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Abstract

This study presents the analysis of bias-corrected projections of changes in temperature and precipitation
in the Vistula and Odra basins, covering approximately 90 % of the Polish territory and small parts of
neighbouring countries in Central and Eastern Europe. The ensemble of climate projections consists of nine
regional climate model simulations from the EURO-CORDEX ensemble for two future periods 2021-2050
and 2071-2100, assuming two representative concentration pathways (RCPs) 4.5 and 8.5. The robustness is
measured by the ensemble models’ agreement on significant changes. We found a robust increase in the annual
mean of daily minimum and maximum temperature, by 1-1.4 °C in the near future and by 1.9-3.8 °C in the far
future (areal-means of the ensemble mean values). Higher increases are consistently associated with minimum
temperature and the gradient of change goes from SW to NE regions. Seasonal projections of both temperature
variables reflect lower robustness and suggest a higher future increase in winter temperatures than in other
seasons, notably in the far future under RCP 8.5 (by more than 1 °C). However, changes in annual means of
precipitation are uncertain and not robust in any of the analysed cases, even though the climate models agree
well on the increase. This increase is intensified with rising global temperatures and varies from 5.5 % in the
near future under RCP 4.5 to 15.2 % in the far future under RCP 8.5. Spatial variability is substantial, although
quite variable between individual climate model simulations. Although seasonal means of precipitation are
projected to considerably increase in all four combinations of RCPs and projection horizons for winter and
spring, the high model spread reduces considerably the robustness, especially for the far future. In contrast,
the ensemble members agree well that overall, the summer and autumn (with exception of the far future under
RCP 8.5) precipitation will not undergo statistically significant changes.
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1 Introduction

1.1 Motivation

Increase of mean annual air temperature has been de-
tected at various spatial scales, ranging from local to
national, regional, continental, hemispheric, and global
(KunpzEwicz and HUANG, 2010; STANISEAWSKA et al.,
2013; IPCC, 2013). The increase of globally averaged
combined land and ocean surface temperature, over the
period 1880 to 2012, was about 0.85 [0.65 to 1.06] °C
(IPCC, 2013). Each individual year since 2001 belongs
to the 16 globally warmest years in the history of global
instrumental observations, i.e. since 1880 (the only pre-
2001 year in this list being 1998). FORTUNIAK etal.
(2001) and KozucHowskI and ZMUDZKA (2001) found
a temperature increase of 0.8 °C for the area of Poland
in the second half of the 20" century. LIMANOWKA
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etal. (2012) extended the analysis to cover the more
recent interval 1951-2008. In 1951-2008, the trend in
the spatially-averaged air temperature for the whole area
of Poland was 0.24 °C per decade, whereas the fastest
rise was observed on the coasts (0.27 °C/decade) and
the lowest in the highlands (0.19 °C/decade). On the sea-
sonal scale, the strongest increase of spatially-averaged
observed seasonal air temperature occurred in winter
and spring (0.38 °C/decade and 0.36 °C/decade, respec-
tively), while the smallest and statistically insignificant
increase occurred in autumn (0.06 °C/decade). In fur-
ther years, after the year 2008, temperature has shown a
higher increase, followed by years 2014 and 2015 beat-
ing all-time records at many stations in Poland. As far
as changes in annual precipitation totals in Poland are
concerned, significant changes were observed neither in
the whole country nor in the sub regions. What was ob-
served was a strong variation from year to year.

Few studies related to projections of climate change
have been dedicated to Poland. For instance, climate
projections originating from the ENSEMBLES project
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(VAN DER LINDEN and MITCHELL, 2009) were the ba-
sis for investigations of extreme climatic indices rele-
vant for different sectors (agriculture, water resources
and health) (Szwebp etal., 2010), winter thermal con-
ditions (ProTrRowski and JEDRUSZKIEWICZ, 2013), as
well as those issued from the ‘KLIMADA’ project
(http://klimada.mos.gov.pl/en/), within the framework
of the Polish National Adaptation Strategy to Cli-
mate Change (NAS 2020). In the latter project, eight
bias-corrected regional climate models (RCMs) un-
der the Special Report on Emission Scenarios (SRES)
(VAN DER LINDEN and MiTcHELL, 2009) A1B sce-
nario were applied to estimate changes in climate vari-
ables and specific climate indices in two future hori-
zons, 2021-2050 and 2071-2100. The outcomes of
the latter project showed significant upward trend in
temperature, and subsequently, significant changes in
temperature-based indices, while precipitation projec-
tions were uncertain, suggesting slight increases in the
median of winter changes and slight decreases in sum-
mer. PIOTROWSKI and JEDRUSZKIEWICZ (2013) assessed
the spatial variability in winter temperature over Poland
for the 2021-2050 period based on three RCMs un-
der SRES A1B scenario. The highest temperature in-
crease was predicted in the North and the East of
Poland, which was attributed to an increase of fre-
quency of cyclonic circulation types. The magnitude
of changes largely differed between climate models.
SzweD etal. (2010) pointed out mainly unfavourable
changes in Polish climate e.g. increased frequency of
extreme events, reduced crop yields, and increased sum-
mer water budget deficit derived from six uncorrected
regional climate model simulations under SRES A2 sce-
nario. JACZEWSKI et al. (2015) compared changes of se-
lected thermal indices for the time period 2011-2030
relative to 1971-1990, based on bias-corrected projec-
tions from the RegCM (REGional Climate Model) un-
der SRES B1, A1B and A2 scenarios and reported an
increase in the number of summer and hot days and a
decrease in the number of frost and ice days.

More recently, even fewer studies have been done for
Poland using a newer generation of climate model simu-
lations such as the fifth generation of the Coupled Model
Intercomparison Project (CMIP5) or the European do-
main of the Coordinated Downscaling Experiment Ini-
tiative (EURO-CORDEX). PLUNTKE etal. (2016) ap-
plied the statistical downscaling model WETTREG2013
for temperature and precipitation projections from two
GCMs, one under two newer generation Representa-
tive Concentration Pathways (RCP) 2.6 and 8.5 scenar-
ios, and one under SRES A1B, for the south-western
part of Poland and eastern Saxony. Their results showed
an acceleration of changes by the end of 21% century
leading to negative consequences for the climatic wa-
ter balance, particularly under SRES A1B and RCP 8.5.
RomaNowicz etal. (2015) corrected modelled temper-
ature and precipitation of seven GCM-RCM combi-
nations from EURO-CORDEX over ten Polish catch-
ments. They pointed out that bias-corrected projections
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under RCP 4.5 agreed quite well on a precipitation in-
crease in the range 0—15 % depending on the catchment
and future horizon, and an upward trend in temperature
by 1°C in 2021-2050, which is doubled by the end of
the 21st century.

1.2 Mapping climate model robustness

Even though an ensemble approach is now recognised
as a standard in climate change science, aggregation
of projections from different ensemble members, of-
ten counted in tens, into a single, informative and
stakeholder-friendly map has always posed various chal-
lenges. On the one hand, the uncertainty in succes-
sive generations of climate models remains large de-
spite considerable progress in terms of simulating atmo-
spheric and climatic processes in greater detail, hence,
projections from different models often diverge with a
rate depending on various factors such as geographic
location, weather or climate variable, and season. On
the other hand, producing exclusively maps of multi-
model ensemble mean or median change, still com-
mon in regional-scale studies, remain insufficient. For
instance, when analysing climate projections from mul-
tiple models for a given location, two properties can be
assessed: agreement between models (ideally quantified
by one value per ensemble) and statistical significance
of change according to each model (n values for n en-
semble members). A combination of these two prop-
erties is often referred to as robustness (KNUTTI and
SEDLACEK, 2013; PFEIFER etal., 2015). While assess-
ing statistical significance is rather straightforward, var-
ious approaches have been developed to measure the
model agreement. The number of models agreeing on
the sign of change has been adopted in the 4th As-
sessment Report of the Intergovernmental Panel of Cli-
mate Change (IPCC, 2007), in the first assessment re-
port of the EURO-CORDEX projections (JAcOB etal.,
2014) and in other isolated studies (VAUTARD etal.,
2014; PrEIFER et al., 2015). Various forms of uncertainty
versus signal, or signal-to-noise ratio, exist such as the
ratio of one standard deviation across the multi-model
range over the multi-model mean change (FISCHER et al.,
2014). Finally, KNUTTI and SEDLACEK (2013) adopted
the robustness R measure based on the integrals of three
cumulative density functions: one characterising all in-
dividual model projections (CDF1), the second one rep-
resenting the multi-model mean projection (CDF2), and
the third one representing the multi-model mean of the
historical climate (CDF3). Comparison of CDF2 with
CDF1 measures uncertainty, and comparison of CDF2
with CDF3 measures signal. This approach has some
advantages over other existing methods, as it holisti-
cally considers the magnitude of change, the sign, natu-
ral variability and inter-model spread.

The robustness of climate projections R has been
used in a number of studies as a measure of mod-
els’ agreement in simulating the climate change signal,
both at global (SEDLACEK and KNUTTI, 2014; PROESTOS
etal., 2015) and regional (LELIEVELD et al., 2016) scale.
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Figure 1: Study area showing Poland (PL, black lines) and Odra and Vistula catchments (red lines). Colours give height above sea level.

1.3 Objective

The main objective of this paper is to evaluate an ensem-
ble of annual and seasonal projections of daily minimum
and maximum temperature and total precipitation over
the basins of two largest Polish rivers, the Vistula and
the Odra. The climate projections used here were based
on an ensemble of bias-corrected EURO-CORDEX sim-
ulations under two RCPs (4.5 and 8.5) for two future
horizons within the 21 century. The secondary objec-
tive is to assess and provide robustness maps related to
these projections over Poland, following the approach of
K~uTTI and SEDLACEK (2013).

2 Materials and methods

2.1 Study area

The Vistula and Odra basins (VOB) have been selected
for this study as they are the main focus region of climate
impact modelling within the CHASE-PL project (Cli-
mate Change Impacts for Selected Sectors in Poland,
http://www.chase-pl.pl/). They are located in Central
and Eastern Europe, covering most of Poland and parts
of neighbour countries (Germany, Czech Republic, Slo-
vakia, Ukraine and Belarus), and draining their waters
to the southern part of the Baltic Sea (Figure 1). They
occupy 193,831 and 119,041 km?, of which 87 % and
88 %, respectively, lie in Poland. The great majority
of both drainage areas spans through the North Euro-
pean Plains, while the southern belt of both basins has a
mountainous character. Poland has a temperate climate

with cold winters and warm summers, which is influ-
enced by air masses from all directions: maritime air
from the west, cold polar air from Russia and Scan-
dinavia, as well as sub-tropical air from the Atlantic
Ocean, Mediterranean, and Black Sea.

2.2 Bias-corrected dataset of temperature and
precipitation projections

Correcting the present climate to be closer to observa-
tions has been a mandatory step for most climate change
impact studies (SORTEBERG etal., 2014). The CHASE-
PL Climate Projections — Bias Corrected Daily Precipi-
tation and Temperature 5 km (CPLCP-BCDPT5) dataset
(MEzGHANI et al., 2016) was used here for studying pro-
jected climate change in the VOB. This dataset con-
tains projections of daily values of three variables (mini-
mum temperature Tp,;,, maximum temperature Tp,x and
precipitation P) from a multi-model ensemble (MME)
of nine EURO-CORDEX GCM-run-RCM combina-
tions for the historical period (1971-2000) and two
future periods (2021-2050 — labelled as near future,
and 2071-2100 - far future), each under two RCPs
(4.5 and 8.5) (Table 1). Selected climate model simula-
tions consisted of combinations of four GCMs and four
RCMs and were bias-corrected using the quantile map-
ping method (R package ‘gmap’ developed by the Nor-
wegian Meteorological Institute, GUDMUNDSSON et al.
(2012)). This non-parametric method has shown a good
performance compared to other bias correction meth-
ods in reproducing not only the mean but also the stan-
dard deviation and extremes (THEMESSL etal., 2010).
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Table 1: List of available GCM-run-RCM combinations compos-
ing the multi-model ensemble (MME). Each combination was avail-
able for the historical period (1971-2000) and two future periods
(2021-2050 and 2071-2100) under two RCPs (4.5 and 8.5).

Code GCM RCM

01 CNRM-CERFACS-CNRM-CM5 CLMcom-CCLM4-8-17
02 CNRM-CERFACS-CNRM-CM5 SMHI-RCA4

03 ICHEC-EC-EARTH CLMcom-CCLM4-8-17
04 ICHEC-EC-EARTH SMHI-RCA4

05 ICHEC-EC-EARTH
06 ICHEC-EC-EARTH

KNMI-RACMO22E
DMI-HIRHAMS

07 IPSL-IPSL-CM5A-MR SMHI-RCA4
08 MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17
09 MPI-M-MPI-ESM-LR SMHI-RCA4

The CHASE-PL Forcing Data — Gridded Daily Precip-
itation & Temperature Dataset 5km (CPLFD-GDPTS5)
(BEREZOWSKI et al., 2016) was used as reference in cali-
bration procedure. Thus, quantiles of the simulations for
the control period (1971-2000) were mapped onto cor-
responding quantiles in the observations (1951-2013, as
the most recent 63-years reference time period) and the
bias in the daily temperature and precipitation simula-
tions was removed. In order to take into account the sea-
sonality in the observations, bias correction was applied
on each of the four seasons separately. Furthermore, the
bias-corrected set-up included a linear interpolation be-
tween the fitted and simulated values lying outside the
range of observed data in the training period. The same
correction found for the highest percentile to extrapolate
for values falling outside the range of the observed cli-
mate was applied, as in BoE etal. (2007). Furthermore,
the method included an adjustment of wet-day frequen-
cies for precipitation and was applied to the four seasons
separately.

In the present study, all data were re-interpolated
from the original 5km resolution of the CPLCP-
BCDPTS5 dataset on the layer of 2633 sub-basins from
the SWAT model of the VOB developed in PINIEWSKI
etal. (in review), with a purpose of running climate
change scenarios. Sub-basin sizes were variable, with
mean area equal to 111 km?. Three first years of both
historical and future periods were truncated, since a
warm-up period of three years is used for SWAT sim-
ulations. The climate change for the two future horizons
with regards to the reference period was expressed in
terms of relative changes for annual and seasonal sums
of P (in %) and in terms of absolute changes for annual
and seasonal means of daily Ty, and T« (in °C). This
procedure was applied for each climate model, future
horizon, RCP and temporal aggregation (annual or one
of four seasons), thus leading to 9x2x2 x5 = 180 maps
for each of the three analysed variables. While maps for
different periods and different RCPs should be kept sep-
arately, it was desired to significantly reduce the number
of maps for different climate model simulations, aggre-
gating them in a scientifically-defensible manner.
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2.3 Robustness estimation

A robustness measure R similar to that proposed by
KNuTTI and SEDLACEK (2013) is used here as a measure
of models’ agreement and is calculated locally for each
sub region and spatial entity. It should be noted that this
quantitative measure combines two essential properties
when dealing with ensemble of climate projections: the
signal-to-noise ratio and a skill score. While the tech-
nical details of its calculation are available in the paper
of KNUTTI and SEDLACEK (2013), here we present some
key features:

e R values are influenced by models’ spread and mag-
nitude of the signal.

* It considers the width of the initial distributions (such
that the same projection has a lower R value if the
variability is small).

* It penalizes (by covering the ensemble mean map
with a white colour) the case when models agree on
the sign and significance but considerably disagree
on the magnitude.

* The value of R increases with lower model spread or
higher magnitude of signal. The maximum value is
1 and the values below O are considered very low.
KNUTTI and SEDLACEK (2013) used a threshold of
0.8 over which “models agree on significant change”.

The robustness categories are determined based on
the value of R and the fraction of models with statis-
tically significant change (denoted as v,) at p = 0.05
level, using the Mann-Whitney U test. The robustness
maps are constructed so that i) the colours show the
multi-model mean change, ii) stippling represents R
values higher than 0.6 (good agreement), iii) hatching
marks areas where vy < é (agreement on no change),

R < 0.3, i.e. significant changes but little agreement
among models. Moreover, the areas where no graphi-
cal pattern is super-imposed on the map, could be seen
as regions with limited evidence for change in the indi-
cated direction. In line with suggestions of KNUTTI and
SEDLACEK (2013), we adapted the threshold values for R
(decreased by 0.2) compared to their work. The graphi-
cal illustration of the above criteria can be found in the
Supplementary Material Figure S1.

and iv) white colour indicates areas where v, > g and

3 Results

3.1 Temperature projections

Figures 2 and 3 show changes in annual mean of daily
minimum and maximum temperature for the near and
far future, under RCPs 4.5 and 8.5, respectively. Cli-
mate warming is ubiquitous and robust (represented by
the stippling marks across the whole domain), with an
exception made for Ty, projections in the near fu-
ture under RCP 4.5 for which R was slightly below 0.6
in the majority of the study area. The figures show a
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Figure 2: Multi-model ensemble mean change in annual means of daily minimum temperature for the near and far future under RCPs 4.5
and 8.5. Values in the left bottom corner of each map mark mean areal changes for a given map. Black, dashed line marks Poland and
neighbouring countries contours, whereas grey, solid line divides the basins of the Vistula (right) and the Odra (left) rivers. Stippling marks
areas with high model agreement, hatching marks areas where less than 20 % of models show a significant change, white marks areas with
inconsistent model response, whereas colours without stippling and hatching can be interpreted as regions with limited evidence for change
in the indicated direction (after (KNUTTI and SEDLACEK, 2013)).
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Figure 3: Multi-model ensemble mean change in annual means of daily maximum temperature for the near and far future under RCPs 4.5
and 8.5. The remaining symbols as in Figure 2.
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Figure 4: Multi-model ensemble mean change in seasonal means of daily minimum temperature for the near and far future under RCPs 4.5
and 8.5. The remaining symbols as in Figure 2. DJF, MAM, JJA and SON stand for standard climatological abbreviations for winter, spring,

summer and autumn, respectively.

small difference (by 0.2 °C) between RCPs in the near
future which becomes much larger in the far future
(by 1.5-1.7 °C). The acceleration of warming with time
is more rapid under the RCP 8.5 than RCP 4.5 for both
variables. In all cases (for all time horizons and RCPs),
the projected increase in Ty is by far lower than the
corresponding increase in T;,, although the difference
is small (less than 0.4 °C). This leads to a decrease in
projected daily temperature amplitude.

For daily temperature, the spatial variability in pro-
jected change is generally low. The difference between
the highest and lowest projected change within one map
does not exceed 0.7 °C, with one exception (T, in
the far future under RCP 8.5) and the standard devi-
ation calculated across all sub-basins is always lower
than 0.15 °C. Thus, spatial gradients are not easy to de-
tect. For minimum temperature, there is a SW-NE gradi-
ent, relatively consistent across time periods and RCPs.
Contrary, the spatial gradient goes from west to east for
maximum temperature for RCP 4.5 in both time hori-
zons, and shows an inconsistent pattern between the two
periods under RCP 8.5. This may be due to the fact that
our analysis is based on the MME mean, which does not
have any physical interpretation in contrast to a single
climate model simulation.

Figures 4 and 5 illustrate seasonal projections of Ty,
and Th.x, and the assessment of their robustness. It can
be seen that in all cases (both near and far future time pe-
riods and under both RCPs) winter temperature increase

is the highest. Yet, this difference is much higher in the
far future than in the near future. Robustness of seasonal
projections is much lower than of the annual ones (Fig-
ure 6) which is mainly due to less variability on that
temporal scale. Spatial trends are weak and sometimes
non-existent, such as for the mean annual temperature.
For Tax projections are robust only in the far future un-
der RCP 8.5, whereas for T, they are robust for the
far future under both RCPs. In contrast, in the near fu-
ture there are areas, particularly large for summer 7'y,
for which the climate model response seems to be in-
consistent, despite the fact that the MME mean increase
is 0.9-1.0°C and all models agree on the sign of the
change.

Although spatial variability in seasonal minimum
and maximum temperature is generally low, as com-
pared with annual maps, there is a clear SW-NE gra-
dient for spring T, (less clear, but also present for
spring Tmax) and an W-E gradient for winter Ty
(slightly more variable for winter Tp,x), consistent
across future time horizons and RCPs. For example, an
increase in winter T;, in the far future under RCP 8.5
is projected to be lower than 4 °C for the western part of
the Odra basin and to be higher than 5.5 °C in the east-
ern part of the Vistula basin. A less consistent trend is
observed for autumn 7', whose increase is the highest
in the north (or north-east) and the lowest in the south
(or south-east). Spatial trends for summer 7T, depend
on the RCP and time period. While spatial patterns in
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Figure 5: Multi-model ensemble mean change in seasonal means of daily maximum temperature for the near and far future under RCPs 4.5

and 8.5. The remaining symbols as in Figure 2.
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Figure 6: Box plots of projected changes in minimum and maxi-
mum temperature calculated across different climate models for an-
nual (ANN) and seasonal precipitation in the near (NF) and far (FF)
future under RCP 4.5 and 8.5.

autumn T,y are largely inconsistent, those for summer
Tmax are consistent between two RCPs in the far future
(NE-SW). For the near future they are not analysed, as
the climate models do not provide sufficiently robust re-
sult.

3.2 Precipitation projections

Annual total precipitation is projected to increase
throughout almost the entire VOB (Figure 7), and ac-

cording to all climate models (Figure 8), with rates de-
pendent on the RCP and time horizon, ranging between
5.5% and 15.2 % (spatial average). The increase ac-
celerates with time and emissions. None of the pro-
jected changes are robust, and in some sub-areas, no-
tably north-east for the RCP 4.5 in the far future, and
south-east for the RCP 8.5 in the far future, the model
response is inconsistent. There are also areas, where the
models agree on the lack of significance (hatching ar-
eas), in particular in the near future under RCP 4.5 in
the southern parts of the basins.

The magnitude of precipitation increase is the lowest
in the south east of the VOB in the near future and in
the south in the far future. Spatial differences between
the highest and lowest change are substantial for the far
future under RCP 8.5 (an increase by more than 20 %
in some isolated areas in the NE corner compared to an
increase by less than 5 % in some areas in the south),
and moderate (below 10 %) for the remaining cases. As
shown in the Supplementary Material Figure S2 (pro-
jections for the far future under RCP 4.5), individual cli-
mate model simulations tend to exhibit rather different
spatial patterns.

A more clear pattern is visible for seasonal precipi-
tation projection (Figure 9), showing an areal-mean in-
crease for all seasons and all horizon-RCP combina-
tions. However, the rate of the change is more intensi-
fied in winter and spring than in summer and autumn.
While the increase in winter and spring precipitation is
ubiquitous, changes in summer and autumn precipita-
tion have different signs depending on location, RCP



230 M. Piniewski et al.: Climatic projections for the Vistula and Odra basins Meteorol. Z., 26, 2017

Mean +9.4% 100 km

Figure 7: Multi-model ensemble mean change in annual total precipitation for the near and far future under RCPs 4.5 and 8.5. The remaining
symbols as in Figure 2.
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Figure 9: Multi-model ensemble mean change in seasonal total precipitation for the near and far future under RCPs 4.5 and 8.5. The

remaining symbols as in Figure 2.

and time horizon. Yet, the magnitude of these changes,
either positive or negative, is usually lower compared to
internal climate variability, hence, there is an agreement
on no significant change (with exception of autumn pre-
cipitation in the far future under RCP 8.5). Interestingly,
white areas in the maps indicate model disagreement
which is super-imposed over large parts of the VOB with
cases showing the highest overall magnitude of increase
(25.8 % for spring precipitation in the far future under
RCP 8.5). Even though all ensemble members agree on
the increase and its mean is very high, the uncertainty
related to its magnitude is higher than the signal.

Spatial variability of changes in seasonal precipita-
tion is substantial but the patterns are more complex
than for temperature maps, with less clear gradients. Au-
tumn precipitation is projected to decrease (or its in-
crease is the lowest) in the eastern part of the Vistula
basin for each RCP and time period. However, these re-
sults should be treated with caution, as most of them
were assessed as the lack of significant change.

4 Discussion

The EURO-CORDEX simulations constitute the cur-
rent state-of-the-art of climate projections over Europe
(Jacos etal., 2014). In particular, a sub-set of projec-
tions available at the highest resolution of 0.11° has
been shown to have the added value over the coarser-
scale, 0.44° projections in the case of precipitation on

local scales, up to 400 km (PREIN et al., 2016). Still, the
EURO-CORDEX projections have considerable biases
and there is only limited evidence for an added value
of the higher resolution in the precipitation intensity and
frequency (CASANUEVA et al., 2016). Correcting the bias
in climate projections is of vital importance for impact
modelling, which is why the CHASE-PL project has put
a considerable emphasis on deriving a high-resolution
gridded product serving as the reference for bias cor-
rection of the EURO-CORDEX simulations over Poland
(BEREZOWSKI et al., 2016; MEzZGHANI et al., 2016).

Our study shows that while there remains a consid-
erable uncertainty in future climate projections among
the EURO-CORDEX ensemble members (of which nine
were used here), there are cases where robust signals
can be found. We showed that projections of the an-
nual mean of minimum temperatures (7 p,) are robust
for both future periods under both RCPs over the entire
domain. Similar changes for T« are not robust only for
the RCP 4.5 in the near future, for which the magnitude
of increase is the lowest (1 °C). The robustness is lower
for seasonal temperature projections: only for RCP 8.5
in the far future changes in both T, and Ty are fully
robust. For Ty, it is also the case for most of the area
under RCP 4.5 in the far future and under RCP 8.5 in the
near future. In contrast, for Tp,,x there are several cases
for which an inconsistent model response was assessed
for the majority of the VOB in the near future under both
RCPs, in particular for summer temperature.
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Perhaps the only study that also quantified robustness
of the (uncorrected) EURO-CORDEX simulations for
the domain covering the VOB is the one of JACOB et al.
(2014). They applied a different method, adapted from
PrEIFER et al. (2015), that uses the percentage of models
agreeing on the direction of change and the statistical
significance of changes from different models as the
principal measures quantifying robustness. In agreement
with our study, they showed that changes in mean annual
temperature are significant and robust for the far future
under both RCPs. The magnitude of the ensemble mean
changes in their study was comparable to our estimates
(from the ensemble mean), which shows that the bias
correction did not alter the signal of change. This is
in accordance with the recent study of Dosio (2016),
who reported negligible differences between the bias-
corrected and raw changes in mean winter and summer
Tmin and Tinax under RCP 8.5 in the far future for the
Eastern Europe region that geographically covered the
VOB. Importantly, in some other regions, such as e.g.
Scandinavia or Iberian Peninsula, this conclusion did not
hold.

We also showed that projected precipitation changes
are not robust, regardless of RCP, future horizon and
temporal aggregation. However, we identified regions
for which results for various conditions agree that pro-
jected changes are not significant (e.g. southern half of
the VOB in the near future under RCP 4.5 for annual
total P) or seasons for which changes are not signifi-
cant for almost the entire area under all RCPs in all pe-
riods (summer). In contrast to temperature projections,
for which the robustness was positively correlated with
the magnitude of change, in the case of precipitation we
can observe inconsistent model response (white areas,
cf. Figure 9) for cases with the highest projected mag-
nitude of increase (e.g. spring or winter P in the far
future). This is a fundamental difference from the ap-
proaches quantifying robustness based on the number of
models agreeing on a certain direction of change. Since
in this case all nine models agreed on the increase in
spring precipitation, such an approach would result in
robust changes. Indeed, JAcoB et al. (2014) assessed pro-
jected changes in annual total precipitation as signifi-
cant and robust over the entire area of the VOB, under
both RCPs in the far future, which does not corroborate
our findings. In contrast, the approach of KNuTTI and
SEDLACEK (2013) that we used here penalizes the fact
that the model spread, quantified on the basis of future
period CDFs, is higher than the signal (i.e. there is a low
signal-to-noise ratio), even if the signal is strong and sta-
tistically significant. This shows that this method is more
strict in quantifying robustness than the more simple ap-
proach that involves counting the models agreeing on
the direction of changes. As regards the magnitude of
change, the ensemble mean maps of JAcoB etal. (2014)
look fairly consistent with our ensemble mean maps,
indicating an increase in annual P by 5-15 % over the
VOB in RCP 4.5 (in our study the VOB-mean increase
by 9.4 %) and a higher increase (two classes 5-15 % and
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15-25 %, with a SW-NE gradient) for RCP 8.5 (in our
study the VOB-mean increase by 15.2 %, and the same
gradient). As with temperature, it shows that the signal
of change is not considerably distorted by the bias cor-
rection. Again, this is consistent with the findings of Do-
s10 (2016) for winter and summer precipitation in East-
ern Europe under RCP 8.5 in the far future.

It should be noted though, that robustness sensu
KNUTTI and SEDLACEK (2013) is not a binary variable: it
spans through the continuum of possibilities, determined
by the values of R and the fraction of models showing
statistically significant change v;. As an example, Fig-
ures S3 and S4 of the Supplementary Material show the
spatial variability of R and v, for annual precipitation
projections, illustrating the complexity behind the maps
shown in Figure 7. For the sake of visual (map) presen-
tations of projected climate variables, thresholds need to
be chosen to delimit regions with robust signals (stip-
pling), agreement on no change (hatching) and the lack
of agreement (white colour). The thresholds that were
used in this study include: two critical values of R, two
thresholds for the fraction of models showing statisti-
cally significant changes, and the significance level of
the test (Supplementary Material Figure S1). The choice
of thresholds is somewhat subjective and clearly affects
the results, e.g. spatial coverage of particular robustness
categories, as discussed in more detail in PFEIFER et al.
(2015).

5 Conclusions

We analysed the robustness of the climate change
signal as simulated by an ensemble of nine bias-
corrected regional climate models over the Vistula and
Odra basins. It was assessed following KNuTTI and
SEDLACEK (2013), with modified threshold values de-
limiting regions showing different robustness categories.
The agreement is based on magnitude, the sign, and the
significance of the change. We found a robust increase
in the annual mean of minimum and maximum temper-
ature over the whole investigated area and for each com-
bination of future horizon with RCP. Further, the magni-
tude of the areal-mean change is similar for both RCPs
in the near future (the MME mean of 1.2—1.4 °C for Tpin
and 1.0-1.2 °C for Tyyax), but the signal strongly diverges
for the far future (2.1-3.8 °C for T;, and 1.9-3.4 °C for
Tmax)- Furthermore, the signal is spatially uniform, al-
though a weak SW-NE gradient can be observed in the
ensemble mean maps. However, the seasonal means of
Tmin and Tpax projections are generally less robust (or
even inconsistent, as for summer 7', ) than their annual
counterparts in the near future. They are robust, for all
seasons, in the far future for 7T',;, under both RCPs, and
for Tyax under RCP 8.5. The increase is distinctly higher
for winter than for any other season according to the
MME mean, notably for the far future under RCP 8.5,
when it exceeds 1.3 °C for both T and T ax.
Although the investigated climate models agree on
the sign of precipitation change, our analysis suggests
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that annual total precipitation projections are not robust
in any of the considered cases. In contrast, there are
regions with an agreement on lack of significant change
(near future under RCP 4.5) or inconsistent responses
(far future). Projected areal-mean increase accelerates
with rising temperatures (i.e. both in time and from
RCP 4.5 to 8.5), from 5.5 % in the near future under
RCP 4.5 to 15.2% in the far future under RCP 8.5.
Individual climate model simulations exhibit different
spatial patterns, whereas the MME mean maps suggest
that the magnitude of projected increase is the lowest
in the south east of the VOB in the near future and
in the south in the far future. In addition, precipitation
change is not seasonally uniform, regardless of the time
horizon and RCP. The increase in winter and spring
is of comparable magnitude and accelerates with time
and rising temperature, as annual P. However, in some
regions in the far future (notably, spring under RCP 8.5)
the model spread is much higher than the strong signal,
and in consequence, winter and spring P projections are
assessed as inconsistent.

Areal means of projected changes in summer and au-
tumn P are in the range 0-10 % (apart from autumn in
the far future under RCP 8.5 when the mean increase
is 13 %), thus being much smaller than corresponding
changes in winter and spring. In fact, for the major-
ity of the studied domain these changes are assessed as
“the agreement on no change”. The ability to distinguish
between robustness, inconsistency and no change in
a spatially-explicit, transparent and user-friendly man-
ner is an added value compared to all previous stud-
ies on ensemble-based projections of climate change in
Poland. This method could be used in future studies on
projections of climatic extremes as well as on sector-
specific projections derived using climate impact models
(e.g. hydrological, vegetation and agricultural models).
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S1: Schematic illustration of criteria for defining the robustness classes in

Figs. 2-5 and 7-8, adapted from KnuTTr, 2012.





S2: Annual total precipitation projections according to individual climate
models for the far future under RCP 4.5.
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S3: Robustness $R$ values (KnutTi, 2012) related to the annual precipita-
tion projections as the background information for calculating robustness
classes in Figure 7.
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S4: The number of models showing statistically significant change for
annual precipitation projections as the background information for calcu-
lating robustness classes in Figure 7.





