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Abstract

We are currently in the period of an intensive climate change, resulting from changes in the heat balance of the earth’s surface
and causing an increase in the temperature of the lower troposphere levels. According to the latest IPCC report of 2021, it is
human activity that has indisputably caused the increase in atmospheric concentrations of greenhouse gases, responsible for
this process. The consequences of climate change under Polish conditions, apart from a rise in temperature especially in the
spring and winter months, are also changes in the amount and distribution of precipitation totals. A slight increase in
precipitation totals is observed, however heavy rainfall is significantly more frequent, interspersed with periods of droughts and
heatwaves. Ground frost-free periods are prolonged, and a negative trend in the duration and thickness of snow cover is
recorded in most parts of the country. Although extreme phenomena occurring in Poland are permanently inscribed in its
climatic conditions, the threat of strong winds has been increasing in recent years, and the intense precipitation that often
accompanies them is the cause of peak discharges and flooding. Forecasts for progressive climate change are not optimistic,
either on a global scale or for the country in question. The article examines the impact of climate change on the design,
construction and maintenance of engineering structures globally and for Poland. Changes in design standards, selected
examples of disasters and solutions to adapt and build resilience to climate change have been analysed. For most building
disasters, climatic factors were the direct cause of the disaster, although in the course of the analysis it has usually turned out
that the disasters exposed human errors in the design, construction and, to a lesser extent, the improper maintenance of
engineering structures. However, there is an increasing number of new approaches to creating a climate change resilient built
environment, including the latest one, which proposes to use the grey infrastructure of cities to build resilience to climate
change.
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Introduction
In the era of climate change, engineering structures are increasingly exposed to weather-related hazards: droughts, extreme

temperatures, pluvial, fluvial and coastal floods, rainstorms, snowstorms, hailstorms, thunderstorms and lightings, windstorms,
including hurricanes, cyclones, typhoons, tornadoes and whirlwinds, sandstorms, landslides, avalanches, sea level rise, fires and
bush fires, overturning of trees. Moreover, climate changes increase the risk of earthquakes, tsunamis, and volcanic eruptions [1-8].
Numerous up-to-date scientific articles and industry reports discuss the threats posed by climate change as well as the effects of
malfunctions and disasters induced by climate-related hazards [2,6,7,9—15]. Early warning systems are constantly being improved,
as well as mitigation and adaptation strategies to elevate resiliency of engineering structures to climate change [5,7,8,13,16,17]. The
adverse effects of climate change are taken into account during the design, construction, operation, and also repairing and replacing
of engineering structures, unfortunately very often based on lessons learned from previous failures and collapses. When analyzing
these risks, future climate change should be taken into account and preventive action should be taken [7,8,15]. Weather-related
hazards also pose a threat to historical constructions and cultural resources, which require special treatment and protection [6,17].
Climate change resilience is built at a local, regional, national and supra-national scale i.e. engineering structure, its
surroundings, city, region, EU member state and EU as a whole. The importance of scale is described in the work of Landauer et al.
[18]. New construction materials and technologies are used in mitigation and adaptation measures. Grey infrastructure is being
combined with green and blue infrastructure and nature-based solutions, new urban planning policies are being created [19-22]. In
their paper, Qi et al. propose a new approach — utilizing grey infrastructures (GREIs) to mitigate urban heat island (UHI), this is
different from the traditional viewpoint that believes GREIs create and exacerbate UHI [23]. Despite the numerous analyses carried
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out and the creation of new materials, technologies and strategies, there are still many areas of knowledge deficit for climate change
impact on built environment, as well as a need to bridge the gap between knowledge and action.

Climate Change from The Global and National Perspective of Poland

Climate change is identified on the basis of changes in features or a variability in their characteristics over a long period of time,
relating to at least decades [24]. They may occur as a result of natural processes, i.e. volcanic eruptions or changes in solar cycles.
External causes include anthropogenic changes to the composition of the atmosphere or land use. The latest report of the
Intergovernmental Panel on Climate Change (IPCC) [24] identifies human activities as the cause of the increase in atmospheric
concentrations of greenhouse gases. They are responsible for changing the heat balance of the earth’s surface, resulting in a rise in
the temperature of the lower troposphere. The most recent data for two key climate elements indicate a human-induced temperature
increase of between 0.8°C and 1.3°C compared to 1850-1900. There has been a distinct increase in global mean precipitation,
especially since the 1980s. The observed changes are resulting in an intensification in the number and frequency of extreme weather
events practically worldwide [25]. These comprise heat extremes, including heat waves, heavy rainfall, droughts, tropical cyclones
[26-29]. What is more, individual phenomena occur simultaneously, such as heat waves and droughts, fire weather and multi-causal
floods.

The effect of climate change under Polish conditions is an increase in temperature especially in the spring and winter months.
According to the study by Tomczyk et al. [30], an increase of its extreme values in winter — minimum and maximum — is observed,
however, it is more noticeable in the case of the latter. Kejna and Rudzki [31] indicate an increase in air temperature in Poland
between 1961 and 2018 of 0.33°C/10 years on average, with the greatest increase in the Silesian, Greater Poland and Mazovian
lowlands and in the central part of the Baltic coast, exceeding 0.4°C/10 years. The authors point out that warming was observed in
both the summer and winter months (the greatest in July and January). The increase in temperature has resulted in increasingly
frequent heat waves (most common in the central and southern parts of Poland) and increasingly rare frost waves (most common in
the north-eastern and southern parts of the country and least frequent in the west and on the coast) [32]. According to Wibig [33],
heat waves may occur in Poland from April to September, but are most common in July and August.

Kozminski et al. [34] on the example of the multiannual period 1971-2020, indicated that the observed climate change
contributed to the lengthening of periods without ground frost (from approximately two more days in north-eastern Poland to about
eight more days/10 years in Pomerania). The authors observed a distinct shortening of the spring ground frost period for the area of
the Lublin Lake District, Wielkopolska Lowland and Sandomierska Basin. The autumn ground frost period starts much later in
Pomerania, among others.

In the case of precipitation, a slight increase in totals is observed, but its seasonal and monthly distributions are clearly
changing. According to Szwed [35], its increase is most evident in the cooler half of the year in south-western and western Poland,
while no such changes are observed in the eastern and south-eastern regions. However, the proportion of summer rainfall in the
annual sum of precipitation is decreasing, which is most evident in southern Poland. Pinskwar et al. [36] indicate much more
frequent occurrence of intensive rainfall, especially in the north-west of Poland. The authors showed an increase in daily maximum
precipitation at many stations, more pronounced in the summer half-year than in the winter half-year. At the same time, they are
interspersed with prolonged periods without precipitation accompanied by high air temperatures and heat waves.

The increase in temperature in the winter half-year is not without effect on the occurrence of snow cover. According to Szwed
et al. [37], during a typical winter in Poland (based on the years 1952-2013), the depth of snow cover varies from 2.2 to 11.8 cm
(except in mountainous areas, where it is much thicker) and increases towards the north-east. The average number of days with
snow cover increases from west to east (north-east) and ranges from about 30 to 60 days during the winter. Higher values are
recorded at mountain stations. On average, snow cover is present from 26 November to 26 March. A study by Tomczyk et al. [30],
based on the years 1966/67-2019/20, shows a clear decreasing trend in the duration of snow cover for most stations in Poland.
However, such a pronounced tendency is not observed for snow cover depth, which should not be related to air temperature but
rather to the amount of precipitation reaching the surface in the solid state. In general, southern Poland showed a decrease in snow
cover depth at lower altitudes and an increase at higher altitudes. Similarly, Falarz and Bednorz [38] indicate a decreasing trend in
the number of days with snow cover in Poland for the years 1950/51 to 2017/18, noting that the negative trend in maximum snow
cover thickness is not as significant in Poland as the average in Europe.

Although extreme phenomena occurring in Poland are permanently inscribed in its climatic conditions, the threat of strong
winds has intensified in recent years. This type of hazard in the years 2010-2019 became one of the most frequent causes of
interventions by the State Fire Service [39]. The greatest risk arises from October to April, which is due to general circulation
conditions. In addition to the coastal strip, areas exposed to strong winds include the western and central parts of Poland, mountain
areas and the Suwalszczyzna region. On average in Poland (excluding mountain areas), the number of days with a high wind risk
reaches six [40].

Climate Change Impact on Structural Loads - Lessons Learned from Poland
Engineering activities require decisions to be made with a relatively high degree of risk, which is due, among other things, to the
uncertainty and frequent lack of complete data on the climatic actions (Figure 1), that affect engineering structures [10]. A prediction
of actions that are highly likely to occur during building maintenance in a country is included in the design standards. These comprise
actions characteristic of the climatic zone in which the building is designed, with a certain intensity established on the basis of long-
term meteorological measurements and statistical analyses. In Poland and other countries with a similar geographical location
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(Germany, Denmark, Scandinavian countries, etc.), these will include wind, snow, temperature (Figure 1) or icing. In other countries,
e.g. those closer to the equator, these climatic actions will not occur at all or will occur with less intensity (e.g. snow or icing), but
other will, e.g. seismic activity [6,7,9].

Apart from typical climatic actions, standards classify also actions during execution (arising during the construction, conversion or
demolition phase) and accidental actions, which are much less likely to occur and may be much more intense. These include, but are
not limited to, actions related to rainwater, which may accumulate as a result of drainage obstruction, inadequate drainage, uneven
surfaces, sagging and/or damage to drainage facilities.
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Fig. 1. Climatic actions affecting buildings, a) wind, transmitted horizontally to the foundations through bracing which
ensures structural stability, b) snow, water, transported by gravity from top to bottom through bending or compression
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The causes of construction disasters tend to be complex, due to the fact that the process of erecting building structures is
complicated and multi-stage. Ensuring the assumed reliability of a structure is achieved through the implementation of a
differentiated quality control system, covering the design, execution and maintenance of engineering structures. At each of these
stages, undesirable actions may occur due to human errors [10]. If some of these errors are not detected during the various stages of
supervision, there is a high probability that they will be detected by normative or super normative climatic phenomena. Conclusions
from such catastrophes always trigger discussions within the engineering community, which sometimes lead to changes in
regulations and/or normative requirements.

One of the biggest building disasters in the history of modern Poland happened in Katowice in 2006. The roof of the MTK
exhibition hall, which was heavily laden with snow, suddenly collapsed (Figure 2a), killing 65 people and injuring more than 170.
Forensic engineers proved that the cause was a number of design flaws, which were detected by the accumulated snow [5,10].
However, the tragic consequences of the catastrophe prompted scientists to re-analyze the meteorological data, as a result of which
the layout of the snow zones on the map of Poland was changed (Figure 2b), increasing this load in some places almost twofold.

; 4 M (a) (b)
Fig. 2. Catastrophe of the exhibition hall a) general view, photo GUNB (public domain) [41], b) changes to snow zones after the disaster,
adapted from [42]

The demands of the engineering community to increase the level of safety in the use of buildings were fulfilled by increasing
the safety coefficients of climatic actions and amending the provisions on periodic inspections, especially of large-scale structures.
A principle was introduced, according to which the owner or manager of a structure is responsible for its safe use not only in terms
of'its technical performance, but also with regard to the impact of various external factors, including the action of forces of nature.

Another high-profile catastrophe caused by climatic factors was the collapse of one of the discs of the meteorological
observatory at Mount Sniezka [43]. At the summit, four high-intensity actions were impacting the structure at different intervals and
in different configurations: snow, ice, wind and temperature (high in summer, low in winter). As a result, alternating compressive
and tensile stresses occurred in the welds connecting the steel trusses of the disc to the stem, leading to fatigue cracking of the
welds. The designer, however, was not accused of causing the disaster, as in the year of the building’s construction, the obligation
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to design welds with consideration of the effects of fatigue loading had not yet been included in the design standards for steel
structures. This disaster confirmed the validity of taking into account the variability of climatic actions in design standards.

In recent years, winters in Poland have been getting milder and less snowy. As a result, the vigilance of those involved in the
construction process has been dulled, and engineering structures that do not have the required snow resistance began to be designed
and built. Due to low price, tent halls with tarpaulin roofs are increasingly visible in the Polish landscape. However, sporadic
snowfalls that currently occur are quickly verifying the over-optimistic design assumptions (Figure 3), as it is technically impossible
to effectively remove snow from roofs with loose sheathing, and such a condition is often written into the instructions for use of
such tents [44].

i (D)
Fig. 3. Disaster of tent hall laden with snow a) external view, b) damaged aluminum girders of ice rink roof in Szczecin, photo PINB Szczecin
(public domain) [45]

Snow is not the only precipitation that causes problems for building users [7,9,46]. Climate change also causes alterations in the
intensity of rainfall [7], which may take the form of catastrophic rainfall in excess of 100 mm/day, and sometimes even storm
rainfall (catastrophic rainfall occurring in a short period of time). Rainwater should run off roofs under gravity thanks to slope and
drainage systems consisting of gutters and downpipes, and in most roofs there is no problem with this. The situation is different for
concave or flat roofs with attics, where runoff depends on the efficiency of the drainage system. In such roofs, EN 12056-3 standard
[47] enforces the design of overflow and emergency outlets (Figure 4a), which allow accumulated water to be discharged outside
the building. Such safeguards, reducing the risk of rainwater overflowing into the building or overloading the structure, have long
been known as principles of technical know-how and can be found in many historic buildings (Figure 4b). Unfortunately,
sometimes designers forget these important architectural details, with tragic consequences (Figure 4c¢).

Fig. 4. Emergency overflows in flat roofs with attics, a) overflow opening in the attic of a vestibule of a multi-family building, b) historic
gargoyle on a town hall tower, c¢) the consequence of the lack of emergency overflow in a school sports hall in the event of catastrophic rainfall, (a.
and b. photo by A. Rawska-Skotniczny, c. photo PINB Poznan (public domain) [48]).

Changes to the standards after 2006 also applied to wind loads, although in this case only the safety factor was increased. The
climatic maps of Poland were left virtually unchanged, though more emphasis is now placed on loads acting at edges such as wall
corners, eaves or ridges, where turbulent air masses are generated. This action is regarded as one of the most difficult to predict and
still poses many design problems. It is worth mentioning that one of the most famous disasters, the Tahoma Bridge in 1940, which
proved the great importance of the dynamic effect of wind on structures, still provides scientists with material for mathematical
analysis today [49]. Tornadoes and hurricane-force winds have been appearing sporadically in Poland for some time, but they are
treated as above-normal actions (so-called force majeure). Hurricane-force winds usually result in torn-off roofs, hence the
recommendations to minimize the impact of air masses on building partitions [50].

Conclusion

In conclusion, the time trends of the basic climate components in Poland indicate that the climate is changing. It is important to
identify those areas for which the effects of this change may be crucial, to identify opportunities for their mitigation and ways of
adapting to them.

Construction disasters, in which climatic phenomena were one of the causes, are constantly classified and analyzed by structural
engineers, national authorities and standards committees. The conclusions drawn from these become a contribution to updating the
national annexes to design standards and thus to improving the reliability of engineering structures.
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