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Abstract

The present paper offers a brief assessment of climate change and associated impact in Poland, based on selected results of
the Polish—-Norwegian CHASE-PL project. Impacts are examined in selected sectors, such as water resources, natural hazard
risk reduction, environment, agriculture and health. Results of change detection in long time series of observed climate and
climate impact variables in Poland are presented. Also, projections of climate variability and change are provided for time
horizons of 2021-2050 and 2071-2100 for two emission scenarios, RCP4.5 and RCP8.5 in comparison with control period,
1971-2000. Based on climate projections, examination of future impacts on sectors is also carried out. Selected uncertainty
issues relevant to observations, understanding and projections are tackled as well.

Keywords Climate change - Climate change impact - Projections - Poland

Introduction

The topical area of climate change and associated impacts,
recognized as very important in many European countries,
does not generally get a high status in the public discourse
in Poland. Generally, Poles are aware of climate change,
but this topical area is not broadly considered as a high pri-
ority (Kundzewicz and Matczak 2012; Kundzewicz et al.
2017f). Observed climate change impacts are not dramatic,
and the attribution of these impacts is rather complex, due
to the existence of multiple driving factors. Public dis-
course is influenced by combination of strong natural vari-
ability of hydro-meteorological phenomena and significant
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uncertainty of projections for the future. Consequently,
adaptation to climate change is not taken as such a seri-
ous issue as it deserves. Mitigation policy is even more
challenged, because the public perception is driven by the
deeply rooted wisdom that Poland “sits on coal” and coal
guarantees the national energy security. The carbon footprint
per inhabitant and per unit GDP in Poland has been high
(Ceglarz et al. 2018).

The present paper offers a review of selected results
generated within the CHASE-PL (Climate change impact
assessment for selected sectors in Poland) project, carried
out in 2014-2017, within the framework of the Polish—Nor-
wegian Research Programme under the Norwegian Finan-
cial Mechanism. The CHASE-PL project aimed to provide
substantial intellectual support for counteracting climate
change and its adverse impacts in Poland, hence potentially
contributing to sustainable economic development and envi-
ronmental protection. The CHASE-PL project was jointly
implemented by three institutional partners of the project
consortium (Institute for Agricultural and Forest Environ-
ment of the Polish Academy of Sciences, Poznan, Poland;
Norwegian Meteorological Institute, Oslo, Norway; and
Warsaw University of Life Sciences, Warsaw, Poland). The
research topics tackled in the project were the following:
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e Detection of change in observation records of climate and
climate impact variables;

e Projections of climate variability and change for the
future;

e Model-based assessment of climate change impact;

e Index-based assessment of climate change impacts on
agriculture and ecosystems;

e Uncertainty in understanding, observations and projec-
tions—a system framework.

The present paper is organized as follows. After discus-
sion of observations and projections of climate change,
climate change impacts in selected areas are tackled, and
finally—uncertainty and perception issues are discussed.

Change detection in observed climate data

Change detection in observation records of climatic vari-
ables in Poland was carried out for a range of variables of
particular relevance and interest, such as temperature (Grac-
zyk et al. 2017), mean precipitation (Piiskwar et al. 2018b;
Szwed 2018), as well as intense precipitation (Piiskwar
et al. 2018a) and snow cover (Szwed et al. 2017).

Figure 1 summarizes changes in mean annual temperature
and precipitation in Poland for the time interval 1961-2017.
The positive trend in temperature is well visible, even if
deviations from the trend in particular years are quite large.
For precipitation, the trend is weak and inter-annual and
inter-decadal variability is dominating.

Temperature

Graczyk et al. (2017) examined observed changes in sev-
eral “hot” indices, based on temperature observation records
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collected at 60 meteorological stations in Poland. Values
of multiple indices associated with heat waves were deter-
mined. Among the indices were: the duration of the longest
hot spell, the number of hot days (7}, > 30 °C), the number

of extremely hot days (7},,, > 35 °C), as well as the num-
ber of tropical nights (T,,;,>20 °C) in the year. The same
authors analyzed also the spatial distribution of change in
indices, with the help of the Mann—Kendall test, as well
as the significance level of the resultant trends. Values of
indices for the 1991-2013 interval were examined and
compared to the reference period, 1961-1990. The increase
was detected for most indices at the 5% significance level,
for many examined stations. Graczyk et al. (2017) found
statistically significant increasing trends in three variables:
the number of hot days and the duration of the longest hot
spell in summer, as well as the number of tropical nights
in a year, for most of the data. In 1961-1990, the longest
duration of hot spell reached 10 days, while in 1991-2013,
several longer hot spells, up to the duration of 17 days, were
recorded.

Precipitation

Piiskwar et al. (2018b) examined changes in values of
indices of observed mean precipitation, based on a set of
daily precipitation records for 45 stations in Poland, most of
which spanned over the interval 1951-2017. They examined
changes in annual, semi-annual, seasonal and monthly pre-
cipitation totals, as well as in the number of days with daily
precipitation equal to or greater than 1 mm, and in the SDII
(Simple Daily Intensity Index) and in the ratio of precipita-
tion in the summer half-year (April-September) to precipita-
tion in the winter half-year (October—March). Many changes
were detected, most of which were statistically insignificant,
at the 10% level. Yet, regionally consistent seasonal changes
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Fig.1 Observed mean annual a temperature and b precipitation in Poland. Temperature diagram illustrates a mean of 60 stations. Precipitation
diagram illustrates the annual mean at 42 stations situated at the altitude below 400 m a.s.l. Dotted lines indicate trends
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were also found, with dominating precipitation increase in
spring and winter.

Szwed (2018) examined observed precipitation changes,
tackling their spatial and temporal (seasonal) distribution
and spotted a slight increase in annual precipitation. A
stronger increase was noted in the northern part of Poland.
Based on the precipitation unevenness index, an intra-year
variability precipitation on the country territory can be
defined as moderate and rather unevenly distributed. How-
ever, no statistically significant (at 5% level) changes in the
mean were found for 1951-2013. The most variable monthly
precipitation was recorded in July and June, while the most
stable—from January to March. The share of June—July pre-
cipitation can reach more than 40% of the annual precipita-
tion total, while the share of winter months—no more than
a dozen or so percent each. The most visible increases in
the monthly precipitation totals as well as in the share of
monthly precipitation within the annual total were found
during the colder half-year, especially in March, with sta-
tistically significant trend detected for several stations in the
northern and central parts of Poland.

Extreme precipitation

Piriskwar et al. (2018a) noted the occurrence of many epi-
sodes of extreme precipitation excess and deficit in Europe
and in Poland in recent decades that had caused consider-
able, and adverse, economic and social impacts. In Poland,
the changes in values of climate indices were found to
exhibit complex, spatial and temporal, variability. Piiskwar
et al. (2018a) analyzed changes in such indices of observa-
tion records as: maximum seasonal 24 h precipitation for
winter and summer half-years; maximum 5-day precipita-
tion; maximum monthly precipitation; as well as the num-
ber of days with intense or very intense precipitation (with
daily rate in excess of, respectively, 10 mm or 20 mm). Also,
the maximum number of consecutive dry days (defined as
those with daily precipitation below 1 mm) in the sum-
mer half-year was analyzed. Examination of precipitation
extremes showed that maximum 24-h precipitation for the
summer half-year as well as 5-day and monthly precipitation
sums increased for many stations. The number of days with
intense precipitation was also found to increase especially
in the northwestern part of Poland, while the increase in the
number of consecutive dry days was noted for many sta-
tions in the summer half-year. Comparison of the 1961-1990
interval and the later, warmer, 1991-2015 interval revealed
that during the last 25 years most statistical precipitation
indices (25th and 75th percentiles, median, mean and maxi-
mum) were higher than in 30 years before. However, most
changes detected by Piriskwar et al. (2018a) were statisti-
cally insignificant. Yet, it is interesting to note that some
of these results contradict the findings of other authors (see

discussion in Piiskwar et al. (2018a) and Lupikasza (2010))
that had been based on earlier observation records that do
not include the recent interval, 2007-2015. However, a study
by Lupikasza (2017) with data records extending to Febru-
ary 2008 and for several stations to 2015, showed increasing
trends especially for spring and during winter in the northern
part of Poland. The predominant decreasing trends during
summer and autumn were also detected in the study.

Snow

Szwed et al. (2017) examined the variability of such snow
cover characteristics in Poland as: snow depth, number of
days with snow cover and dates of the beginning and the
end of snow cover. A set of 43 long time series of station
observation records in the country in 1952-2013 were used
for change detection. Trends in analyzed data were sought,
with the help of the Mann—Kendall test. In order to interpret
temporal changes in snow cover characteristics, the intervals
of 1952-1990 and of 1991-2013 were compared. However,
the observed behavior of snow-related variables was found
to be complex and difficult to interpret. Among the potential
reasons was the location of Poland in the zone of transi-
tional moderate climate, which is known for strong climate
variability. It was possible to find statistical links between
the North Atlantic Oscillation (NAO) index and such snow
characteristics in Poland, as the snow depth and the number
of snow cover days.

Climate projections

Projections of climate variability and change in Poland were
obtained with the help of downscaling of General Circu-
lation Models (GCMs) simulations for future conditions.
All analyses of model-based projections in the CHASE-
PL project were carried out with the ensemble of climate
projections comprising nine regional climate model out-
puts (bias-corrected and downscaled to a 5 km X 5 km grid)
stemming from the EURO-CORDEX ensemble for two
future time horizons: near future, 2021-2050 and far future,
2071-2100. The two so-called representative concentration
pathways (associated greenhouse gas emission scenarios)
RCP4.5 (intermediate emissions) and RCP8.5 (high emis-
sions) were assumed. Simulations for the historical control
period, 1971-2000, were used for comparison. Quantile-
mapping method was applied to correct for systematic sea-
sonal biases in simulations before assessing the changes in
annual and seasonal means of precipitation and temperature
over Poland.

Mezghani et al. (2016) compiled and published the
CHASE-PL climate projections—gridded daily precipi-
tation and temperature—5 km (CPLCP-GDPTS5) dataset,
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comprising projected daily minimum and maximum values
of air temperature as well as of precipitation totals. Pro-
jected changes for Poland, estimated from the multi-model
ensemble, showed that annual temperature mean is expected
to increase by approximately 1 °C until 2021-2050 and by
about 2 °C until 2071-2100, under the RCP4.5 scenario.
Under assumption of the RCP8.5 scenario, the warming was
projected to increase to almost 4 °C by the 2071-2100 hori-
zon. Also, likely increase in regional annual precipitation is
projected, being of the order of 6-10% and 8—16%, respec-
tively, for the near and remote future horizon. Individual
model simulations reflected warmer and wetter conditions
on the annual scale. The magnitude of change was found to
be higher in the far future than in the near future. The same
statement can be made for projected changes in seasonal
temperature means, showing a higher winter warming rate
by up to 0.5 °C, as compared to other seasons. However,
projected changes in seasonal precipitation means, obtained
with the help of individual models, do largely differ and
are sometimes inconsistent. They exhibit spatial variations,
depending on the future horizon, the emission scenario, as
well as the season and the location of interest. The over-
all range of the 90% confidence interval predicted by the
ensemble of multi-model simulations was found to vary in
the range between 7% (in summer, under RCP4.5) and 40%
(in winter, under RCP8.5), for far future projection horizon
(Mezghani et al. 2017).

Although seasonal precipitation was projected to increase
considerably in all four combinations of RCPs and projection
horizons for winter and spring, the model spread was quite
high, especially for the remote future. In contrast, the ensem-
ble members agreed that summer and autumn precipitation
is not likely to undergo statistically significant changes. It is
important to note that regional climate models were used to
downscale a small number (four for RCP4.5) of GCMs, and
that even one single GCM can produce very different local
and regional projections due to the presence of pronounced
nondeterministic natural variability on decadal timescales
(Deser et al. 2012). Hence, estimates based on a small set of
climate model simulations are subject to the “law of small
numbers” (Benestad et al. 2017), for which the estimates
may be misleading, the true range underestimated and the
real uncertainties appear to be smaller than they really are.

Mezghani et al. (2018) tested the influence of selecting
a subset of global climate models to drive two downscaling
strategies (Empirical-Statistical and Dynamical Downscal-
ing, i.e., ESD and DD, respectively) on the resultant regional
and local climate information. As the method of dynamical
downscaling is highly demanding and expensive, climate
modelers typically run a small set of simulations instead
of downscaling a large ensemble (like CMIP5 simulations).
Mezghani et al. (2018) found that selecting a subset of
GCMs in downscaling (EURO-CORDEX simulations) has
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an impact on the magnitude of the estimated signal. Results
over Poland show that taking a small subset of GCMs to
drive regional climate models leads to a significant reduction
in the spread of future climatic changes, especially for pre-
cipitation, while the ensemble mean remains less affected.
Both approaches, ESD and DD, showed similar tendencies
of change signal for the near future but disagreed in project-
ing changes for the far future.

Piniewski et al. (2017b) examined projections of future
changes in temperature and precipitation in the drainage
basins of two large rivers, the Vistula and Odra/Oder (VOB),
covering 88% of the Polish territory and also smaller areas in
five Poland’s neighbor countries (Czech Republic, Slovakia,
Ukraine, Belarus, and Germany). Results were similar to
those obtained by Mezghani et al. (2016) that spanned over
the whole territory of Poland. Piniewski et al. (2017b) found
that changes in annual mean of daily minimum and maxi-
mum temperature were fairly robust among models. These
values were projected to increase by 1-1.5 °C in the near
future and by 1.8-3.7 °C in the remote future (areal-means
of the ensemble median values), depending on the emission
scenario. Higher increases were consistently associated with
minimum temperature. The lowest and highest increases
were projected in SW and NE Poland, respectively. Seasonal
projections of both minimum and maximum temperature
were found to be less robust. Future warming in winter was
projected to be higher than in other seasons, in particular
for the remote future under the RCP8.5 scenario. However,
projected changes in annual precipitation totals were highly
uncertain, even though the climate models agreed on the
increase. The mean multi-model increase ranged from 5.5%
in the near future under RCP4.5 to 16.2% in the remote
future under RCPS.5.

Pirskwar and Dobler (2018) examined projected changes
in heavy precipitation in Poland, carrying out analysis for
annual and seasonal data. The examined indices were: num-
ber of days with intense precipitation (in excess of 10 mm
per day), as well as 95th and 99th percentiles of daily pre-
cipitation. The number of days with heavy precipitation
was shown to increase for both annual and seasonal data,
in particular during spring and summer. Trends detected for
all stations showed increases for winter and spring. Also,
the 95th and 99th percentiles of precipitation increased for
annual data, while the highest seasonal increase for the 99th
percentile was found during winter and spring. Generally,
increases in extreme precipitation were projected in all sea-
sons, time horizons and scenarios. The increases grew from
the near to the far future and from RCP4.5 to RCP8.5.

Szwed et al. (2018) examined the projections of maxi-
mum snow cover depth in Poland for near and remote future,
under two emission scenarios (RCP4.5 and RCPS.5). The
bias-adjusted daily temperature and precipitation projec-
tions (Mezghani et al. 2017) were used as the input data
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to the seNorge (www.seNorge.no) snow model to generate
future daily snow conditions. Projections suggest that the
maximum snow depth may decrease by both future horizons
of relevance and under both RCPs. This rate of decrease is
expected to be about 15% and 20%, assuming the RCP4.5
and RCP8.5 emission scenarios, respectively, for near time
horizon, as compared to the reference dataset. Overall, the
rate of decrease could even double by the far future, regard-
less of the emission scenario and may go down to more than
40% when assuming the high emission scenario RCP8.5.
Nevertheless, even if most areas in Poland are expected to
get affected, changes in central regions are less pronounced.

Climate change impacts
Trend detection in river discharge

Piniewski (2017) analyzed classification of natural
regimes of river discharge in Poland. Piniewski et al.
(2018a) examined long-term trends in values of selected
observed discharge indices in small- and medium-sized,
near-natural catchments (with relatively unmodified flow
regime) in Poland, over two time intervals (1956-2016
and 1981-2016). Geographical coverage of this study can
be rated as adequate, while some regions with less human
impact (such as NE Poland) have a relatively stronger rep-
resentation. Piniewski et al. (2018a) examined changes in
indices describing annual and seasonal average conditions
as well as annual extremes—Ilow and high discharges. The
special focus was on the spatial analysis of trends, on the
basis of a comprehensive, representative, river flow record
in Poland. Piniewski et al. (2018a) filled a substantial gap
existing in the scientific literature, because there have been
no earlier studies on trend detection in observed discharge
records covering the entire country or its large parts, carried
out for recent data. The results of Piniewski et al. (2018a)
suggest that a strong random (or natural variability) com-
ponent exists in the river discharge process. The detected
changes are rather weak and their spatial pattern is complex.
For both studied periods of observation records and for two
subsets of stations (providing a longer time series of records
at fewer stations and a shorter series at more stations), nega-
tive trends in mean annual river discharge were found to pre-
vail. Yet, the results of trend detection in values of various
indices of river discharge in Poland demonstrated the exist-
ence of a spatial divide that seems to hold quite generally for
different analyses—for annual, seasonal, as well as low and
high discharge records. Decreases in river discharge domi-
nate in the north of Poland and increases usually dominate
in the south, while stations in the central belt of the country
mostly do not show any trend. However, the spatial gradient
is apparent only for the data for the shorter, more recent,

interval (1981-2016) and not for the entire, longer, interval,
19562016, for which records are available. It seems that
the magnitude of increases in river flow is generally lower
than that of decreases. In contrast, for the longer time inter-
val 1956-2016, no trends were identified for about half of
the stations throughout Poland. It can be interesting to note
that decreases in low flow were observed in areas where the
mean river discharge is low already; hence, the streamflow-
drought problems have likely been exacerbated there. It was
found that some catchment properties correlate well with
river discharge indices and the strongest predictor was the
distance from the geographical center of the examined catch-
ment to the Baltic Sea coast.

Projections of river runoff

Model-supported studies of projections of river runoff have
been undertaken in many countries and regions of Europe
in the framework of climate change impact assessment for
the water sector (cf. Hattermann et al. 2011), yet such large-
scale studies have been very scarce in Poland. Piniewski
et al. (2017a) assessed climate change impacts on spati-
otemporal distribution of annual and seasonal runoff in the
entire Vistula and Odra basins (VOB). They used the SWAT
model, set up at high resolution and driven by a multi-model
ensemble of nine bias-corrected EURO-CORDEX simula-
tions under two representative concentration pathways
(RCPs), 4.5 and 8.5. Piniewski et al. (2017d) illustrated the
annual and seasonal runoff in the reference period as well as
projections for the future, including the multi-model spread
based on the agreement between models and statistical sig-
nificance of change according to each model. Annual runoff
increases were found to dominate, regardless of RCP and
future horizon. The magnitude of the mean, spatially aver-
aged, runoff was found to increase, meaningfully, by 15.8%
(RCP4.5, near future) up to 41.6% (RCP8.5, remote future).
The seasonal patterns indicate the highest increase in winter
and the lowest in spring, whereas the spatial patterns show
the highest increase in the inner, lowland part of VOB, and
the lowest in the southern, mountainous, part. Accompa-
nying projections of potential evapotranspiration estimated
using the Hargreaves method implemented in SWAT sug-
gested modest ensemble mean increase, ranging from 2.9%
for RCP 4.5 in the near future to 8.8% for RCP 8.5 in the far
future (Piniewski et al. 2017d).

Piniewski et al. (2017a) compared the projections of
mean annual and mean seasonal river runoff obtained with
the help of the SWAT model with projections derived with
the help of the lumped, conceptual, HBV model, for eight
catchments in Poland, of small and medium size. Although
increases in mean discharge indices were projected in both
studies, the magnitudes of changes were largely different,
in particular for the lowland catchments and especially in
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the remote future. In the latter case, the SWAT-projected
increases were significantly lower than the HBV-projected
increases in all seasons, except for winter. Thus, uncertainty
in river flow projections was found to be high and this cre-
ates a serious challenge for practitioners. Work on hydro-
logical model inter-comparison should be continued, so that
the mechanisms responsible for differences in hydrological
projections in Poland derived using different models are bet-
ter understood and interpreted.

Water quality

Two mesoscale models were calibrated and used, for two
medium-sized lowland catchments in Poland, the Barycz and
the Upper Narew (which are subcatchments of the VOB), for
nitrogen, phosphorus and sediment load assessments and pro-
jections (Marcinkowski et al. 2016, 2017). These catchments
represent two important categories of conditions character-
istic for the Polish Plain: a higher human pressure on water
resources in the West (Barycz) and a lower pressure in the
East (Upper Narew). Projections of the amount of total nitro-
gen (TN) and total phosphorus (TP) losses and of sediment
that is transported from land areas to the stream network were
derived, using the same climate model dataset as in Piniewski
et al. (2017a), but only for the RCP4.5 scenario. Ensemble
median in TN losses for the Barycz catchment in the remote
future was projected to increase by 35%, whereas an even
stronger increase, by 45%, was projected for the Upper Narew
basin. Projections of TP losses indicate moderate increases
for the Upper Narew catchment, whereas there is high uncer-
tainty for the Barycz catchment. A strong correlation was
found (Marcinkowski et al. 2016, 2017) between the river
runoff and TN load (in particular nitrates), related to high
mobility of nitrates that are not assimilated by plants during
the dormancy season, but rather transported to streams via
subsurface flow. These processes are favored especially in
winter and spring, when evapotranspiration is typically low
and infiltration can be fairly high due to snowmelt.

Floods and droughts

Climate extremes tend to have considerable impact on sec-
tors (cf. Hanson et al. 2007). In Poland, several destructive
floods and extensive droughts have occurred in the last three
decades (for example: floods in 1997, 2001 and 2010 and
droughts in 1992, 1994, 2006, 2008, 2015 and 2018). As
phrased by Milly et al. (2008, 2015), “stationarity is dead,”
hence projections of high and low discharges are of consider-
able interest. They can play an important role in assessment
and reduction in flood and drought risk (e.g., determina-
tion of a 100-year flood or a 100-year drought). Piniewski
et al. (2017e) developed projections of high and low river
discharges in the VOB. Despite a substantial spread of the
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resultant projections, the principal finding was that increases
in both high and low discharges are likely to dominate in the
future (Fig. 2). The magnitude of increase in low discharge
was found to be considerably higher than that of high dis-
charge, that is, future streamflow droughts were projected
to be less severe, whereas, in contrast, river floods were pro-
jected to increase. This latter change is likely to exacerbate a
challenge for river flood risk reduction, water management,
and climate change adaptation. Piniewski et al. (2017e) also
took a broader perspective, presenting a review of projections
of high and low discharges in Central and Eastern European
river basins reported in the literature, and unveiling uncer-
tainty. However, they noted an overall qualitative agree-
ment of their findings for the VOB region with projections
of hydrological extremes from large-scale models forced by
EURO-CORDEX results in the European-scale studies.

Kundzewicz et al. (2017g) examined observed and pro-
jected changes in flood hazard in Europe. They analyzed
spatial and temporal variability of large floods, using a time
series of flood-related information for 1985-2016, collected
by the Dartmouth Flood Observatory (USA). They noted
that it is difficult to disentangle the climatic change com-
ponent from strong natural variability and direct human
impacts. The climate change impact on river flood hazard
in Europe is complex and depends on the flood generation
mechanism. No ubiquitous, spatially consistent, changes in
flood hazard characteristics in observation records have been
detected, so far. However, Kundzewicz et al. (2017g) found
an increasing tendency in the number of observed floods
with large magnitude and severity in Europe, even if the
year-to-year variability was strong.

Kundzewicz et al. (2017e, g) found considerable dif-
ferences in a set of studies of flood hazard projections in
Europe and tried to interpret them. They noted a consid-
erable spread of projections among studies reported in the
academic literature, carried out under different assumptions.
Therefore, caution must be exerted by practitioners when
trying to interpret conflicting pieces of information on flood
hazard projections, stemming from different sources.

Wyzga et al. (2018) examined various approaches to
river flood risk reduction in the region of the Upper Vistula
Basin, demonstrating that nature-based methods can lend
themselves well to extend the traditional, structural, flood
defense strategy. The work by Wyzga et al. (2018) extends
the scope of the FLORIST project (Kundzewicz et al. 2014,
2017h), carried out for the northern foothills of the Tatra
Mountains.

Environment
In accordance with the projections that showed a prevail-

ing increase in annual and seasonal runoff, as well as in
low and high flows in the majority of rivers in the VOB,
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mission), modified

other hydrological variables such as inundation frequency
and soil moisture content in selected groundwater-fed wet-
lands were also projected to be on the rise in the future
climate (Kundzewicz et al. 2017a, b). The rate of increase
was found to be typically higher for the far future than for
the near future, and higher for RCP8.5 than for RCP4.5.
An overall conclusion was that in-stream and riparian biota

would face a new norm in their habitats. Projected changes
in soil moisture for groundwater-fed wetlands suggest that
their abiotic conditions are not likely to change significantly.
The changes in high flows as well as in soil moisture con-
tent obtained with the help of models forced by rainfall and
temperature projections for changing climate suggest that
wetlands which are well adapted to wet conditions should
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be the least affected ecosystems. However, potential increase
in soil moisture or in frequency of flooding may initiate the
biological and ecological processes of changes in the wet-
land. Research on this topic is especially important in Natura
2000 special areas of conservation, where the current status
of habitats is protected.

Derived projections suggest that the future climate
will cause significant alterations in streamflow condi-
tions important for migration and spawning of northern
pike (Esox lucius), chub (Squalius cephalus) and Atlantic
salmon (Salmo salar) in the VOB (O’Keefte et al. 2018).
Atlantic salmon, which is a species migrating long distances
to spawn, is under the highest impact. Increased streamflow
during spawning migration (September—October), along
with the increased number and duration of low pulses, may
cause deceptive spawning cues and impact the breeding
success by suspending or reducing the number of spawn-
ing individuals. The projected increase in streamflow dur-
ing spawning (November—December) and rising duration
of high pulses could contribute to washing out eggs and
alevins mortality. Chub prefers high flows for spawning and
is slightly affected by flooding thus increase in the median
duration of low pulses could be harmful to this fish but the
increased flow in the spring might be beneficial. Further-
more, increased spring flows might impact the spawning
success of northern pike. As this species deposits eggs in
flooded areas, this can impact northern pike in a dual way.
Either it can increase days with floodplain inundation and
connectivity which would be advantageous for the species or
cause an abnormal high streamflow or flash floods that could
wash away the fish. Northern pike favors little variability in
flow and, in the conditions of climate change, a fluctuation
between low and high flows could become more rare.

Whether those fish will be able to adapt, considering the
speed of changes projected to occur, is uncertain. Projecting
impact of climate change on fish is a pressing matter, and the
study of O’Keeffe et al. (2018) allowed to get a glimpse into
what might happen when streamflow conditions important
for migration and spawning are altered.

Agriculture

Agricultural sector in Poland is of high social and economic
importance and the number of professionally active popula-
tion in agriculture in Poland is higher (both in absolute and
relative terms) than in any other country of the European
Union. Since agriculture strongly depends on climatic con-
ditions, the observed and projected climate change raises
considerable interest and concern in the sector. Kundzewicz
and Kozyra (2017) tackled climate change impacts on agri-
culture in Poland, both in the context of past observations
(where strong inter-year variability is evident) and model-
based projections for the future. Climate changes, and in
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particular increases in temperature and changes in rainfall,
have strong impacts on agriculture notably via weather
extremes—droughts and heat waves as well as heavy pre-
cipitation and do indeed significantly affect crop growth.

Marcinkowski and Piniewski (2018) examined the impact
of climate change on sowing and harvesting dates of selected
crops in Poland. They found that projected warmer climate
considerably affects scheduling of agricultural practices,
accelerating sowing and harvesting dates across the entire
country. The acceleration rate is strongly dependent on the
future time horizon of concern and the RCP scenario, and
the highest advancement is projected for far future under
RCP8.5, reaching 23 and 30 days, for spring barley and
maize, respectively. Evidence shows that soil moisture
anomalies (deficits or excesses) are the key factor affect-
ing crop growth in rain-fed agriculture, dominating in the
country. In recent decades, major soil moisture anomalies
have been recorded, leading to severe crop failures. Pin-
iewski et al. (2018b) simulated multi-annual variability of
soil moisture anomalies in Poland and assessed the effect of
climate change on extreme soil moisture conditions in the
future, that can adversely affect crop yields. A crop-specific
(winter cereals, spring cereals, potato and maize) indica-
tor based on simulated daily soil moisture content during
the crop development stages with critical soil moisture
requirements) was designed, evaluated for the past condi-
tions against empirical crop-weather indices and applied
for studying future climate conditions. For spring cereals,
potato and maize, despite a large model spread, projections
generally showed increasing severity of soil moisture defi-
cits, as well as an increase in the total area affected by them.
The signals of change in soil moisture excesses for potato
and maize largely depended on selection of RCP and future
horizon.

Heat waves and mortality

Graczyk et al. (2018) examined mortality triggered by heat
waves in Poland. They estimated a likely number of addi-
tional fatalities in 10 largest cities of Poland, recorded dur-
ing, and immediately after, heat waves in particularly hot
summer seasons. Since 1989, four summer seasons with
intense, long-lasting, heat waves occurred in 1992, 1994,
2006 and 2010, with a considerable increase in the number
of deaths in the largest towns in the country. The numbers of
fatalities in heat wave days and some interval afterward were
compared to the numbers of fatalities in the same calendar
days in reference years without heat waves. An increase in
mortality risk for people over 65 years of age and for those
with cardiovascular deficiencies was noted. The total num-
ber of additional fatalities related to heat waves could have
exceeded a thousand in 1994. During the hottest days in the
analyzed period, in some cities, the number of fatalities was
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more than three times higher than the mean value for the
reference period.

In the scientific literature related to mortality increase due
to heat waves, it is often underlined that densely populated
areas are at the highest risk. Nevertheless, since increase in
mortality during heat waves can occur in smaller towns and
in rural areas, the number of additional fatalities in the entire
Poland is likely to be considerably higher.

The results of Graczyk et al. (2018) indicate that the
increase in mortality related to heat waves is a serious threat
in Poland already in the present climate and is likely to be
even more severe in a future “warmer” climate. If climate
model projections come true, then the most tragic heat
wave in Poland, that took place in 1994, will be more com-
monplace in the coming decades. The “load” is increasing,
because heat waves get more intense and last longer, while
the “resistance” is decreasing because the number of aged
people in the Polish society is growing fast.

Uncertainty and perception

The scientific evidence related to climate change and its
attribution, impacts and possibilities of mitigation has been
dynamically increasing. Yet, “climate change contrarian-
ism” persists in many countries, thyming with the observed
general crisis of confidence to scientists and the triumphal
advent of alternative post-truth realities, wherein discourse
is framed largely by appeals to emotion disconnected from
facts. This general tendency can be noted in many countries,
including Poland and Norway, that is countries collaborat-
ing in the CHASE-PL project—that are fossil fuel giants
with vocal contrarians, cf. Kundzewicz et al. (2017¢) and
Ceglarz et al. (2018). The public discourse in Poland, related
to energy issues, concentrates to a large extent on the energy
independency and security that are grounded on the rich
domestic coal deposits, whereas the environmental dimen-
sion of the energy policy is conveniently downplayed. The
access to the domestic fossil fuels is believed to ensure a
regular economic development and low electricity price. It
is also an argument for less interest in developing renewable
energy sources in Poland. Most politicians, backed by the
media and the coal and energy industry, explicitly under-
mine the scientific evidence of climate change.

Climate change and climate change impact studies would
be incomplete without consideration of uncertainties that are
plentiful in understanding, observations and projections, as
well as the issues of perception. Three related uncertainty
aspects of particular relevance can be distinguished: identi-
fication of uncertainty sources, quantification of uncertainty
components, and devising a framework for uncertainty
reduction. The concepts of uncertainty play a prominent
role in the research on global environmental change. We

are uncertain about the future, but also—to some extent—
about the recorded history and even the present. Kundzewicz
et al. (2018) reviewed the use of the uncertainty notion to
process understanding and modeling of systems, detection
of change in observation records, and—foremost—projec-
tions of climate change impact on water resources for future
time horizons. They presented a framework of proposing and
assessing measures that could improve uncertainty commu-
nication, by relying on model ensembles and multi-model
probabilistic approaches. Kundzewicz et al. (2018) distin-
guished two management strategies for the case of irreduc-
ible uncertainty—the precautionary principle and the adap-
tive management.

Kundzewicz et al. (2017d) discussed the challenges for
developing national climate services in two countries—
Poland and Norway, whose fossil fuel production is high.
Poland is a major producer of coal while Norway—of oil
and gas. In both countries, weather services are advanced,
but the stages of development of climate services are largely
different. In Norway, where downscaling of climate models
commenced more than 20 years ago, tailored climate change
projections have been made available to the broad society.
Now, climate services are well developed—the Norwegian
Centre for Climate Services (NCCS) has been operating
since 2011. In contrast, climate services in Poland actu-
ally do not exist and this is not an exception among coun-
tries of Central and Eastern Europe. Many countries in the
region neither have their national climate services nor are
interested in European climate services enhanced via EU
initiatives. The information generated within the CHASE-
PL project, that has been broadly disseminated in Poland,
could be regarded as a temporary (extending over the pro-
ject duration) substitute for the kind of information that in
other countries is delivered to the society by national climate
services.

Generated datasets

In order to prepare the basis for water-related impact stud-
ies, Piniewski et al. (2017d) applied the SWAT (Soil Water
Assessment Tool) model in the entire Vistula and Odra
basins (VOB), in order to assess the water balance and simu-
late natural streamflow. Since these basins include parts of
five Poland’s neighbor countries, the study has an interna-
tional relevance. This was quite a large task, because model-
based high-resolution analysis for the whole river basins of
the Vistula and the Odra has never been conducted in Poland
before. The CHASE-PL forcing data—gridded daily precipi-
tation and temperature dataset-5 km (CPLFD-GDPTS) that
consisted of daily minimum and maximum air temperatures
and precipitation totals, for the control interval, 1951-2013,
interpolated onto a 5-km grid based on daily meteorological
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observations (Berezowski et al. 2016) was used as driving
climate dataset. A multi-site calibration approach allowed
to achieve satisfactory goodness-of-fit across a range of
catchment sizes and types. Model calibration and evalua-
tion, driven by high-resolution climate data, showed satisfac-
tory overall behavior for 80 benchmark catchments divided
into eight clusters. The spatial evaluation performed for
30 gauges led to the conclusion that the designed param-
eter regionalization scheme performed quite well, with the
median value of Kling—Gupta efficiency (KGE) of 0.76.
The study by Piniewski et al. (2017d) can serve as a basis
for work on projections of climate change impacts on water
resources and their management, assessing flow alterations,
agriculture and environment. The model output dataset
(CHASE-PL natural hydrology, CPL-NH) is publicly avail-
able as an online research data archive (https://data.4tu.nl/
repository/uuid:b8ab4f5f-f692-4c¢93-a910-2947aea28f42).

Mezghani et al. (2016) compiled and published the
CHASE-PL climate projections—gridded daily precipitation
and temperature dataset-5 km (CPLCP-GDPTY), consisting
of projected daily minimum and maximum air temperatures
and precipitation totals. This high-resolution bias-corrected
product can serve as a basis for climate change impact and
adaptation studies for selected sectors in Poland.

The CHASE-PL project provided open access data-
sets for researchers. This included forcing data for

(Mensn o e s ol s

environmental models (historical, observation-based, for
the interval 1951-2013) and model-based projections for
two future time horizons: 2021-2050 and 2071-2100, as
well as SWAT simulations: water balance and streamflow
in the historical control interval and future horizons. The
data are available in open access at online data reposi-
tory—4TU Centre for Research Data https://data.4tu.nl/
repository/ (or Google search: CHASE-PL data). Selected
data were published in high-impact, open access, data
journals (Berezowski et al. 2016; Mezghani et al. 2017).
The dataset of model outputs based on all simulations,
driven by the results of bias-corrected models in the
EURO-CORDEX initiative (Mezghani et al. 2016), called
CHASE-PL—future hydrology (CPL-FH), is also publicly
available (Piniewski et al. 2017f).

The datasets produced within the project are freely availa-
ble for research purposes. When reusing the data, one should
clearly refer to the name(s) of the original author(s). Yet,
for commercial purposes, no free use of data is guaranteed.

Within the CHASE-PL project, a geoportal was devel-
oped at the Warsaw University of Life Sciences (SGGW)
under the leadership of Ignacy Kardel (Fig. 3). This inter-
active web-mapping system (http://climateimpact.sggw.pl)
provides spatial, interactive, visualization of observed and
projected climate change and its impact on selected sectors
in Poland. The geoportal was awarded a prize in the Internet

Fig.3 A sample of screenshots from the climate change geoportal, created within the CHASE-PL project (http://climateimpact.sggw.pl)
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summarizing the results of the
CHASE-PL project (Kundze-
wicz et al. 2017a, b)

Climate change
and its impact on selected
sectors in Poland

Zmiany klimatu i ich wplyw
na wybrane sektory w Polsce

Map of the Year contest, 2016/2017, organized by the Soci-
ety of Polish Cartographers.

The information contained in the geoportal enables other
researchers to use project results in their own studies on
climate change and climate change impact. The co-authors
of this paper believe that free and easy access to processed
historical data as well as projections enhances further work,
hence contributing to better understanding and interpretation
of climate change and associated impacts in Poland.

Discussion and conclusions

Tables 1 and 2 illustrate the summary of CHASE-PL
project’s findings on observed and projected changes in
climate variables, as well as in climate impact variables,
respectively.

The co-authors of this paper, who participated in the
Polish—-Norwegian CHASE-PL project trust that the project
results contributed, in a considerable way, to improvement of
understanding and interpretation of climate change impacts
in such sectors, as: water resources, natural hazard risk
reduction, health, agriculture and environment of Poland.
It extended the state-of-the-art of the detection of change,
projection of climate change and its impacts, as well as inter-
pretation of uncertainty, and could contribute to improving
general awareness. Planned project’s objectives have been
fully achieved and, actually, largely exceeded. Scientific out-
puts comprise: a book in Polish and English (Kundzewicz

et al. 2017a, b), cf. Fig. 4, and many journal papers, some
of which are listed in references overleaf, generation of sci-
entific data, and development of a climate change geoportal.

The CHASE-PL project linked strengths of scientists
from both participating countries: Norway’s traditions and
achievements in climate research and Poland’s expertise in
climate impact research. Norwegian partners provided com-
mon climatic foundations by producing downscaled projec-
tions, while Polish partners took the lead in impact research.
The CHASE-PL project scientists made an attempt to bring
the activities of the climate impact and the climatology com-
munities closer together. This helped reduce the traditional,
disciplinary, “disconnect” between communities develop-
ing assessment and modeling frameworks for impact stud-
ies (e.g., related to water resources) and the communities
developing climate modeling frameworks.

Valuable inputs were also obtained from co-authors from
beyond the project, as documented in several references
listed overleaf.

The lessons learned from climate change impact studies,
applying the CHASE-PL information, can help in shaping
adaptation strategies and rising awareness of importance of
this area in Poland.

The project contributed to reduction in the knowledge gap
on climate change and associated impacts among the policy-
makers, stakeholders and the broad Polish society. It can be
viewed as the substitute for national climate services that do
not exist in Poland, even if the process updating the informa-
tion was discontinued after the project end in April 2017.
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