periods of time; the first from 1
January 1989 to 31 July 1990 (I), and the second from 15
January 1997 to 14 January 1998 (II): altogether 942 days.
During these periods of time, all suicide attempts treated in
hospitals in Helsinki (N03,945) were recorded as part of the
World Health Organization Multicenter Study on Parasuicide (Bille-Brahe et al. 1995). The date, sex, and the method
(violent /non-violent) were recorded for each case (for exact
numbers, see Table 1). Statistics Finland provided the number of completed suicides in Helsinki for the same periods
(Table 1). Information concerning the cause of death was
obtained from the official death certificates. Since 1987,
death certificate forms have complied with the recommendations of the International Classification of Diseases of the
World Health Organization. However, because of the low
daily number of completed suicides, we decided to concentrate on analyzing only suicide attempts.
Meteorological data
The Finnish Meteorological Institute provided the daily
meteorological data from Helsinki Kaisaniemi weather station for the study periods: temperature (mean, maximum
and minimum), precipitation, global solar radiation, sunshine hours, and atmospheric pressure, which was taken
from synoptic weather observations made eight times per
day. For temperature and global solar radiation, the deviation from the climatic normal value (period 1971–2000) was
also used in order to take into account the potential impact
of acclimatization on seasons. The absolute daily values of
global solar radiation varied between 100 and 30,500 KJ/m2
and the temperature varied from −21°C to +28°C in our
data.
Synoptic and statistical weather analyses
Descriptive synoptic weather analyses were conducted for
the days with high number of suicide attempts, that is the
cluster days, and for the days with no self-harm, in order to
study the complex nature of association between weather
and suicidal behavior, and to explore a hypothesis for further statistical analyses. The criterion for cluster days was
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Table 1 Number of attempted
and completed suicides for
men and women in Helsinki,
Finland, during periods I and II

Suicide attempts (of which violent attempts)

Completed suicides
a
I0 1 January 1989–31 July
1990, II 0 15 January 1997–14
January 1998

Perioda

Men

Women

Total

I
II

1,198 (202)
796 (88)

1,111 (104)
840 (57)

2,309
1,636

I+II

1,994 (290)

1,951 (161)

3,945

I
II

193
96

86
46

279
142

I+II

289

132

421

defined as the probability for the daily number of suicide
attempts being less than 0.01 according to a Poisson distribution, ending up with seven or more suicide attempts per day
for men and women separately, or at least ten suicide attempts
for both sexes counted together (Fig. 1, Table 2). Chi-squared
test was used to compare the frequency distribution of atmospheric pressure during cluster days versus all days during the
study periods. For testing purposes, the pressure data was
classified as followed: low (<1,005 hPa), normal (1,005–
1,020 hPa) and high (>1,020 hPa) (Table 3). Since social
activities may also have an impact on the risk of self-harm,
day of the week effect (Chiu 1988; Maldonado and Kraus
1991; Pirkola et al. 1997) was considered. Furthermore, for
days with no self-harm, short-term mortality displacement or
harvesting (Huynen et al. 2001) was considered in order to
exclude the no-self-harm-days that follow (immediately after)
a cluster day, or a period of a few days with elevated numbers
of self-harm cases.
In order to take into account any possible lag effect and
exposure time of weather impact on incidents of self-harm,
we also made descriptive synoptic analyses on cluster weeks
in each season, that is, weeks with the highest incidence of

self-harm during any 1-week period in the season. The
results and discussion of these analyses are provided as
supplementary material.
For the whole data set of both study periods we analyzed
the association between daily weather variables and daily
suicide attempts with a Poisson regression because the daily
number of suicide attempts follows an approximate Poisson
distribution with an average of two attempts per day for both
men and women (Fig. 1). Poisson analysis was performed
separately also on violent suicide attempts for both genders.
Rate ratios (RR) and confidence intervals per change of
weather unit were calculated (Table 5). Furthermore, RRs

Number of days

1990

Table 2 Cluster days of suicide attempts for women (W) and men (M)
separately and together(W+M)
Year

1989

300
250
1997

200
150
100
50

1989

0
0

1

2

3

4

5

6

7

8

14 March
18 March
18 May
5 July
2 Januaryb
11 February
7 March
18 April
28 March
18 April
23 Junec
24 June
21 October
23 October
7 Decemberd
1 Januarye
11 January

Day of the week

Tue
Sat
Thu
Wed
Tue
Sun
Wed
Wed
Fri
Fri
Mon
Tue
Thu
Thu
Sun
Thu
Sun

9 10 11 12 13

Daily suicide attempts
Women

Date of the
cluster day

Men

Fig. 1 Frequency distribution of daily number of suicide attempts for
women and men in Helsinki

a

Cluster day selection criteria

b

After New Year

c

After Midsummer

d

After Independence Day

e

New year’s day

Number of
suicide attempts
W

M

W+M

6

5

11a

3
6
8a
4
7a
3
8a
2
2
4
7a
8a
5
5

a

8
7a
2
7
1
7a
9a
8a
2
7a
7a
8a
2
1
6
6

11
13
10
11
8
7
12
8
10
9
9
12
9
9
11a
11a
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Table 3 Frequencies of days by different categories of atmospheric pressure during cluster days and no-self-harm days
Type of days

All days in study periods
Cluster daysa
No self harm days, men
No self harm days, women

Total no.
of days

Atmospheric pressure

Chi-squared test

Low:
<1,005 hPa

Normal:
1,005-1,020 hPa

High:
>1,020 hPa

Value

Significance

942
17

246
9

494
4

202
4

5
14

1
9

4
4

7.24

0.003

0
1

1.86
10.37

0.39
0.006

a

A minimum of seven suicide attempts per day for men and women separately, or a minimum of ten suicide attempts per day, sexes counted
together

for a change of weather parameter by 10 units were calculated (Table 5).

Results
Cluster days of suicide attempts
We found 17 days in total that fulfilled the cluster day
criteria (Table 2), of which 9 comprised men’s suicide
attempts, 5 women’s attempts, and 3 men’s and women’s
attempts counted together. The cluster days were different
for women and men.
According to the synoptic weather analyses, cluster days
of men’s suicide attempts occurred more often in the context
of low pressure and cloudy weather with rain or snow. Rapid
and marked pressure changes, for example a decrease of
36 hPa per day and an increase of 20 hPa per day also
occurred during those days. However, in April and May,
men’s cluster days seemed more likely to occur in a context
of high pressure with sunny weather. Cluster days of women’s suicide attempts seemed to be linked more often with
high pressure weather conditions. The 3 days that fulfilled
the cluster day criteria according to the total number of
suicide attempts occurred in winter, on days with high
pressure and cloudy weather. Out of all of the weather
variables studied, atmospheric pressure seemed to have the
strongest association with the cluster days, which was also
statistically significant according to the chi-squared test (P<
0.05) (Table 3). Global solar radiation, temperature and
precipitation did not associate with the cluster days in the
synoptic analyses. The day of the week effect did not appear
in the cluster days (Table 2).
The synoptic analyses of cluster weeks of suicide
attempts revealed some interesting characteristics that could
be used as potential hypotheses for further studies. However, due to the short study periods, the amount of data in our
study was insufficient for statistical tests for cluster weeks
and therefore these descriptive analyses are provided as
supplementary material.

Days with no suicide attempts or completed suicides
In order to study the potential “protective” weather type in
respect with self-harm, synoptic analyses were made for the
days with no-self-harm, i.e., days with no suicide attempts
or completed suicides by either sex. Synoptic analyses were
performed also for women and men separately, but with
periods of 2 or more consecutive days without self-harm.
These no-self-harm-days can be explained in part by
harvesting; the number of self-harm cases is low immediately after a cluster day or after a period of a few days with
the elevated numbers of self-harm cases. Therefore, because
we were interested in potential protective weather type, the
days explained by harvesting were excluded from the analysis. Thereafter a synoptic analysis was performed for 7 days
with no self-harm of either sex and for 5 periods of men and
for 14 periods of women (Table 4).
Firm conclusions cannot be made from these 7 days
without self-harm of either sex, but it seems that ‘protective’
weather, i.e., weather conditions that carry the lowest selfharm risk, could be described as warmer than usual for the
season and partly sunny. The results are more interesting
when analyzing the periods of no-self-harm for women and
men separately. For men, ‘protective’ weather, carrying a
low self-harm risk could be described as days with normal
atmospheric pressure, but in other respects the weather
conditions such as temperature, precipitation and cloudiness
seemed to vary considerably during these days. A day of the
week effect was observed, and the most probable protective
day was Monday (Table 4). For women, the protective
weather comprised low pressure conditions, with or without
precipitation, and warmer than usual for the season. Overcast or mainly cloudy weather often seemed to have prevailed on those days as well. The day of the week effect was
clear and the most probable protective day was Monday
(Table 4).
Day of the week effect can be considered to be a consequence of variation in social activities. In cluster days the
day of the week effect was not seen, and we concluded that
the weather impact dominates cluster days of suicide
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Table 4 Days and periods
without self-harm (attempted/
completed suicides) by either
sex (W/M), by women (W) or by
men (M) in separate. Days with
potential impact of harvesting
are excluded

Year

1989

1997

Monday is the most probable
day without self-harm

Day of the week

No self- harm by
W

1990

a

Date/period without self-harm

1998

9–11 January

Mona-Wed

22–23 January
6–7 February
17–19 February
17–19 April
30 June–1 July
27 July

Sun-Mona
Mona-Tue

11August

Fri

19–20 September
15–16 October

Mona-Wed
Sun-Mona

6 November

Mona

Fri-Sun
Mona-Wed

x

Fri-Sat
Thu

x

x
x
x
x
x
x

a

x

Sun-Mon
Sat-Sun
Sun

18–19 January
12–14 March
23 May

Thu-Fri
Mona-Wed
Wed

x
x

23–24 May
16 July
8–9 February

Wed-Thu
Mona
Sat-Sun

x

27–28 March
26–27 April
1–2 May

Thu-Fri
Sat-Sun
Thu-Fri

x

15 June
15–16 June
12–13 January

Sun
Sun-Mona
Mona-Tue

Poisson regression of weather–suicide attempts
Analyses of the weather dependence of suicide attempts on
cluster days and on no-self-harm days can be considered as
special cases. In order to achieve more generic results on the
weather dependence, we analyzed the daily data for both
periods using Poisson regression with various weather
parameters as independent variables to explain the rates of
suicide attempts.
For women, the number of daily suicide attempts showed a
small, but statistically significant positive correlation with
atmospheric pressure (RR01.005, P0.0.026, Table 5). This
correlation remained significant also when the daily values of
atmospheric pressure during the 1 and 2 days before the
suicide attempt (RR 01.005, P 0.0.027, and RR 01.006,

W/M

x
x
x

5–6 November
18–19 November
19 November

attempts. However, for no-self-harm days both weather dependence and day of the week effect, and thus impact of
social activities, can be seen.

M

x
x

x
x
x
x
x
x
x
x

P 0 0.011, Table 5) were taken into account as a mean of the
pressure over these days. For men, the number of daily suicide
attempts showed a small, but statistically significant negative
correlation with atmospheric pressure (RR0.0.995, P0.0.016,
Table 5), and the correlation remained statistically significant
also when the value of atmospheric pressure the day before the
attempt was taken into consideration (RR0.0.996, P0.0.040).
Furthermore, this correlation was even stronger for violent
suicide attempts by men (RR0.0.983, P0<0.000), and lasted
also when the values of atmospheric pressure 1 and 2 days
before the attempt was included (RR0.0.984, P0.0.002,
RR0.0.985, P 0 0.006, respectively, Table 5). Accordingly,
rate ratios for a change of 10 units per each weather parameter
were calculated (Table 5), which was considered clinically
meaningful especially for atmospheric pressure for which a
change over 10 hPa per day is quite common. The maximum
change per day in our data was 36 hPa.
Global solar radiation (proportion to the normal), temperature (deviation from the normal) and precipitation did
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and women separately. Daily violent suicide attempts and mean atmospheric pressures are analyzed separately. Confidence intervals and P
values are calculated according to changes per one unit

Table 5 Rate ratios for daily global solar radiation (G), temperature
(T), precipitation (P) and mean atmospheric pressure (AP) and daily
number of suicide attempts, analyzed by a Poisson regression for men
Daily
Suicide
attempts
All

Rate ratio for men
Weather
parameters
G* (MJ/m2)a
T** (°C)b
P (mm)
AP (hPa)

Violent

AP (hPa)

Rate ratio for women

Per unit /
per 10 units
1.003/1.030
1.009/1.094

95% CI
per unit
0.915-1.099
0.997-1.021

P value

95% CI
per unit
0.907-1.092
0.989-1.013

P value

n.s.
n.s.

Per unit /
per 10 units
0.995/0.951
1.001/1.010

n.s.
n.s.

D−0c
D−1
D−2

1.001/1.010
0.995/0.951

0.989-1.013
0.991-0.999

n.s.
0.016

0.995/0.951
1.005/1.051

0.983-1.008
1.001-1.009

n.s.
0.026

0.996/0.961
0.997/0.970

0.991-1.000
0.993-1.001

0.040
n.s.

1.005/1.062
1.006/0.990

1.001-1.009
1.001-1.011

0.027
.011

D−0

0.983/0.844

0.974-0.993

<.001

0.999/0.990

0.985-1.013

n.s.

D−1
D−2

0.984/0.852
0.985/0.861

0.974-0.994
0.974-0.996

0.002
0.006

0.999/0.990
1.002/1.020

0.985-1.014
0.987-1.018

n.s.
n.s.

a

Proposition to seasonal normal value, period 1971–2000

b

Anomaly from the seasonal normal value, period 1971–2000

a

D−00 day of suicide attempt, D−102-day mean; the day of suicide attempt and 1 day prior to it, D−203-day mean; the day of suicide attempt and
2 days prior to it

violent methods (Lester and Frank 1988; Maes et al. 1994;
Preti and Miotto 2000), although the division into violent
and non-violent suicidal behavior may be somewhat arbitrary
(Ajdacic-Gross et al. 2010). High-pressure situations often last
some time, whereas troughs pass by much more quickly, which
provides a logical explanation to our findings that the association between women’s suicide attempts and high pressure was
seen for up to 3 days, whereas the association between men’s
suicide attempts and low pressure was seen only for 2 days in
Poisson regression.
A limitation of our study is that the study periods were
rather short. Furthermore, due to the relatively short periods
and the low numbers studied, we were unable to take mental
disorders or psychosocial factors into account in the analysis. Psychiatric disorders and psychosocial factors (Hendin
1965) are much stronger risk factors for suicidal behavior

not show statistically significant daily correlation with suicide attempts for either sex by Poisson regression.

Discussion
We found that atmospheric pressure shows a small, but
statistically significant correlation with attempted suicides
on a daily time span, but that the correlation is opposite
between genders (Fig. 2). Men seem to be more prone to
attempt suicide under low pressure conditions, while women
seem to be more prone to do so under high atmospheric
pressure. The result was even stronger for the violent suicide
attempts of men, which is in line with the prior notion that
suicides committed by violent methods show a stronger
correlation with weather than suicides committed by nonFig. 2 Daily atmospheric
pressure on average as a
function of daily number of
suicide attempts, men and
women shown separately

Average
atmospheric
pressure
(hPa)
(hPa)

1013

Men

1012
1011
1010
Women
1009
1008
0

1

2

3

Number of suicide attempts per day
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compared to weather impact, but may be inadequate to
explain the timing of suicidal behavior. However, since
statistics on suicide attempts are not compiled on a regular
basis in Finland, our data, collected as a part of a WHO
project, by specially trained nursing staff, represents a rare
and an extensive community-based sample from the capital
region in Finland—a well-defined urban catchment area,
with more or less homogeneous social surroundings during
the study periods. It is also noteworthy that the effect of
atmospheric pressure on an individual can be estimated to
be equal indoors and outdoors, and much less subject to
technical alterations than is the case with lighting and heating for example. Consequently it is a valid variable in
relation to all the individuals who attempted suicide in the
study area.
Gender
We found that men and women seem to react in opposite
ways to changes in atmospheric pressure. This tendency of
genders to react in opposite ways towards weather variables
has been found also in several prior studies (Barker et al.
1994; Breuer et al. 1986; Tsai 2010; Wang et al. 1997; Yan
2000). This is also in line with the common knowledge that
the profile of suicidal behavior in general differs between
men and women in many ways. Men and women have
distinct patterns of seasonality in attempted (Yip and Yang
2004) and completed (Lester and Frank 1988; Meares et al.
1981; Micciolo et al. 1989) suicides, men prefer violent
methods whereas women prefer non-violent methods (Preti
and Miotto 2000). Women have a greater number of nonfatal suicide attempts, whereas men complete three to four
times as many suicides compared to women. Furthermore,
men also have a different profile in social risk factors
(Nordentoft and Branner 2008; Qin et al. 2003; Rocchi et
al. 2007). It is beyond the scope our study to find explanations for this sex difference, but some involvement of sexspecific hormones has been found for the varying response
to atmospheric pressure (El-Migdadi et al. 2000). Overall, in
our opinion, the distinct pattern of suicidal behavior among
genders should be accorded more attention and taken into
account also in future studies.
Interaction between weather and seasons
Our study found an association between atmospheric pressure and number of suicide attempts. However, possible
other alternative associations between weather and suicide
attempts were also seen depending on the season (see Supplementary material on cluster weeks). The impact of a
single weather parameter, such as temperature, or the deviation of temperature from the seasonal normal value, can
differ depending on the season. For example, in temperate

climate during summer, weather that is unusually warm for
the season may cause a strong heat stress, while during
autumn a similar anomaly may be thermally comfortable.
As far as atmospheric pressure is considered, its impact
should be more equal throughout the year, although obviously things may be not that simple. Accordingly, even
though the men’s cluster days seemed more likely to occur
in a context of low pressure, the cluster days in April and
May were quite the opposite and many suicide attempts
were made on high pressure days with sunny weather. For
women, fewer cluster days emerged, but they seemed to
correlate more often with high than low atmospheric pressure. The 3 cluster days defined by the total number of
suicide attempts per day, without sex specific definition,
occurred in winter in high pressure conditions with cloudy
weather.
It is a characteristic of the Finnish climate that, under high
atmospheric pressure, during summer the weather is typically
warm and sunny, but during winter the weather can be either
very cold with a clear sky, or overcast with relatively mild
weather. Under low pressure, rain or snowfall and cloudy
weather are typical characteristics, and during summer the
weather is usually cool, but during winter mild for the season.
Unfortunately the various combinations of weather parameters on suicide attempts could not be assessed from our data
with the short study periods available.
Large seasonal variability in weather variables might
partly explain some of the inconclusive associations between weather and suicidal behavior found in different
countries (Dixon and Kalkstein 2009; Tsai 2010). Accordingly, climate zones with marked climate variability from
season to season could be considered more demanding to
acclimate to, especially for individuals with other risk factors such as psychiatric illnesses and, for example, with
possible underlying malfunctions of the circadian clock.
Effects of atmospheric pressure on the central nervous
system
The biological mechanisms by which suicidal behavior and
weather variables might interact with each other are still
unsolved. However, some interesting biological theories
have emerged. Variation in the amount of sunshine hours,
but also light deprivation has been shown to influence brain
metabolism connected to depression in humans (Lambert et
al. 2002) and rats (Gonzalez and Aston-Jones 2008). Temperature might have an influence through an over-activated
brown adipose tissue metabolism found among the depressed (Huttunen and Kortelainen 1990). An association
between atmospheric pressure and levels of monoamines or
their metabolites, which are involved in the brain metabolism of mood disorders, has been shown (Eklundh et al.
1994, 2000; Heilig et al. 1996; Nordin et al. 1992).
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Furthermore, in rats, the rate and magnitude of a pressure
change have been shown to increase pain-related behavior
(Funakubo et al. 2011; Messlinger et al. 2010; Sato et al.
2004) through the inner ear (Funakubo et al. 2010), and
neuronal activity in rat spinal trigeminal nucleus (Messlinger
et al. 2010). For humans, the biological mechanisms involved in the aggravation of neuropathic pain, as a consequence of changes in atmospheric pressure, remain
unsolved. However, antidepressants are often used in the
treatment of chronic pain (Dharmshaktu et al. 2012).
As for differences between genders, the direction of the
association between atmospheric pressure and suicide
attempts has varied also in previous studies (Maldonado
and Kraus 1991; Nordstrom et al. 1994), although our results
for men were opposite. Serum levels of sex-hormones, that is,
luteinizing hormone and testosterone in men, and levels of
follicle-stimulating hormone and progesterone in women have
been shown to correlate positively with higher atmospheric
pressures (El-Migdadi et al. 2000).
To sum up, our findings and the existing data on neurobiological mechanisms in the central nervous system suggest that several neurotransmitters and also sex-specific
hormones may be involved in the interaction of weather
with suicidal behavior. The clinical importance of the possible association of the atmospheric pressure with suicide
attempts as reported here remains to be elucidated.
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Supplementary material

Synoptic analyses of cluster weeks in each season

The main focus of our article was on daily associations between weather and suicide attempts. However, it may
be beneficial to study also longer periods such as weeks in order to understand possible effects of a longer
exposure time or lag.

Furthermore, weather impact may vary also according to the season. In this

supplementary material we describe the weather type during the week with highest self-harm incidents in each
season. The average expected number of self-harm per week calculated from our data was 32 with 29 suicide
attempts. About half of the attempts were by women. Because of the shortness of the study periods statistical
methods were not applied to this weekly approach and only descriptive analyses are provided.

Cluster week in spring
The highest number of self-harm cases during one week period occurred from 12 to 18 March 1989 (Sunday to
Saturday). The total number of attempted and completed suicides during this period was 56 (51 attempts) of
which 25 (22 attempts) by women. Within this period there were two cluster days of suicide attempts (Tuesday
14 and Saturday 18 March, Table 2).
The week prior to the cluster week was very dark with overcast skies and high atmospheric pressure. Weather
was warm for the season and snow cover had melted. On Sunday 12 March high pressure started to weaken,
gradually at first, and then on the cluster day on Tuesday14 March a rapid and large pressure decrease, more
than 10 hPa per 12 h occurred, preceding the passage of a low pressure system over Finland towards the
northeast. It also rained and air temperature was above zero degrees of Celsius. The low pressure situation was
followed by another low centre passing over southern Finland on Friday 17 March. On the male cluster day of
suicide attempts (Saturday 18 March 1989) the centre of the low was already over northern Finland and
atmospheric pressure was increasing. There was no precipitation and the skies were clear, with more than 8
hours of sunshine.
Besides the high numbers of men’s suicide attempts during the two cluster days, men dominated the overall
number of suicide attempts during this cluster week. This is well in line with our results of the daily association
between men’s suicide attempts and low atmospheric pressure since during this week low atmospheric pressure
and rapid pressure changes had a clear role determining the weather. Another interesting characteristic was
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cloudiness. Mainly overcast weather prevailed until the cluster day on 18 March when suddenly the sky became
clear and amount of solar radiation increased.

Cluster week in summer
In summer the highest number of self-harm cases occurred during the 7-day period from 5 to 11 July 1989
(Wednesday to Tuesday). During this week there were 48 incidents of self-harm (42 attempts); of which by
women 23 (22 attempts). One cluster day occurred on Wednesday 5 July with 8 attempts by women (Table 2).
A period of high pressure over Finland with clear skies and hot weather prevailed from Monday 3 July until 9
July. The hottest days were Tuesday 4 and Wednesday 5 with maximum temperatures exceeding +28 oC. For the
Finnish climate the weather is considered hot when temperature exceeds +25 oC. Besides the cluster day of
suicide attempts by women, the number of self-harm cases continued to be somewhat elevated until the end of
the hot period. The weather began to cool, and by the 11 July the maximum temperature was only 18 oC and the
daily precipitation about 10 mm. The interesting weather phenomena during this period were high pressure
together with a heat-wave that culminated into a thunderstorm and heavy precipitation. This week also supports
our findings from the daily association between high atmospheric pressure and women’s suicide attempts, since
women’s attempts dominate during this week, although only slightly. However, the heat stress may have played
a part during this week as well, since association between temperature and increased suicide mortality have been
suspected in many other studies.

Cluster weeks in autumn
Considering incidents of self-harm, September 1997 was black all in all and we chose two periods for the
analyses. A week with 55 incidents of self-harm (48 attempts) of which 30 (28 attempts) by women occurred
from 10 to 16 September (Wednesday to Tuesday). The number of female suicide attempts was elevated during
the whole one-week period, but there were no single days filling our criteria for a cluster day. The weather
pattern was dominated by a low pressure activity, and it was partly cloudy together with rain showers, yet it was
warm for the season. It rained on six days out of seven.
Towards the end of the month there was an additional one-week period of note. During the week from 20 to 26
September (Saturday to Friday) there were 51 incidents of self-harm of which 19 (18 attempts) by women. In
this period, it was the number of male suicide attempts that was elevated during the period, but there were no
single cluster days. The atmospheric pressure would be classified mainly as normal during this period. The sky
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was partly cloudy and it rained on 3 days during the week. The weather was some degrees cooler than normally
for the season (compared to normal 1971-2000).The results of these two cluster weeks are not in line with our
findings concerning the daily association between atmospheric pressure and suicide attempts. Risk factors other
than weather may be more important. The possible weather association could come across through relatively
high number of rainy days.

Cluster week in winter
The week with the highest incidents of self-harm in winter occurred from 2 to 8 January 1990 (Tuesday to
Monday). There were 54 cases of self-harm (46 attempts) of which 23 (20 attempts) by women. One cluster day
of suicide attempts occurred on Tuesday 2 January (Table 2.), in which New Year festivities may have had some
impact. However, after that, the number of suicide attempts remained high with 9 attempts on two days.
The main characteristics of the weather would be summarised as persistent high pressure with overcast sky,
temperature mainly below 0 oC. In the beginning of the week it was cold for the season, but later on warm for
the season. This week supports our finding of association between high pressure and suicide attempts of women.
Lack of sunshine could be another weather parameter to explain high number of self-harm incidents. Again,
some other risk factors, such as the effect of social activities during holiday seasons may well be responsible for
the high numbers of suicide attempts during this week.

Supplementary table 1. Daily distribution of suicide attempts during cluster weeks in each season,
for women (W) and men (M) in separate.

Season
and dates
of cluster week
Spring: 12.-18.3.1997

Gender No of suicide attempts per day Tot. No of sa.
per week

W
M
Summer:5.-11.7.1989
W
M
Autumn 10.-16.9.1997 W
M
20.-26.9.1997 W
M
Winter: 2.-8.1.1990
W
M

3
6
8
2
6
3
4
5
4
7

2
4
3
3
5
3
1
5
2
3

6
5
2
3
3
4
2
4
6
3

2
2
1
3
2
6
3
4
0
3

1
2
2
2
3
2
2
4
5
4

5
2
4
4
5
1
3
4
1
3

3
8
2
3
4
1
3
5
2
3

22
29
22
20
28
20
18
31
20
26
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