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Abstract: Climate changes are a phenomenon that can affect the daily activities of rural communities,
with particular emphasis on those directly dependent on the agricultural and forestry sectors. In this
way, the present work intends to analyse the impact that climate changes have on forest risk assessment,
namely on how the occurrence of rural fires are affecting the management of the forest areas and
how the occurrence of these fires has evolved in the near past. Thus, a comparative analysis of
the data provided by IPMA (Portuguese Institute of the Sea and the Atmosphere), was carried out
for the period from 2001 to 2017 with the climatic normal for the period between 1971 to 2000, for
the variables of the average air temperature, and for the precipitation. In this comparative study,
the average monthly values were considered and the months in which anomalies occurred were
determined. Anomalies were considered in the months in which the average air temperature varied
by 1 ◦C than the value corresponding to the climatic norm, in at least 50% of the national territory.
The same procedure was repeated for the variable precipitation, counting as anomaly the occurrence
of a variation in precipitation of 50%, also in 50% of the national territory. Then the calculation
of the moving averages for cycles of 3, 5 and 7 periods were applied, and the trend lines were
projected. Subsequently, the relationship between the results obtained and the occurrence of rural
fires as well as the spatial distribution of forest area, species and structure were analyzed. From the
results obtained it was possible to confirm the existence of a tendency for the occurrence of climatic
anomalies, highlighting the occurrence of an increasing number of months with temperatures higher
by at least 1 ◦C. It was possible to foresee the relation between the occurrence of rural fires and the
periods of anomaly and absence of precipitation. From the results obtained it is also possible to
infer that, analyzing the tendency for these phenomena to occur, it can be necessary to change the
“critical period of rural fires”, since it is verified that what is currently in use does not covers the entire
period where anomalies occur and where large-scale rural fires potentially can happen.

Keywords: climate changes; Portuguese forest; rural fires; pests; invasive species

1. Introduction

The study of the climate is a complex field of investigation presently in great evolution, mainly
due to the number of factors that can intervene in it, such as temperature, precipitation, sea currents
and solar radiation, among others. These factors interact directly with the energy balance of the planet,
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provoking variations in different time scales, e.g. from tens to thousands or even millions of years,
which make Earth’s climate never static [1–3].

Climate changes can be defined as global variations of the Earth’s climate, due to natural
causes, but also to the action of Man [4]. Climate changes occurs at very different times and over
all climatic parameters, such as temperature, precipitation, cloudiness, and so on. The designation
“greenhouse effect” is applied to the phenomenon of retention of solar radiation by Earth’s atmosphere
through a layer of gases called “greenhouse gases”. Without them life as it is known would not be
possible, since the planet would be too cold [5].

Among these gases are carbon dioxide, nitrogen oxides and methane, which are produced mainly
by industry, agriculture and the combustion of fossil fuels. The industrialized world contributed to
increase the concentration of these gases by about 30% during the 20th century, when, without human
action, nature was able to balance these emissions [6]. Today, there is a consensus about the idea that the
current model of energy production and consumption is generating global climate changes, which in
turn will cause serious impacts both on planet’s environment and on socioeconomic systems [7].

In the distant year of 2001, the Third Assessment Report of the Intergovernmental Panel on
Climate changes (IPCC) highlighted the evidence provided by observations of physical and biological
systems showing that regional changes in climate, more specifically the increases in temperatures,
were affecting different systems in several parts of the planet [8]. The report definitively stated
that there were mounting evidences of the existence of climate changes and its derived impacts.
However, the temperature increased by about 0.6 ◦C during the 20th century [9].

More recently, in 2013, the IPCC Summary for Policy Makers stated that “man’s influence on
the climate is obvious. This is evident from the growing concentration of greenhouse gases in the
atmosphere, and it is extremely likely that human influence is the dominant cause of warming since
mid-20th century. The continuous emission of greenhouse gases will cause further warming and
changes in all climatic components of the planetary system. Limiting climate changes will require
a substantial and sustainable reduction in the production and emission of greenhouse gases” [10].
Climate changes affects everyone on the planet indiscriminately. The potential impact is huge with
predictions of lack of potable water, major changes in food production conditions and rising mortality
rates due to floods, storms, droughts and heat waves [11].

Climate changes are not only an environmental phenomenon, but also have profound economic
and social consequences. The poorest countries, which are least equipped to deal with rapid changes,
will suffer the worst consequences. Extinction of animals and plants is expected as habitats will
change so sharply that many species will not be able to adapt in time to survive. The World Health
Organization (WHO) warned that the health of millions of people can be threatened by increased
malaria, malnutrition and diseases [12,13].

Portugal, because of its geographical situation and socioeconomic characteristics, is very vulnerable
to climate changes. As a consequence, even if there are uncertainties that do not allow the expected
climate changes to be quantified with sufficient precision, the information validated so far is sufficient
to take immediate action, in accordance with the so-called “Precautionary Principle”, which to is made
reference in Article 3 of the United Nations Framework Convention on Climate Change (UNFCCC) [14].
Inertia, delays and the irreversibility of the climate system are very important factors to be taken
into account and, the longer it takes to start action, more the effects of increasing concentrations of
greenhouse gases will be less reversible [15].

Climate change presents major challenges for the Portuguese forestry sector. The effects of climate
changes on forest ecosystems in Portugal are already evident in many respects. Anticipated impacts
of future climate scenarios indicate a progressive intensification of these effects as the 21st century
progresses, e.g., in the distribution of forest formations, structural and functional changes, in certain
parameters of forest health, greater vulnerability to extreme weather events and rural fires, and a
change in the flow of environmental goods and services that forests provide [16].
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The interactions between the forest area and the problem of climate changes must be analyzed
from two perspectives. On the one hand, it is necessary to contemplate what the forests can bring to
the reduction of this problem, being a path to mitigation, and on the other hand, what impact climate
changes can have on forests, analyzing their adaptation and evolution [17].

These interactions are not independent and are affected by complex interconnection and cause-effect
processes. For example, the importance of forests to mitigate CO2 concentrations can be affected if the
impact of climate changes reduce their storage capacity through growth and development constraints,
or increases the problem of rural fires. In other words, it is necessary to define and apply tools to
manage forests more efficiently, to tackle the problem of climate changes, interlinking adaptation and
mitigation, with a view to adaptation in order to mitigate its effects and consequences [18,19].

In Portugal, forests occupy approximately 3.2 million hectares, about 35% of the total area of the
country [20]. Portuguese forests provide many benefits and services, including clean water and air,
recreational and leisure spaces, wildlife habitats, carbon sequestration and storage, climate regulation,
and a variety of forest products with a large impact on the economy [21,22].

Climate influences the structure and function of forest ecosystems and plays a key role in forest
health. A changing climate can intensify many of the threats to forests, such as the outbreak of
pest outbreaks, fires, drought and the very development of populations there [23]. Climate changes
directly and indirectly affect the growth and productivity of forests through changes in temperature,
precipitation, climate and other factors. In addition, high levels of carbon dioxide can also affect plant
growth. These changes influence the complex forest ecosystems in various ways [24].

Together with the impacts resulting from the effects of climate changes, forests face impacts
due to the development of land management, namely due to their use and occupation, periodic
rural fires and atmospheric pollution. Although it is difficult to separate the effects of these different
factors, the combined impact is already causing changes in Portuguese forests. As these changes are
expected to continue in the coming decades, some of the economic aspects provided by forests may be
compromised in the short term [25].

This review article is intended to approach climate changes, starting from the global perspective
and then to deal specifically with the Portuguese situation, from the point of view of impacts.
Following sections deal specifically with the evolution of the climate in Portugal, with the objective
of understanding how these variations can influence the development of the forest. In this way,
an analysis of the current state and the development of the climate in the last years is presented, both in
terms of the evolution of the average air temperature and precipitation evolution. An analysis is also
made of the effects of the changes and their relationship with the occurrence of rural fires in Portugal,
with particular attention to the period 2001 to 2017, and to the way in which these occurrences interfere
in the development and evolution of forests. Finally, an analysis is made of the impacts of climate
changes and its consequences on Portuguese forests, in particular due to the increase in the occurrence
of rural fires, pests and occurrence of forest invasive species.

2. Impact of Climate Changes in Forest Production

2.1. Forest Growth and Productivity

There are several aspects related to climate changes that are most likely to significantly affect
the growth and productivity of forest species. Examples of such factors are the rise in temperature,
changes in precipitation levels and increases in the concentration of carbon dioxide [26].

The rise in temperature generally increases the duration of a plant’s growing season. This factor
also contributes to the change in the geographic dispersion of some tree species. In this way, the habitats
of some types of trees tend to move to the north or to higher altitudes. Other species will be at risk
locally or regionally if the conditions in their current geographical ranges are not the most appropriate.
For example, species that currently exist only on top of mountains in some regions may disappear as
the climate warms up as these species cannot evolve to a higher altitude [27].
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Climate change is most likely to increase the risk of drought in some areas and the risk of extreme
rainfall and flooding in other regions [28]. Increased temperatures change the defrosting time, affecting
the seasonal availability of water. Although many trees achieve up to a certain degree of drought, rising
temperatures can make future droughts more damaging than they have in the past. In addition, drought
increases the risk of rural fires, since dry trees and shrubs provide fuel for the fires. Drought also
reduces sap trees’ ability to produce sap, which protects them from destructive insects and disease [29].

Carbon dioxide is needed for photosynthesis, the process by which green plants use sunlight to
grow. With sufficient water and nutrients, increases in atmospheric CO2 concentration may allow trees
to have higher growth rates, which may alter the distribution of tree species. Growth will be higher
on nutrient rich soils, with no water limitations, and will decrease with reduced fertility and water
supply [30].

2.2. Pests, Invasive Species and Rural Fires

Climate changes can change the frequency and intensity of negative impacts on the forest, such as
pest outbreaks, invasive species proliferation, rural fires and storm surges. These disturbances can
reduce forest productivity and change the distribution of forest species. In some cases, forests may
recover from a disturbance, but in other cases, existing species may evolve or disappear. In these cases,
new plant species that colonize a given area create a new type of forest [31].

According to the opinion of several authors [32–34], with temperatures rising as the climate
changes and warms, insects will become more active, and consequently more ravenous and abundant,
increasing the likelihood of occurrence of insect pests. In this way damage to crops, both agricultural
and forestry, is bound to increase [32]. This argument gains strength, as the increase in temperature
accelerates the metabolism and reproduction of insects. The same authors estimate that each degree of
increase in temperatures will mean increased damage in crops of 10% to 25% [32].

Unlike mammals and birds, insects heat or cool according to their environment. When an insect
warms up, its metabolism accelerates. The faster you burn energy, the more voraciously the insect
feeds and the sooner you can reproduce. The analysis of this information has allowed researchers to
conclude that the growth rates of the populations are not very different among the different types of
insects, allowing the development of a mathematical model that simulates the growth of the insect
populations. This simulation allows us to infer the damage caused by these same populations of insects
in the crops, both agricultural and forestry [32,34].

Tropical insects generally are already close to the upper limit of their temperature tolerance, so it
can be concluded that it will not be in these regions that the greatest variations in insect populations
will surely be observed. In areas with a more temperate climate, insects can significantly accelerate their
activity, causing more damage to the crops. Variations in temperature may encourage or discourage
insect species from invading new territories. Temperatures can also affect the parasites that attack the
same insects that attack the crops, so the end result will greatly depend on the ability of all stakeholders
to evolve and adapt to the new reality [32,35].

A number of biotic and abiotic agents have been identified in Portugal that are capable of causing
physiological imbalances responsible for changes in tree development and that may be associated with
the high frequency with which rural fires occur, which may lead to the onset of pests and diseases.
Table 1 presents some of these pests that constitute major sanitary problems for the Portuguese forest.

The xylophagous or subcortical insects that attack the trunk can be considered as the most serious
pests, since they block the circulation of sap, putting at risk the survival of the tree. Some of these
insects also have the ability to inoculate agents that contribute to the weakening and death of trees [36].
Insect attacks on leaves usually do not jeopardize tree survival (with the exception of very severe
attacks on young stands), as the young tree has been completely stripped of needles, leading to the
tree’s death. In other situations, for example with older and larger trees, canopy regeneration may
occur, although it may show a decrease in its annual growth rate, since the energy reserves will be
channeled for the renewal of the foliage [36].
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Table 1. Main pests of the forest in Portugal (adapted from [36]).

Forestry Species Scientific Name of the Pest

Eucaliptus Gonipterus platensis
Phoracantha semipunctata

Cork oak and holm oak

Lymantria dispar
Periclista spp.

Tortrix viridana
Curculio elephas
Cydia splendana

Coroebus undatus
Coroebus florentinus
Platypus cylindrus

Xyleborus spp.

Maritime pine and stone pine

Thaumetopoea pityocampa
Pineus pini

Cinara maritima
Leucaspis spp.

Pissodes validirostris
Dioryctria mendacella

Leptoglossus occidentalis
Orthotomicus erosus

Tomicus spp.
Ips sexdentatus

Dioryctria sylvestrella
Pissodes castaneus

Monochamus galloprovincialis

This situation is more critical in the resinous species since its leaf surface is renewed in a slower
way than in the hardwood species. However, it is the pests and diseases introduced in Portugal
that cause the most damage to the forest. This is an example of the introduction of the woody pine
nematode (Bursaphelenchus xylophilus) in 1999, which is currently the most serious forest health problem
in Portugal, and is responsible for enormous economic losses, not only due to the dead pine trees,
but also due to the strong restrictions on the export of pinewoods [36].

Eucalyptus also suffered from the introduction of exotic species, such as mortality caused by
the eucalyptus borer (Phoracantha semiounctata) in the late 1990s, mainly in Beiras and Alentejo and,
more recently, the damage caused by the defoliant weevil in the North and Center regions [36].

Recently, other exotic insects have been registered in Portugal, such as the eurasian golden-bug
(Thaumastocoris peregrinus) and the chestnut-horned wasp (Dryocosmus kuriphilus) [37]. Its medium
and long-term impact in the national territory is not yet known, but because of the risk of being an
emerging pest, action plans have already been implemented for its control [36]. Lack of natural controls
such as predators or pathogens, as well as the fact that tree defenses are unsuitable for these harmful
agents, may allow insects to spread. Climate changes could contribute to an increase in the severity
of future insect outbreaks. Rising temperatures may allow some species of insects to develop more
rapidly, alter their seasonal life cycles, and expand their activity to other latitudes than usual [38,39].

In 2017, rural fires consumed more than 442,000 hectares of forest in Portugal, causing 104 human
casualties and more than 600 million euros in losses [40,41]. High temperatures and drought conditions
during the early summer contributed to this tragic scenario [42]. The rural fires of 2017 were the largest
catastrophe in the country in terms of the number of fatalities since the fateful floods of 1967 [43].
Rural fires cause a feeling of impotence in the population, which considers them almost a fatality
intrinsic to the Portuguese forest, to the point of generalizing the expression “fire season”, as if it were
naturally part of the calendar as another season [44]. Since 2000, 200 people have died as a result of
rural fires in Portugal [45].
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As mentioned earlier, hundreds of thousands of hectares of forest have disappeared, accounting
for more than half of the area burned in Europe in 2017 [46] and comprising a great historical landmark,
since the fire decimated a significant part of the Pinhal do Rei in Leiria, from where the legend must
have left the mythical wood that served to build the ships and caravels that led the Portuguese in the
period of maritime expansion [44]. But it was not only the past that was destroyed, since the industrial
and agricultural sectors were also largely hit, putting a high number of jobs at risk.

However, this event is not new and in 2017 it only reached the contours that it reached due to
the absurd number of deaths and injuries, since in previous years similar phenomena were observed,
except for the number of victims. The effect of climate changes is expected to contribute to increasing
the extent, intensity and frequency of rural fires in certain areas of the country. Warmer spring and
summer temperatures, coupled with reduced availability of water, dry woody materials in forests and
increase the risk of rural fires.

Fires can also contribute to the very phenomenon of climate changes, as they can cause large and
rapid releases of carbon dioxide into the atmosphere [47]. It is important to note that fire activity is not
only determined by drought as a structural basis and by meteorology as the conjunctural basis of risk.
The continued aridity has effects of greater temporal availability of all vegetation to burn, resulting
in campaigns of continuous or extended fires, creating the conditions for large fires more easily and
quickly than under the “normal” regime of situations [48].

The concept of “aridity” of fuel has been related in the USA with the increase in rural fires in size
and severity [49]. This concept, as well that of fine fuel moisture content (FFMC) [50], is related to
climate changes and contributes to the regime of extreme fires of the past gradually becoming the
current normal fire regime [51]. Spring weather, and especially June weather conditions, led to very
significant fuel “aridity” conditions. The months of June 2015–2017 along with the four-year period
2003–2006 were the hottest since record keeping, coinciding with years of larger fires [52]. There is,
however, a significant difference between 2017 and the years 2003 to 2006, which means that in 2017
the concept of “aridity” of fuel has reached its maximum in Portugal by making a warm June to hot
spring happen, what differentiates 2017 from the years of great fires of the recent past. As a result, in
2017 there was an advance of the first major fires of the year to June, when in the past they had always
occurred in late July and early August. This change constitutes a clear impact of the effect of climate
changes on contemporary fire regimes [53].

In the data presented in Table 2 it can be observed that the occurrence of rural fires has been a
recurring situation in recent years. The table shows the area burned in fires from 1980 to 2017, as well
as the number of ignitions occurred during the same period, in order to allow the correlation between
the fires and the burning area and the annual costs caused by rural fires. From the analysis of the
data it is possible to infer a tendency for the growth of the area burned in rural fires, mainly from the
90s, although this tendency has already occurred since the 80s, but with less significance. According
to the Portuguese Nature and Forests Conservation Survey (ICNF) available data, the 10 years with
the highest area burned all occurred after this period, including the peak year in 2017. This period
coincides with many of the hottest years recorded throughout the country.

This type of occurrence, especially when it occurs simultaneously, can interact with one another,
or with changes in temperature variation and amount of precipitation, to increase the risks for the
occurrence of several impacts on the forests. For example, drought can weaken trees and make the forest
more susceptible to rural fires or outbreaks of insect pests and diseases. Similarly, after the occurrence
of a forest fire, the forest may become more vulnerable to insect pests and diseases. This permanent
occurrence of rural fires in Portugal, in addition to the environmental impact that is easily recognized,
also has a very significant impact on the economic perspective.

In fact, as already mentioned, the trivialization of the “fire season” as if it were a seasonally
repeatable period of the Portuguese year led to the inclusion of significant amounts of costs in the
state budget for the prevention of rural fires, in addition to the creation of an increasingly modern
and prepared device to combat the fires. Table 2 presents as well the costs related to the occurrence
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of rural fires from 1980 to 2017. From the simple analysis of the data, there is a progressive increase
in costs associated with the growth of the burned areas. The amount presented represents the sum
corresponding to the amount spent each year on the prevention, combat and costs associated with the
damages caused by rural fires.

Table 2. Annual costs associated with rural fires (adapted from [20] and [54]).

Year Nr. of Occurrences Burned Area (m2) Total Costs (€)

1980 2349 44,251 €96,024,670
1981 6730 89,798 €194,861,660
1982 3626 39,556 €85,836,520
1983 4542 47,811 €103,749,870
1984 7356 52,710 €114,380,700
1985 8441 146,254 €317,371,180
1986 5036 89,522 €194,262,740
1987 7705 76,268 €165,501,560
1988 6131 22,434 €48,681,780
1989 21,896 126,237 €273,934,290
1990 10,745 137,252 €297,836,840
1991 14,327 182,486 €395,994,620
1992 14,954 57,012 €123,716,040
1993 16,101 49,963 €108,419,710
1994 19,983 77,323 €167,790,910
1995 34,116 169,612 €368,058,040
1996 28,626 88,857 €192,819,690
1997 23,497 30,535 €66,260,950
1998 34,675 158,369 €343,660,730
1999 25,473 70,613 €153,230,210
2000 34,107 159,605 €433,000,000
2001 26,947 112,312 €319,000,000
2002 26,576 124,619 €394,000,000
2003 26,219 425,839 €1,303,000,000
2004 22,165 130,108 €402,000,000
2005 35,824 339,089 €756,746,827
2006 20,444 76,058 €132,001,898
2007 20,316 32,595 €37,109,004
2008 14,930 17,565 €22,371,685
2009 26,136 87,421 €86,259,214
2010 22,026 133,091 €183,911,947
2011 25,222 73,829 €80,557,921
2012 21,179 110,232 €196,227,660
2013 19,294 152,690 €208,337,840
2014 7067 19,930 €27,503,169
2015 15,851 64,412 €119,406,200
2016 13,079 160,490 €460,000,000
2017 16,981 442,418 €616,000,000

Total 4,419,166 €9,589,826,075

This phenomenon of rural fires in Portugal, which it is now beginning to be understood can be
boosted by climate changes, does not however originate in these changes or even natural causes in the
overwhelming majority of occurrences. Nowadays, the cause of the origin of the great majority of the
rural fires is already investigated, being therefore possible to refute the thesis of the natural origin for
these occurrences.

Both the ICNF and the Nature and Environment Protection Survey (SEPNA), belonging to the
National Republican Guard (GNR), have the human and technical capacity to analyze the causes
that caused a certain ignition and disseminate the results of the investigations in documents that are
available at their respective websites, which can be followed at the addresses, respectively (www.icnf.pt

www.icnf.pt
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and http://www.gnr.pt/atrib_SPENA.aspx). From the analysis of these data we obtain the results that
are presented in Table 3.

Table 3. Causes of rural fires investigated by National Republican Guard/Nature and Environment
Protection Survey (GNR/SEPNA) in 2016 (adapted from [20]).

Causes Percentage of Total Occurrences

Undetermined 34.7%
Use of fire 25.2%

Arson 21.6%
Re-ignition of rural fires 13.6%

Accidental 3.5%
Natural 0.7%

Structural 0.6%

From the analysis of the data presented in Table 3, it can be observed that in the vast majority of
cases, rural fires have an accidental, negligent or willful origin, origin in human activity, and the role
of natural phenomena to which responsibilities, are clearly very insignificant. This group includes,
for example, the occurrence of dry thunderstorms, very frequent in the summer. However, as shown
in the previous table, with a very insignificant weight in the overall number of occurrences. Among all
the frequent causes, it continues to be the “use of fire”, mainly in the form of burnings to eliminate
agricultural and forest residues, that is the main cause for the occurrence of rural fires (Figure 1).
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Polytechnic Institute of Viana do Castelo (north Portugal), where it is possible to observe 9 fires in a
rural environment occurring simultaneously.

3. Evolution of Climate Changes in Portugal

3.1. Framework

As previously mentioned, climate can be defined as the set of long-term meteorological conditions
prevailing in a given area. Thus, in this perspective, the average values of the climatic variables of a
given location will be more representative according to the time interval used in the analysis, thus
constituting a time serie. In this way, the same results are not obtained when comparing a time interval
of one year with one of 10 years, or one of 100 years. It is important to have long time series of data to
analyze the variations and the evolution of the climate. For example, the Portuguese Institute of the
Sea and the Atmosphere (IPMA), has available series of meteorological data dating back to 1865 [55].

The World Meteorological Organization (WMO) agreed that climate characterization is done
by analyzing the mean values of the various climatic elements over a period of 30 years [56,57].
This period is the normal value of a climatic element and represents the average value corresponding to
a sufficiently long number of years to be assumed to represent the predominant value of that element
at the site under consideration [58,59]. Similarly, the WMO designates the statistical values obtained
for periods of 30 years, starting in the first year of each set of years (1901–1930, 1931–1960, 1961–1990,
1991–2020) [60]. These are the reference normals or average representative values, however, can be
calculated and used climatological normals based on intercalary periods, for example periods like
1951–1980 or 1971–2000 [55].

http://www.gnr.pt/atrib_SPENA.aspx
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The Portuguese Institute of the Sea and Atmosphere (IPMA) provides online information on
the climatological normal of 21 meteorological stations for the period 1971–2000, including monthly
and annual values of the main climatic elements. In the same website are also available the average
values of air temperature and total precipitation. For the two climatic parameters selected, average
air temperature and precipitation, IPMA provides information on the occurrence of anomalies by
creating maps of isolines representing, in the case of average air temperature, areas where the air
temperature exceeded (positive or negative) the values of the last climatic normal (period from 1971 to
2000). Likewise, for precipitation, isoline maps are also presented, thus representing percentage of the
amount of precipitation occurred compared to normal climatic conditions (period 1971 to 2000).

Subsequently, new maps of isolines based on the previous ones, made available by the IPMA
website, were constructed, which were simplified in order to facilitate the reading and counting of the
number of anomalies that occurred, both for the average air temperature and for the precipitation. After
counting the anomalies in the period from 2001 to 2017 for the two parameters selected, tables were
elaborated presenting the data. For the verification of the existence of a trend of occurrence of events
and to allow a better visualization of the results, a moving average model was applied, because this
method facilitate the smoothing of the plotting of the data allowing an easier visualization of the
eventual trend.

3.2. Air Temperature Anomalies

The most well-known and referred parameter when it comes to the subject of climate changes
is surely the rise of air temperature. If on the one hand the scientific community addresses other
parameters with the same concern and capacity for analysis, civil society refers to this particular issue,
often without understanding its real effects, but mainly because it is the most approached by the media.
It is a rare day when no news comes out in all kinds of media that do not allude to “global warming”
and the “greenhouse effect”, or very specifically to its effects and consequences anywhere in the world,
such as occurrences of rural fires, hurricanes, floods, long periods of drought, rising sea levels or
changing monsoon cycles.

Thus, this section analyzes the occurrence of anomalies in the average air temperature. In this
particular case, the occurrence of an anomaly is considered whenever the average monthly temperature
exceeds 1 ◦C, compared to normal climatic conditions during the period 1971–2000. Based on this
analysis, isoline maps were constructed, as the presented in the example of Figure 2, which visually
indicate which regions of the country have exceeded +1 ◦C (colored in red), −1 ◦C (colored in blue)
and which were similar to normal climatic (colored in green). An abnormal month is considered when
at least 50% of the national territory has been subjected to temperature values above or below 1 ◦C
compared to normal climatic conditions (period 1971–2000).

Table 4 shows the anomalies observed in the period between 2001 and 2017. As can be seen,
there was a significant set of anomalies in all the constituent years of the period, with a maximum of
anomalies of 7 occurring in 2017 2005, 2006, 2009, 2015 and 2017. The lowest number of anomalies was
reached in 2004 and 2007, with 3 occurrences. Based on these data, it is necessary to determine the
existence of a tendency for an increasing number of anomalies, that is, to determine if the number of
anomalies occurring in the period between 2001 and 2017 shows a tendency to occur in some sense.
For this inquiry the simple moving average method was used [61].

The determination of the simple moving average of a set of n elements is obtained by calculating
the unweighted averages of the subsets of n elements in a given set of data. For example, given a set of
n elements p1, . . . , pn, the first element of the moving average is given by Equation (1):

Mn =
p1 + . . .+ pn

n
=

1
n

(1)
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the second is given by Equation (2):

Mn′ =
p2 + . . .+ pn+1

n
=

1
n

n+1∑
i=2

pi (2)

or even by Equation (3):

Mn′ = Mn +
pn+1

n
−

p1

n
(3)

and so on until pn−n+1, . . . ,pn.
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The same Table 5 presents the results of the application of the simple moving average method and
in Figure 3 the trend lines are presented. In this particular situation the method was applied for 3,
5 and 7 periods, since it was understood that for the number of data available, it would be sufficient.

The application of the periods consists in the aggregation of data groups according to the period
used, and in the performance of the average of that group, the result obtained corresponds to the
average element of the group. For example, for an average of three periods, the first three years, 2001,
2002 and 2003 are selected, and the average number of occurrences for these three years are determined.
The final result is assigned to the middle element, in this case it is the year 2002. Then the operation
was repeated for the group of the next three elements, 2002, 2003 and 2004, and so on.
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Table 4. Results obtained from the application of the simple moving average method.

Year Nr. of Occurrences 3 Periods Average 5 Periods Average 7 Periods Average

2001 5
2002 5 5
2003 5 4 5
2004 3 5 5 5
2005 7 6 5 5
2006 7 6 5 5
2007 3 5 6 5
2008 4 5 5 5
2009 7 5 5 5
2010 5 6 5 5
2011 5 5 5 5
2012 4 5 5 6
2013 5 5 5 5
2014 6 6 6 6
2015 7 6 6
2016 6 7
2017 7

Table 5. Distribution of climatic anomalies by the months of the constituent years of the period
under analysis.

Year J F M A M J J A S O N D

2001 a a a a a
2002 a a a a a
2003 a a a a a
2004 a a a
2005 a a a a a a a
2006 a a a a a a a
2007 a a a
2008 a a a a
2009 a a a a a a a
2010 a a a a a
2011 a a a a a
2012 a a a a
2013 a a a a a
2014 a a a a a a
2015 a a a a a a a
2016 a a a a a a
2017 a a a a a a a

Total 7 6 6 10 10 12 8 8 9 9 4 2

For the calculation of the means of five and seven periods, the procedure is similar, but now,
instead of selecting three elements, five or seven will be selected, repeating the operation for all
the elements of the sample. The higher the number of data available, more averages with different
periods can be calculated, the data being analyzed as linearly as possible. It is in this way that one can
determine if there is a growing or decreasing tendency of the occurrence of a given event (Figure 2).

In the previous figure is showed the projection of the data previously presented in Table 1. As can
be seen, the real data or the total occurrences, represented by the blue line, allow the creation of a trend
line and indicate by itself a perspective increase in the number of occurrences. However, with the
application of the simple moving averages method, it is verified that the lines corresponding to each of
the averages, the average of three periods being represented by the brown line, the average of the five
periods represented by the green line and the average of seven periods represented by the purple line,
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indicate in a much more visible way an increasing tendency for the occurrence of climatic anomalies.
This fact is even more noticeable when one observes the lines or lines of trend, which clearly indicate
an increasing trend towards a more frequent occurrence of this event.Climate 2019, 7, x FOR PEER REVIEW 12 of 24 
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In addition to this verification of the tendency for a given event to occur, in this case the occurrence
of climatic anomalies, it is also necessary to verify the probability of occurrences occurring in one
month to the detriment of another, since this seasonality, associated to the occurrence of precipitation
and to the biological cycles of plant growth may be determinant for the increased risk of occurrence of
rural fires, as well as for their degree of intensity and severity.

Table 5 presents the distribution of climatic anomalies by the months of the constituent years of the
period under analysis. As can be seen in the data presented in Table 5, although there is a dispersion for
all the months of the year, since climatic anomalies occurred in all months of the year without exception.
Over the last 17 years under analysis in this study, there is a higher concentration of these events in
the spring and early summer months (April, May and June), so if factors are also anomalous in the
following months, summer and autumn, also associated to the occurrence of precipitation anomalies,
a strong probability of occurrence of ideal conditions for the outbreak of rural fires of great intensity
and severity.

As can be seen, there is also a strong tendency for air temperature anomalies to occur during the
summer and autumn months, so it can be said that the probability of repeating situations such as those
occurring in 2017, favorable for the outbreak of fires in summer and autumn, is very high.

3.3. Precipitation Anomalies

Similar to the methodology used for the previous section, maps of isolines were created on
the maps made available on the IPMA website (www.ipma.pt). In these maps, the zones of the
country where precipitation was at least equal to that of the normal climatic period used in this study,
the period 1971 to 2000 were defined as an anomaly when in a given month, in at least 50% of the

www.ipma.pt
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continental national territory, precipitation was lower than that occurred in the period of normal
climatic conditions.

Table 6 shows the precipitation anomalies observed in the period between 2001 and 2017. As can
be seen, there was a significant set of anomalies in all the constituent years of the period, with a
maximum of 11 anomalies occurring until 2017, in the years of 2015 and 2017, but in 2008 there were
10 anomalies, and in the years 2004, 2007, 2009 and 2012, there were 9 anomalies. The lowest number of
anomalies was reached in the years 2006 and 2014, with 5 occurrences. Table 6 presents the results of the
application as well of the simple moving average method and in Figure 4 the trend lines are presented,
using the same methodology described in the previous section. Also, in this situation the method was
applied for 3, 5 and 7 periods, since it was understood that for the number of data available, it would
be sufficient. Based on these results the graphic presented in Figure 4 was constructed, where the trend
lines are also projected, and the projection of data previously presented in Table 3 are shown.

Table 6. Results obtained from the application of the simple moving average method.

Year Nr. of Occurrences 3 Periods Average 5 Periods Average 7 Periods Average

2001 6
2002 7 6
2003 6 7 7
2004 9 8 7 7
2005 8 7 7 8
2006 5 7 8 8
2007 9 8 8 8
2008 10 9 8 8
2009 9 8 8 8
2010 6 7 8 8
2011 7 7 8 8
2012 9 8 7 8
2013 8 7 8 8
2014 5 8 8 8
2015 11 8 8
2016 7 10
2017 11

As can be seen, the actual data or total counted occurrences, represented by the blue line, allow
the creation of a trend line and indicate in itself a growth perspective of the number of occurrences.
However, with the application of the simple moving averages method, it is verified that the lines
corresponding to each of the averages, the average of three periods being represented by the red
line, the average of the five periods represented by the green line and the average of seven periods
represented by the purple line, indicate in a much more visible way an increasing tendency for the
occurrence of climatic anomalies.

This fact is even more noticeable when trend lines are analyzed, which clearly indicate an increasing
trend towards a more frequent occurrence of this event, similar to what had already happened in the
previous section, in the analysis of air temperature anomalies.

As can be seen in Table 7, there is a dispersion of the occurrence of anomalies for all the months
of the year, since occurred climatic anomalies in all months of the year without exception. Over the
last 17 years under analysis in this study, there is a greater concentration of these events in the spring
and early summer months (April, May and June), so if factors are also anomalous in the following
months, summer and autumn, also associated with the occurrence of precipitation anomalies, there is a
strong probability of occurrence of ideal conditions for the outbreak of rural fires of great intensity and
severity. It also appears that the occurrence of periods with precipitation at levels lower than usual
would occur more and more frequently and can be said that the trend of the period between 2001 and
2017 is the repetition of periods of low precipitation.
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Table 7. Distribution of climatic anomalies by the months of the years of the period under analysis.

Year J F M A M J J A S O N D

2001 a a a a a a
2002 a a a a a a a
2003 a a a a a a
2004 a a a a a a a a a
2005 a a a a a a a a
2006 a a a a a
2007 a a a a a a a a a
2008 a a a a a a a a a a
2009 a a a a a a a a a
2010 a a a a a a
2011 a a a a a a a
2012 a a a a a a a a a
2013 a a a a a a a a
2014 a a a a a
2015 a a a a a a a a a a a
2016 a a a a a a a
2017 a a a a a a a a a a a

Total 11 12 9 11 12 13 15 11 10 6 9 14

As can be observed, there is also a certain tendency for precipitation anomalies to occur during
the spring and summer months, so it can be said that the probability of repeating situations such as
those occurring in 2017, with very favorable conditions for the outbreak of rural fires in summer and
autumn is very high, especially when the conditions previously discussed are combined.

However, these considerations still have to be validated through the analysis of a longer time
period, since the use of a range composed of only 17 years seems manifestly short so that definitive
conclusions can be drawn on the evolutionary tendency of the climate. Several authors indicate in
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their work that a period of less than 30 years may not be representative to justify an evolutionary
analysis of the climate [62–64]. Many point to the analysis of time intervals of 30, 50, or even more
years. However, there are other authors who point to the use of more restricted time windows, in order
to allow the analysis of short duration sensitivity, which may somehow indicate trends in a given
direction, for one or more variables [4,65].

Notwithstanding the fact that this is not the most appropriate conclusion, in order to verify if
there is an effective trend of climate change, the data indicate a tendency for an increasing number
of climate anomalies, both associated with monthly air temperature average, and to the monthly
average precipitation, when compared to the normal period 1971–2000. A good possibility for an
expedited confirmation of the existence of a trend in time series is through the use of the non-parametric
Mann–Kendall test, suggested by the WMO to evaluate the trend in time series of environmental data.

The non-parametric Mann–Kendall test is commonly employed to detect monotonic trends in
series of environmental data, climate data or hydrological data [66]. The null hypothesis, H0, is
that the data come from a population with independent realizations and are identically distributed.
The alternative hypothesis, HA, is that the data follow a monotonic trend. The Mann–Kendall test
statistic is calculated according to:

S =
n−1∑
k=1

n∑
j=k+1

sgn
(
X j −Xk

)
(4)

where,

sgn(x) =


1 i f x > 0
0 i f x = 0
−1 i f x < 0

(5)

The mean of S is E[S] = 0 and the variance, σ2 is:

σ2 =

n(n− 1)(2n + 5) −
p∑

j=1

t j
(
t j − 1

)(
2t j + 5

)/18 (6)

where p is the number of the tied groups in the data set and tj is the number of data points in
the jth tied group. The statistic S is approximately normal distributed provided that the following
Z-transformation is employed:

Z =


S−1
σ i f S > 0
0 i f S = 0

S+1
σ i f S < 0

(7)

The statistic S is closely related to Kendall’s τ as given by:

τ =
S
D

(8)

where,

D =

1
2

n(n− 1) −
1
2

p∑
j=1

t j
(
t j − 1

)
1
2 [1

2
n(n− 1)

] 1
2

(9)

From the application of the Mann–Kendall test to the counted data of the anomalies occurring for
mean air temperature and precipitation, summarized in Table 8 and in Figures 5 and 6, it can be inferred
that there is in fact an increasing tendency for occurrence of this type of anomalies. Considering the
hypothesis H0: there is no trend in the series, and the hypothesis Ha: there is a positive trend in
the series, and since the calculated p-value is lower than the level of significance, we reject the null
hypothesis H0 in favor of the alternative hypothesis Ha.
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Table 8. Summary of data obtained from the Mann–Kendall test.

Series/Test Kendall’s τ p-Value Sen’s Slope

Temperature anomalies 0.281 0.144 0.077
Precipitation anomalies 0.242 0.194 0.148
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be seen in the figures, the Sen’s slope indicates an increasing trend for the occurrence of anomalies,
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to occur.

4. Discussion and Conclusions

As stated previously, temperatures on Earth are suitable for life thanks to a natural process called
the “greenhouse effect”. When solar radiation reaches the atmosphere, part of it is reflected into space,
and part of it passes and is absorbed by the Earth. This causes the Earth’s surface to heat up. The heat
is radiated out and absorbed by the gases present in the Earth’s atmosphere, the so-called “greenhouse
gases” (GHG) [67]. This process prevents the heat from disappearing, causing the temperature to rise
to +14◦C instead of −19◦C. There are many greenhouse gases responsible for additional warming of
the atmosphere, which are produced in different manners. Most come from the combustion of fossil
fuels in cars, factories and the production of electricity. The gas responsible for most of the heating is
carbon dioxide. Other gases that contribute to heating are methane, which is expelled by landfills and
agriculture (especially from the digestive systems of large animals in intensive production), nitrous
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oxide from fertilizers, gases used for cooling in industrial processes and massive loss of forest area,
otherwise they would store CO2 [68,69].

Forests, which function as warehouses for greenhouse gases, help to mitigate the effects of climate
change. However, the biological diversity of forests is also directly and indirectly affected by changing
climatic conditions. These changes question the extent to which forests could continue to sequester
greenhouse gases in the future [70].

The models that represent the ecosystems and their variations in the different climatic scenarios
suggest that the changes will present a variety of impacts on the distribution of the forest populations,
as well as on the impact on the function and composition of the ecosystems. In general, habitats are
expected to move towards the poles and progress in altitude, conquering new territories [71].

With the change of the habitats, forest biodiversity will be forced to adapt and as a result, species
composition in forests will likely change, and species and populations that are already vulnerable
will become potentially extinct. In addition, with climate changes, there will be a greater incidence of
extreme weather events, such as floods and droughts. These types of events will further affect forest
populations and may make forests more prone to disturbances such as fires, invasive species, diseases
and pests [72]. A mixed and preferably autochthonous forest stand, consisting of several different
tree species with different ecological requirements and the ability to adapt to the expected changes
in temperature, precipitation, frequency of storms and pests, will allow for continuous adjustments
according to the climatic evolution [73].

The problem of climate changes has been addressed in a continuous way in Portugal, both
by elements of the academic world, which are drawing attention to the causes and consequences
of the phenomenon, but also by other sectors of civil society, in particular by the political sector,
which has since some time initiated an ambitious program for the implementation of measures aimed
at minimizing the negative impacts of climate changes in the country. Although they are still are
taking the first steps in understanding the causes and consequences, it is assumed by the national and
international scientific community that countries with Mediterranean climate characteristics may be
the most affected by climate changes [16,74,75].

In this sense, a significant effort has been made in Portugal to implement measures that contribute to
mitigating the harmful effects of climate changes, which at least begin to have international recognition.
On 18 June 2018, TSF radio station on its website published a news item entitled “Portugal is second in
a ranking on ambition in goals and measures to comply with the Paris Agreement on climate changes,
being only exceeded by Sweden. The vast majority of the Member States of the European Union
(EU) are failing to reach the targets of the Paris Agreement, and Portugal is among the few countries
that have appealed to goals and policies more ambitious in the area of energy and climate, such as
reducing greenhouse gas emissions”. This information is the result of a study entitled “Off target:
Ranking of European Union (EU) countries ‘ambition and progress’ in fighting climate changes”,
which determines member states’ commitment to achieving energy policy and energy targets and the
progress they are making in reducing greenhouse gas emissions and implementing programs for the
use of energy from renewable sources and energy efficiency [76].

The planet’s climate has undergone major changes for several decades. The IPCC report indicates
that climate warming is evident and that most is probably due to the increase in GHG concentrations
caused by human activities, such as the widespread use of fuels, the decomposition of urban or
livestock waste and the changes in the occupation of the soil.

There is already irrefutable proof of this change. The temperature of the atmosphere at surface
level has undergone a progressive warming from the beginning of the industrial era to the present
day of approximately 0.6◦C on average, with an even greater increase in some areas such as the poles
or the Mediterranean region. The hottest years since recordings have occurred since 1990, as well as
major seasonal changes, such as the decline of icy surfaces, rising sea levels, changes in the overall
circulation flow of marine currents, and so on [77–79]. The frequency and severity of extreme weather
events has increased. There is a more frequent occurrence of floods, heat and cold waves and periods
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of prolonged drought. An example of this is the news and constant warnings of hurricanes and storms
of extreme force, which always cause high economic and personal damages.

There is a total consensus on the part of the scientific community when it comes to attributing to
the increased concentration of GHG generated by human activities the greater responsibility for the
phenomenon of climate changes. The reality is that without the natural presence of some of these gases
in the atmosphere, such as water vapor and CO2, creating the known greenhouse effect, Earth would
be a very different place from what is known today, with average temperatures well below the current.

Since the beginning of the industrial revolution, when large quantities of fossil fuels began to be
burned to meet the energy needs of industrial processes, so far, the amount of CO2 in the atmosphere
has increased progressively. Likewise, other anthropogenic GHGs also increased their concentration in
the atmosphere considerably. Demographic growth and the current socio-economic model put great
pressure on the self-regulating capacity of the atmosphere, which is leading to a situation close to its
limits and, according to some scientists, likely to overcome them.

The main causes for GHG emissions vary according to the regions of the planet. Thus, in the
northern hemisphere, the main causes are associated with energy production, industrial production
and transportation, while in the southern hemisphere the main causes are associated with the change
in land use, namely through the conversion of extensive forest areas into agricultural land or pastures.

It should be noted that in recent years there was an effort in the industrialized countries, with some
success in some cases like Portugal, for the reduction in carbon dioxide emissions. The reasons
for this reduction are the introduction of more efficient technologies, the use of renewable energies,
the increasing weight of the services sector and the relocation of the most polluting companies to less
developed countries. However, the steady growth of these industrialized economies, as well as the
significant increase in emissions in other sectors, such as transport and the domestic sector, have made
the total amount of GHG emissions of human origin increase considerably in recent years.

Forests like all other natural ecosystems are as susceptible to climate changes as other sectors
(such as agriculture, for example, which are also highly vulnerable to climate and environmental
changes). Unlike other sectors, where financial resources and technology can directly contribute to
increasing the adaptive capacity of affected systems, natural forests depend on their own natural ability
to adapt.

Adding to all this human pressure, pressure for development, and climate changes itself, it is
highly likely that the ability of forestry systems to adapt to the new situation quickly and efficiently
will be exceeded. It is expected that different forest systems will have different sensitivities to changes
in climate. Therefore, it is important to take into account that the conservation of forests for other
uses, and their ability to sequester carbon dioxide, can contribute predominantly to carbon dioxide
emissions in the future if forest systems are affected by natural or human influences.

The way ecosystems respond to climate changes is usually guided by two paradigms: evolution
and adaptation, as seen in previous sections. In the first one it is assumed that there will be a migration
of ecosystems to other regions, almost intact, just looking for new locations where climatic and
environmental conditions reproduce those where they currently are. The second paradigm assumes
that as the climate and other factors change, ecosystems will change in the same location where they
are today, which will interfere both in the variety of species and in their position in the ecosystem.

In addition to the intrinsic value of natural ecosystems, ecosystems of all kinds, from the most
natural to the most intensively managed, offer a variety of benefits to society as a whole. Some of
the products originating from these ecosystems enter the market and contribute directly to economic
development. For example, forests are a source of raw materials for a number of industries, such as the
production of biomass pellets, pulp production, the production of wood pellets and the production of
furniture. Forest ecosystems also provide a number of benefits to society, such as their role in regulating
water flows, preventing erosion, maintaining biodiversity and temporary storage of carbon, which can
be as long as the longer the forest species and the more extensive the forestry operation recommended,
for example, in the Portuguese case, using native species such as oaks, holm oaks or cork oaks.
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Changes in soil cover caused by climate changes can have a number of impacts on these benefits,
such as the ability of these systems to stabilize the landscape against erosion or sequester carbon
dioxide. Even in regions where the amount of existing vegetation is expected to increase as a result of
higher precipitation rates and increased growth due to the higher concentration of atmospheric carbon
dioxide it can lead to an increase in the frequency and intensity of fires during a longer summer period.
The increase in the occurrence of fires is already a threat not only to the vegetation cover, but also to
the residential structures that are built in the rural areas, which are increasingly vulnerable. For this
reason, it is very plausible that the changes caused in the natural ecosystems by the changes of the
climate affect this set of benefits usually associated with the forestry activity.

As seen in previous sections, burning, or simply the “use of fire”, are the main causes of the
occurrence of rural fires in Portugal, and its control and, if necessary, prohibition is urgently needed.
Although it is an ancestral practice, with the worsening of climatic conditions, especially during the
summer period, but which, as previously seen, now also extended to spring and autumn, the risk
associated with this practice has grown exponentially. Most likely, the need to extend the so-called
“rural fires season” will arise in the short term, where all means of combat are on alert so that they can
react in a timely manner to any emergency.

Almost all climate models anticipate a decrease in the amount of precipitation in various parts
of the globe, but they emphasize in particular the effects on the Mediterranean climate regions.
The parallel effect of temperature increasing and reduction of precipitation may lead to a significant
decrease in the amount of soil moisture.

According to the information provided in the previous sections, there is already a tendency for
climatic anomalies related to the increase of average air temperature in Portugal, associated with the
occurrence of anomalies related to the amount of precipitation in several months of the year. That is,
the trend indicates a strong probability of occurrence of periods of temperature rise associated with
lower levels of precipitation.

This lack can make trees more fragile from insect pest attacks and diseases, but also from increasing
the likelihood of rural fires. The frequency and intensity of these occurrences will determine the type
and rate of conversion of soil cover to a new state, for example the replacement of a forest composed of
native species, by another one composed of invasive species. In Portugal, infestations of extensive
forest areas by species of the genus Acacia begin to be very frequent, but there are others, such as Hakea,
that begin to occupy very significant areas and are no longer limited to occupying space along the
circulation ways.

However, as a consequence of climate changes, forests can undergo more rapid changes;
for example, unless a significant increase in precipitation occurs, the severity of rural fires may
increase. For this reason, it is urgent to create a model of forest management that takes into account the
phenomenon of climate changes and all associated variables, and not to forget that forests are a natural
resource that can should be profitable, with a view to sustainability for the future.
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