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Strong global warming has been observed in the last three decades. Central Europe, including Poland, is not an exception.Moreover,
climate projections for Poland foresee further warming as well as changes in the spatial and seasonal distribution and quantity of
precipitation. However, climate models do not agree on the sign of change of precipitation. In Poland precipitation is projected
to decrease in summer (this finding is not robust, being model-dependent) and to increase in winter. Therefore, there is still
considerable uncertainty regarding likely climate change impacts on water resources in Poland. However, there is no doubt that
changes in the thermal characteristics as well as in precipitation will influence changes in the water balance of the country. In
this study, the components of climatic water balance, that is, precipitation, evaporation, and runoff, are calculated for the average
conditions in the control period of 1961–1990 and in the future (2071–2100) in Poland.The changes of the water balance components
for the present and for the future are compared and analysed. Due to insufficient consistency between climate models a possible
range of changes should be presented; hence the multimodel projections from ENSEMBLES Project of the European Union are
used in this study.

1. Background

There is persuading evidence (cf. [1]) that significant global
warming has been observed over more than a century and
a particularly strong warming—over the last three decades.
Central Europe, including Poland, is not an exception. More-
over, climate projections for Poland foresee further warming
in all seasons, as well as changes in the distribution and
quantity of precipitation.

Observations and climate model simulations indicate an
acceleration of the water cycle, with possible consequences to
extremes [2, 3]. A warmer climate is likely to increase risks of
both floods and droughts in many areas [1, 4].

In the present climate, many regions of Poland (and
predominantly the Wielkopolska region) suffer frequent
shortages of water, especially in the growing season. Water
problems in the Wielkopolska region are particularly critical
due to the agricultural character of this region. On the
other hand, increase in intense precipitation in a warming
Europe (also in Poland) is observed and projected [5] and

may increase flood hazard. In the last two decades Poland
experienced many extreme events connected with heavy
precipitations, for example, floods in 1997 and 2010.

Climate changes noticeable today are projected to inten-
sify in the future.Therefore, water shortages/surplusesmay be
even more common and more severe in the future. Changes
in the thermal characteristics as well as in precipitation are
projected to influence changes in the climatic water balance
in the country. What will they be like? In what way will
they influence the water conditions in Poland? Will they
be spatially differentiated or perhaps have similar character
in the entire country? Unfortunately, climate projections for
the future foresee detrimental changes in water availabil-
ity caused mainly by higher temperature accompanied by
simultaneous changes in the distribution and quantity of
precipitations. For the northern part of Europe, the average
precipitation is projected to increase while for the southern
part considerable decreases are projected in brief—dry areas
are likely to be much drier and wetter—to become wetter.
Effects of future climate change on precipitation and water
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resources in Poland are particularly uncertain due to location
of Poland in the zone between northern Europe gettingwetter
and the south of Europe getting drier.

In the present paper, changes in the water balance in
Poland are evaluated, based on multimodel ensemble climate
projections, obtained within the ENSEMBLES Project of the
6th Framework Programme of the European Union.

2. Data

In this study, based on results from different climate models,
time series of ten-day values of the climatic water balance
components, that is, precipitation, evaporation, and runoff,
are examined for the average conditions in two time horizons,
that is, 1961–1990 (control period) and 2061–2090, for selected
stations over Poland.

For climate simulation, the model is expected to approxi-
mately reproduce the observed distribution of mean temper-
ature and of mean daily and seasonal cycles of temperature
since these are forced deterministic components.The remain-
ing variability is an internally generated nonlinear natural
random component. Its modelled and observed values are
not expected to be correlated either. Thus, as characteristic
for intercomparison results, different climate variables are
simulated with various levels of success by different models
and no single model is the “best” for all variables or for all
areas. Different studies on climate change suggest that, due to
insufficient consistency between climatemodels, the broadest
possible range of changes should be presented, which repre-
sent uncertainty.Therefore, the multimodel projections from
the ENSEMBLES EU Project are used in this study.

The main calculations are based on the simulation
results of daily temperature, precipitation, relative humidity,
and wind speed from five ENSEMBLES regional climate
models for 16 grid-cells around Poland. In selected grid-
cells, 16 Polish towns and cities are situated entirely or
partly, that is, Bialystok, Chojnice, GorzowWielkopolski,Hel,
Katowice, Kielce, Lodz, Olsztyn, Poznan, Rzeszow, Suwalki,
Swinoujscie, Warszawa, Wlodawa, Wroclaw, and Zielona
Gora (Figure 1). In this research chosen grid-cells are called
conventionally after the name of the city which is located
there.

The regional models from the ENSEMBLES Project used
in this study are C4IRCA3 from Rossby Centre (Norrköping,
Sweden); CLM from ETH (Zurich, Switzerland); KNMI-
RACMO2 from the Royal National Meteorological Insti-
tute (de Bilt, the Netherlands); METO-HC from the Met
Office’s Hadley Centre (Exeter, UK); and MPI-M-REMO
from the Max Planck Institute (Hamburg, Germany). Cho-
sen regional climatic models were generated based on two
different global circulationmodels (GCMs). Regional models
C4IRCA3, ETHZ-CLM, and METO-HC are based on the
global model METO-HC Standard, while models MPI-M-
REMO and KNMI-RACMO2 are calibrated based on the
global circulation model ECHAM of fifth generation.

All of the used ENSEMBLES regional climate models
cover Europe with a spatial resolution of about 25 by 25 km
and draw just one possible future, corresponding to a specific
SRES emission scenario, A1B [6].
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Figure 1:The studied grid-cells (grid-cell containing the towns/cities
over Poland).

In order to verify model simulations and to assess the
usefulness of the ENSEMBLESRCMmodels for this research,
the control period data (1961–1990) from the models were
compared to observation data for selected stations in Poland
for the same period.

3. Verification of the Models

The models were validated for the territory of Poland based
on monthly observational data of temperature and precip-
itation for the reference period of 1961–1990 and values
simulated by five ENSEMBLES models for the same period.
The validation was significantly simplified as observational
data represented individual points in space derived from the
observation station and the model data were averaged for the
surface (usually a square 25 km × 25 km). So in fact, values
of the meteorological variables for the points were compared
with the values of the same variables for the grid-cell where
these points (stations in towns) are located. Validation was
carried out for 16 stations in case of the temperature and for
19 stations in case of precipitation and for 16 and 19 grid-cells,
respectively. Unfortunately, it was not possible to carry out
detailed areal validation due to lack of data.

There aremanyways tomeasure the skill ofmodel simula-
tions. In a study by Szwed et al. [7] the models were validated
based on such characteristics as sum of absolute differences
between real and predicted values, standard deviations, and
variances and correlation between real and predicted values
of the monthly data. These second-order measures were
analysed in the annual and seasonal context, for the warm
and cold thermal seasons.

For every point in space (observational station) the
models were ranked from 1 (best) to 5 (worst) according to
following rules: (i) correlation level (the higher positive the
better); (ii) sum of squared differences (the lower the better);
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Table 1: Comparison of modelled and observed temperature for the city of Poznan referring to second-order statistics: sums of squared
differences, ratios of variances, and correlation coefficients (corresponding rank in brackets) and the final ranks for the models based on the
temperature.

Model
Sum of squared
differences

(model − real) in ∘C

Ratio of variance of the model to
observational variance Correlation Final rank

C4IRCA 18.61 (4) 1.047 (1) 0.9967 (3) 3
ETHZ 21.46 (5) 1.282 (5) 0.9947 (5) 5
KNMI 10.23 (2) 0.823 (3) 0.9974 (1) 2
METO-HC 16.35 (3) 1.218 (4) 0.9955 (4) 4
MPI-M-REMO 6.48 (1) 0.867 (2) 0.9973 (2) 1

Table 2: Verification of models for temperature. The final ranks of models for all the stations and the mean ranks for Poland.
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(iii) variances for the model (the better fit to observational
variances the better). The ultimate rank for each model
was established by multiplication of all previously calculated
ranks. This procedure was applied separately to the values
of temperature and precipitation. Finally, for every model its
“average value for Poland” was calculated as an average range
from all the station data.

3.1. Validation for Temperature. The models are reasonably
successful in reproducing/simulating the observed distribu-
tion of mean temperature and of seasonal cycles of tem-
perature. Table 1 presents the comparison of two data sets
(modelled and observed) referring to second-order statistics,
such as square differences, variances, and the associated
correlation for the city of Poznan.

The average value of correlation for Poland between the
observed and the modelled temperature (mean value for all
the station data) is 0.99 or more for every model. There is no
one “best” model for the whole area of Poland. The degree
of consistency between modelled and observed values varies
betweenmodels and is location-specific. Yet, in all the studied
models, mapping of the average temperature is by far the
worst for the coastal areas, while being the best for some
central parts, depending on the model.

It seems, based on range values, that the MPI-M-REMO
and KNMI models simulate the temperature in the refer-
ence period 1961–1990 a little better than the other models
(Table 2). Applications using modelled temperature data for
Poland should be based on an ensemble of models, so that
the range of uncertainty, resulting frommodel disagreement,
is adequately illustrated.

3.2. Validation for Precipitation. As for precipitation, in most
cases the agreement between climate models and real data
for the control period is not satisfactory. There are very high
monthly and seasonal differences of modelled precipitation
values from the climatological mean. In some cases unreal-
istic distributions of annual precipitation seem to negate the
usefulness of certainmodels. Table 3 presents the comparison
of two data sets referring to second-order statistics, such as
square differences, variances, and the associated correlation
for the city of Poznan, for precipitation.

“Average correlations for Poland” (mean value for all the
station data) between observed and predicted values for every
model are rather low and vary from 0.014 to 0.864. There are
even negative correlations for some stations for 3 of models
(C4IRCA, for 9 stations, ETHZ, for 5 stations, and METO-
HC, for 2 stations). The degree of consistency between
modelled and observed values varies between models and is
location-specific. It seems, based on range values, that, for
Poland, the MPI-M-REMO model (from the ENSEMBLES
set) simulates the precipitation in the reference period 1961–
1990 better than other models (Table 4).

To recapitulate, Figure 2 (according to the concept of
diagram from [8]) gives the standard deviation and corre-
lation with observations of the total spatial and temporal
variability of temperature and precipitation in the validated
models (mean value for 16 stations for temperature and 19
stations for precipitation, resp.). The standard deviation is
normalized to its observed value and the correlation ranges
from zero along an upward vertical line (𝑦-axis) to unity and
along a line pointing to the right (𝑥-axis). Consequently, the
observed behaviour of the climate is represented by a point on
the horizontal axis which is a unit distance from the origin.
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Table 3: Comparison of modelled and observed precipitation for the city of Poznan referring to second-order statistics: sums of squared
differences, ratios of variances, and correlation coefficients (corresponding rank in brackets) and the final ranks for the models based on the
precipitation.

Model Sum of squared differences
(model − real) in mm

Ratio of variance of the
model to observational

variance
Correlation Final rank

C4IRCA 5583.10 (5) 0.284 (4) 0.123 (5) 5
ETHZ 4971.38 (3) 0.255 (5) 0.362 (4) 4
KNMI 4172.73 (2) 0.503 (3) 0.709 (2) 2
METO-HC 5543.56 (4) 1.096 (2) 0.563 (3) 3
MPI-M-REMO 3619.26 (1) 1.028 (1) 0.846 (1) 1

Table 4: Verification of models for precipitation. The final ranks of models for all the stations and the mean ranks for Poland.
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In this coordinate system, the linear distance between each
model’s point and the “observed” point is proportional to
the r.m.s. model error [8]. Based on this figure, it can be
concluded that the temperature is particularly well simulated,
with nearly all models closely matching the observed mag-
nitude of variance and exhibiting a correlation more than
0.99 with the observations. Precipitation is simulated rather
poorly, but for the MPI-M-REMOmodel the simulated vari-
ance is still within 20% of observed one and the correlation
with observations is noticeably positive (0.78).

Thus, the outcome of the verification of models for
the territory of Poland indicates that MPI-M-REMO model
provides the best fit for both temperature and precipitation
conditions.That is why the results of this model are presented
in this paper inmore detail. Nevertheless, as it wasmentioned
before, due to insufficient consistency between climate mod-
els, the full possible ranges of changes are presented.

4. Methods

The climatic water balance equation is the starting-point
for all the calculations in this study. It is usually written as
𝑃 = 𝐻 + 𝐸 + Δ𝑅, where 𝑃 is the precipitation, 𝐻 is the
climatic runoff, 𝐸 is the evaporation, and Δ𝑅 is the change
of retention (storage). If the assumption of no changes in
retention is made (for appropriately long time horizon), the
equation of water balance becomes𝑃 = 𝐻+𝐸. So the climatic
runoff is calculated as the difference between precipitation
and evaporation.Water balance components are expressed in
millimetres of water layer.

From the variables of water balance which should be
examined in this research only precipitation, input of water, is
“directly” available from models. However “output of water,”
that is, climatic runoff and evaporation, is an essence of the
problem. It is very important to know whether precipitation
“is enough” and what part of water remains “at disposal.”
Output elements of the water balance have to be estimated
for further analyses.

In this research, the values of evaporation for the different
land-use units for the growing season (March–October) are
estimated based on the heat balancemethod developed in the
Department of Agrometeorology of the Poznan University of
Life Sciences [9].This method was developed for the purpose
of estimating heat balance components based on standard
meteorological data, plant development stage, and land-use
conditions. Estimates of latent heat flux components allowed
obtaining values of areal evaporation and surface runoff.

The energy balance equation is Rn + LE + 𝐴 + 𝐺 = 0,
where Rn is the net radiation, LE is the latent heat flux, 𝐴
is the sensible heat flux, and 𝐺 is the soil heat flux. In the
remaining part of the year (November–February), the values
of evaporation were calculated based on the Ivanov equation;
that is, LE = 0.0018 ⋅ (𝑇 + 25)2 ⋅ (100 − Rh), where 𝑇 is
the air temperature and Rh is the relative humidity [10]. The
latent heat flux is used for calculating the actual evaporation
because a simple relationship exists between evaporation
expressed in mm (𝐸) and latent heat expressed in MJ⋅m−2
(LE); that is, 𝐸 = LE/2.83.

The method allows estimating heat balance components
based on standard meteorological data, plant development
stage, and land-use conditions.The heat balance components
are expressed in mega joules per square meter and given
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Figure 2: Taylor diagram—the standard deviation and correlation
of the validated models with observations for temperature and
precipitation (mean value for all the stations around Poland).

period [MJ⋅m−2⋅period−1] or in Watts per square meter
[W⋅m−1]. All fluxes towards the active surface are taken as
positive while the outgoing fluxes are assumed negative.

In the applied method, time series of ten-day values of
precipitation, air temperature, relative humidity, and wind
speed stemming from regional climate models are used. Ten-
day values of sunshine duration are calculated based on the
sunshine duration model for Poland according to Górski and
Górska [11], whereas values of plant development stages are
assumed according to Leśny [12].

The heat andwater balance structure depends not only on
meteorological conditions but also on many environmental
factors as well as plant characteristics. In this study, for all
analysed grid-cells the land-use structure is assessed based
on the Corine Land Cover 2000 as well as on additional
data from the Statistical Yearbooks for Poland (e.g., Figures 3
and 4). In this paper eight types of physiographical units are
taken into account, namely, coniferous and deciduous forests,
arable lands (including cereal and root crops), meadows,
wastelands, water bodies, and urban areas. The heat balance
components are calculated for all these land-use units.

All estimations are made for two time horizons, that
is, the control period 1961–1990 and the future interval of
2061–2090. In spite of the fact that the author has real
meteorological observation data (even if pertaining to points
rather than providing satisfactory areal coverage) in this
study the model-based values of meteorological variables
are used also for the present (control period). Hence for
estimation of changes of the water balance components in

Urban areas
Forests
Agricultural areas

Water bodies
Wetlands

Figure 3: Land-use units near the city of Poznan based on the
Corine Land Cover 2000.
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Figure 4: Land-use units in the Poznan province based on the
Statistical Yearbooks for Poland.

the future it seems more sensible to compare model-based
simulations for two time horizons of interest than to compare
of observations (or reanalyses) from 1961 to 1990 and model-
based projections for 2061–2090.

5. Results

Results are presented for two 30-year periods of 1961–
1990 and 2061–2090, that is, the control and the projection
period, respectively.The 1961–1990 values are based onmodel
simulations and not on observations. In this study the land-
use changes in the future are not taken into consideration.

5.1. Changes in Precipitation. The present value of annual
precipitation based on models is slightly overestimated (by
about 25–35%), but the distribution and values of the
monthly precipitation differ significantly between modelled
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Table 5: The changes of the annual precipitation [in mm] in the future (2061–2090) compared to the control period 1961–1990, based on the
MPI-M-REMOmodel.

Grid-cell Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Bialystok 8 3 10 12 14 −10 −3 2 12 −6 9 10 60
Chojnice 11 4 2 3 4 −8 6 −1 10 5 6 9 51
Gorzow 8 −3 −3 6 −2 −2 −5 −12 0 6 7 7 8
Hel 12 13 9 12 7 −2 3 4 6 2 15 24 104
Katowice 8 3 5 16 1 −18 −14 −5 15 0 7 5 22
Kielce 9 3 2 10 4 −20 −21 −4 12 −2 12 10 15
Lodz 7 6 0 6 5 −13 −2 −4 16 −6 9 9 32
Olsztyn 14 5 6 5 9 2 10 13 6 −12 7 7 74
Poznan 6 0 0 5 −8 −1 6 −13 4 1 11 8 18
Rzeszow 10 2 1 12 −3 −31 −22 −14 8 −6 8 7 −29
Suwalki 10 6 10 12 9 −7 9 11 6 −8 9 7 74
Swinoujscie 5 9 4 6 4 5 12 −11 14 7 9 21 85
Warszawa 7 3 7 8 6 −13 10 −5 11 −14 15 8 44
Wlodawa 5 0 2 16 5 −20 7 −9 7 −3 6 9 24
Wroclaw 8 1 4 12 10 −7 −5 −12 2 4 7 9 32
Zielona G. 6 −1 −3 7 1 1 3 −8 4 3 9 6 28

and observed data. The winter precipitation is too high,
while the summer precipitation is too low. All the models
overestimate the values of winter precipitation with surpluses
varying from 40 to 140%. On the contrary, precipitation for
June and July is often underestimated, even by 30%, while in
fact July is the most rainy month. The MPI-M-REMOmodel
overestimates precipitation during all the year.

Mostly the projections for the future foresee increases of
annual sum of precipitation. According to MPI-M-REMO
model (which correlates best with the current climatic con-
ditions), the annual precipitation is projected to rise in all,
but one, considered grid-cells in Poland, while the increases
range from 8mm (in Gorzow grid-cell) to 104mm (in Hel
grid-cell). In general, the smallest increases are projected
in the west (Wielkopolska region) while being the highest
in the northern part of the country (Baltic See coast and
Pomerania and Masuria Lake District). The only exception is
the southeast of Poland (grid-cell Rzeszow), where a decrease
of precipitation (28mm in an average year) is projected
(see Table 5). The general pattern of precipitation changes
after five climate models is similar to the one described by
MPI-M-REMO model. As for seasonal distribution, mostly
increases are projected in the winter season and decreases in
the summer. Summer increases of precipitation are projected
for Baltic coast and the Masurian Lake District. The highest
decreases of precipitation in summer are projected for the
south of Poland (Figure 5).

On average, simulation of precipitation changes by five
climate models is similar to the general pattern of changes
described by MPI-M-REMO model. Increases of annual
sums of precipitation around Poland are projected, with the
higher increases in winter season and decreases in summer
(except for areas in the northern part of Poland). The details
of changes of the monthly and annual precipitation are
included in Table 6 (annual values) and in Figure 6 (seasonal
values).

5.2. Changes in Evaporation. The evaporation was calculated
for eight land-use units, namely, coniferous and deciduous
forests, arable lands (including cereal and root crops), mead-
ows, wastelands, water bodies, and urban areas. MPI-M-
REMO model estimates that in average year the evaporation
from water bodies (i.e., maximum potential evaporation) in
Poland varies from 716mm (in Suwalki grid-cell) to 837mm
(in Wlodawa grid-cell). The highest monthly values—about
or above 140mm—are recorded in June and July.

Due to a large percentage of the cultivated area (60.3%
of the total area of Poland) and forested areas (30.7%)
[13] it seems interesting to describe the evaporation from
agricultural lands (e.g., of cereal and root crops) as well as
from forested areas in more detail. The evaporation for cereal
crops (based on MPI-M-REMO model) in Poland differs
annually from 508mm (in Suwalki grid-cell) to 598mm
(in Wlodawa grid-cell). The highest monthly values, above
100mm, are recorded also in June and July. For the root
crops these values are, respectively, from 498mm (in grid-
cell Suwalki) to 593mm (in Wlodawa and Hel grid-cells),
while being above 105mm in July. Coniferous forests occupy
over 60 percent of the area of Polish forests. The MPI-M-
REMOmodel estimates the average annual evaporation from
a coniferous forest in Poland from 652mm (in Suwalki grid-
cell) to 768mm (inWlodawa grid-cell).The forest evaporates
a lot of water during the growing season, with the highest
amounts—more than 100mm—each month from May to
August (Table 7).

Projections for the future foresee mostly increases of the
evaporation, among other due to increases of air temperature.
The evaporation from water bodies (according to MPI-
M-REMO model) is projected to rise throughout Poland.
The smallest changes (about 40mm) are projected for the
Masurian Lake District, while being the highest for the
southern part of Poland (with maximum value in Rzeszow
grid-cell—71mm). The increases on the arable ground will
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Figure 5: The changes of winter (a) and summer (b) precipitation [in mm] in the future (2061–2090) compared to the control period 1961–
1990, based on the MPI-M-REMOmodel.

Table 6:The changes of themonthly and annual precipitation [inmm] in the future (2061–2090) compared to the control period 1961–1990—
average value from five models.

Grid-cell Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Bialystok 17 13 10 10 15 −8 6 −6 3 −4 9 16 81
Chojnice 17 13 7 2 6 1 9 −7 2 2 7 13 74
Gorzow 16 9 7 6 10 1 0 −11 −1 3 10 14 61
Hel 18 17 9 7 7 6 7 −2 3 3 10 19 104
Katowice 18 11 8 7 16 −8 −8 −6 1 −3 9 11 57
Kielce 15 11 8 4 13 −14 −6 −5 4 −3 12 14 53
Lodz 16 11 6 7 16 −5 1 −6 3 −4 10 15 69
Olsztyn 19 13 11 6 8 3 8 −1 −2 −2 9 15 89
Poznan 16 10 4 3 6 −2 4 −9 0 −2 9 14 52
Rzeszow 15 14 6 8 11 −20 −11 −12 3 −3 10 12 34
Suwalki 19 15 13 8 9 −3 4 −4 1 −1 8 15 83
Swinoujscie 15 14 10 4 8 6 7 −3 5 3 11 19 98
Warszawa 15 11 7 8 14 −5 4 −2 2 −5 12 15 76
Wlodawa 14 12 7 6 13 −17 1 −11 5 −3 10 16 53
Wroclaw 14 11 5 5 17 −2 −6 −7 −2 0 8 15 57
Zielona G. 15 10 2 5 13 0 3 −3 −1 3 10 12 69

probably vary from about 30mm in the Baltic Sea coast and
the Masurian Lake District to more than 60mm in the south
of Poland. The increases of evaporation from forested areas
will be even higher. They are projected at about 40mm in
Masurian Lake District to even 70mm in the south of the
country (see Figure 7(a) and Table 8). The MPI-M-REMO
model projects the largest changes of evaporation at the end
of the growing season (particularly in August).

Other models, similarly to the MPI-M-REMO model,
project the same direction of changes of the evaporation
values—that is, increases of evaporation from different land-
use units (see Figure 7(b), Table 9). Differences, sometimes
significant ones, concern these surpluses/values, as well as
distribution within one year. Thus, relatively a great unanim-
ity of 3 models (C4IRCA3, ETHZ, and KNMI) is prevailing
as for the annual values. For these 3 models the increases
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Figure 6: The changes of winter (a) and summer (b) precipitation [in mm] in the future (2061–2090) compared to the control period 1961–
1990, based on five models.

Table 7: The annual values of evaporation [in mm] for different land-use units for the control period 1961–1990 compared to the control
period 1961–1990, based on the MPI-M-REMOmodel.

Grid-cell Deciduous forest Coniferous forest Urban areas Water bodies Wastelands Meadows Cereal crops Root crops
Bialystok 596 654 307 718 381 466 510 500
Chojnice 617 678 321 744 393 485 528 517
Gorzow 644 706 340 772 411 508 552 541
Hel 678 736 400 803 477 552 588 593
Katowice 640 699 348 763 419 510 552 543
Kielce 649 711 344 778 418 513 557 547
Lodz 644 706 337 773 410 506 551 541
Olsztyn 609 667 321 731 394 480 522 513
Poznan 644 707 335 774 407 506 551 540
Rzeszow 663 725 355 790 426 524 568 561
Suwalki 594 652 307 716 382 465 508 498
Swinoujscie 663 721 372 788 448 529 567 575
Warszawa 641 702 334 768 406 502 548 538
Wlodawa 703 768 370 837 440 551 598 593
Wroclaw 654 715 355 779 425 520 563 555
Zielona G. 657 719 353 784 422 521 564 555

of evaporation from the free surface water in Poland in
the future amount to about 30–40mm. For the METO-HC
model, much differing from the other models, changes are
twice higher, of 60–80mm. There is an agreement between
these 4 models as regards when, in which months of the
year, those changes will take place. C4IRCA3, ETHZ, KNMI,

and METO-HCmodels similarly project the highest changes
in summer months (June-July-August), but in case of the
METO-HC model summer increases of evaporation are the
third part of all annual increases while in C4IRCA3 and
ETHZ models over half of the annual changes are projected
in summer.The changes of the evaporation values fromwater
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Figure 7: The increases of the annual evaporation from the water bodies [in mm] in the future (2061–2090) compared to the control period
1961–1990, based on MPI-M-REMOmodel (a) and average value from five models (b).

Table 8: The increases of the annual evaporation [in mm] for different land-use units in the future (2061–2090) compared to the control
period 1961–1990, based on the MPI-M-REMOmodel.

Grid-cell Deciduous forest Coniferous forest Urban areas Water bodies Wastelands Meadows Cereal crops Root crops
Bialystok 37 40 19 42 13 29 29 31
Chojnice 40 42 21 44 17 31 31 34
Gorzow 52 54 33 55 29 42 43 46
Hel 47 50 24 52 17 37 39 38
Katowice 55 57 36 58 31 45 45 50
Kielce 55 57 35 59 30 44 45 50
Lodz 50 52 30 53 25 40 40 44
Olsztyn 39 41 20 43 15 30 31 32
Poznan 52 54 32 55 28 42 43 46
Rzeszow 68 70 46 71 41 56 57 62
Suwalki 32 35 13 37 8 24 24 25
Swinoujscie 42 45 22 46 16 32 34 34
Warszawa 52 55 32 56 28 42 43 46
Wlodawa 55 57 34 59 29 44 45 48
Wroclaw 63 64 43 66 39 52 53 57
Zielona G. 40 42 21 43 17 30 31 35

bodies projected by five models for the future of 2061–2090
are presented in Table 10 for the example of the grid-cell of
Poznan.

5.3. Changes in Runoff. For every grid-cell analysed in this
paper (usually a square of 25 km × 25 km) a total evaporation
from the grid-cell area (taking into consideration the share
of individual land-use units) is estimated. The values of the
total evaporation from the area as well as the values of precip-
itation (directly available from the model) were the basis for

the runoff estimations.The values of a runoff coefficient from
every grid-cell are used for detailed analyses.

The estimated values of the runoff coefficient based on
modelled data are somewhat higher than the real ones. In
principle, they are similar to the values typical for the obser-
vations from a wet year. This is probably caused first of all
by the overestimation of precipitation and inaccuracies in the
distribution of monthly sums of precipitation. Secondly, one
should expect overestimated values of the runoff coefficient
due to quite substantial percentage of urbanized areas in
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Table 9: The increases of the annual evaporation [in mm] from different land-use units in the future (2061–2090) compared to the control
period 1961–1990, based on five models (average values).

Grid-cell Deciduous forest Coniferous forest Urban areas Water bodies Wastelands Meadows Cereal crops Root crops
Bialystok 36 39 11 41 5 24 25 29
Chojnice 33 36 10 38 5 22 23 25
Gorzow 41 43 16 45 11 28 29 34
Hel 47 51 18 52 10 33 36 36
Katowice 44 47 18 48 12 30 32 37
Kielce 44 47 17 48 11 29 31 37
Lodz 43 46 17 47 11 29 31 36
Olsztyn 34 37 10 38 4 22 23 26
Poznan 44 46 18 48 12 30 32 36
Rzeszow 54 57 25 58 18 38 40 46
Suwalki 32 35 8 37 1 21 21 24
Swinoujscie 43 47 16 48 9 29 32 34
Warszawa 45 47 18 49 12 31 32 37
Wlodawa 48 51 20 53 13 33 34 40
Wroclaw 49 52 24 53 19 35 37 43
Zielona G. 42 45 18 46 12 29 30 35

Table 10: The increases of the monthly evaporation from water
bodies [in mm] in the future (2061–2090) compared to the control
period 1961–1990, based on five models—example of the grid-cell of
Poznan.

Models
C4IRCA ETHZ KNMI METO-HC MPI-M-REMO

Jan 3.7 1.1 4.1 5.6 7.3
Feb 0.1 0.8 3.9 6.8 8.4
Mar −0.8 1.4 2.7 9.3 7.5
Apr 1.0 −0.2 1.0 0.3 0.6
May 2.7 2.1 2.6 3.8 2.0
Jun 4.8 4.4 4.7 6.8 3.7
Jul 7.4 6.1 4.9 9.2 4.0
Aug 7.4 8.7 4.5 12.1 4.6
Sep 5.0 3.6 3.1 5.0 3.4
Oct 2.7 2.4 2.3 2.7 2.4
Nov 0.3 2.6 2.2 9.1 6.8
Dec 3.6 0.4 0.5 5.5 4.5
Year 37.7 33.5 36.6 76.2 55.3

selected grid-cells (with the maximum value for Warszawa
grid-cell about 0.52% of the area). The runoff coefficients
based on the five RCMs for the control period and for the
future are presented in Table 11. The spatial variability of the
runoff coefficient for Poland in the control period 1961–1990
is presented in Figure 8. Figure 8 presents two variants of the
runoff coefficient values: first one based on MPI-M-REMO
model and the second one as an average value from five
models.

According to RCMs, in an average year at present no area
in Poland experiences a dramatic problemwith water scarcity
or surpluses, though some water scarcity appears during
summer. Furthermore, regional climate models foresee slight

changes of the annual runoff coefficient in a normal year
(if the land-use changes in the future are not taken into
consideration). In Figure 9 estimated values of the runoff
coefficient in the future 2061–2090 are presented. Figure 9,
presented similarly to the convention applied to Figure 8,
illustrates two variants of the foreseen changes: (a) based on
MPI-M-REMO model and (b) as an average value from five
models.

Two models—METO-HC and MPI-M-REMO—point
at slight decreasing, while three—C4IRCA3, ETHZ, and
KNMI—point at slight increasing of the runoff coefficient
around Poland. In different models, the most severe scarcity
of water could appear during several seasons, for example,
summer and autumn, ETHZ, autumn and winter, C4IRCA3,
or summer and winter, KNMI, and so forth.

These differences result from different preconditions and
different projections of changes in some meteorological
variables,most notably precipitation. In any case, while all the
models are compatible with respect to the mean temperature
increase, not all of them are compatible as to the changes in
precipitation. All the studied ENSEMBLES RCMs indicate an
increase in winter precipitation (with different magnitudes),
but models disagree on projections for the summer precipita-
tion.Thus, for example, ETHZmodel foresees small decreases
in precipitation from June to October (on the level of 10–
20%),whileC4IRCA3projects large increases in precipitation
fromMay to July and in May alone even 50% higher.

6. Conclusions

In the present climate, many regions of Poland (and predom-
inantly the Wielkopolska region) suffer frequent shortages
of water, especially in the growing season. On the other
hand, increase in intense precipitation is observed. In the last
decades Poland experienced many extreme events connected
with heavy precipitations, for example, floods in 1997 and
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Table 11: The annual runoff coefficient for the control period 1961–1990 and for the future 2061–2090 based on five models.

Control period (1961–1990) Future (2061–2090)
C4IRCA ETHZ KNMI METO MPI C4IRCA ETKZ KNMI METO MPI
0.24 0.25 0.24 0.24 0.32 Bialystok 0.33 0.31 0.33 0.24 0.33
0.25 0.19 0.30 0.27 0.18 Chojnice 0.35 0.23 0.33 0.26 0.20
0.15 0.14 0.23 0.19 0.23 Gorzow 0.28 0.18 0.24 0.16 0.18
−0.13 −0.05 0.00 −0.12 −0.01 Hel 0.01 0.05 0.05 −0.09 0.06
0.26 0.30 0.34 0.42 0.26 Katowice 0.33 0.31 0.37 0.38 0.22
0.25 0.25 0.30 0.33 0.16 Kielce 0.30 0.24 0.32 0.28 0.11
0.28 0.23 0.27 0.41 0.20 Lodz 0.34 0.30 0.29 0.38 0.18
0.27 0.19 0.33 0.21 0.27 Olsztyn 0.36 0.27 0.36 0.21 0.29
0.16 0.24 0.20 0.26 0.21 Poznan 0.26 0.23 0.23 0.22 0.17
0.11 0.27 0.23 0.49 0.30 Rzeszow 0.18 0.29 0.23 0.44 0.21
0.37 0.19 0.36 0.27 0.23 Suwalki 0.44 0.26 0.39 0.26 0.27
0.06 0.14 0.15 0.01 0.22 Swinoujscie 0.16 0.21 0.18 0.07 0.25
0.23 0.34 0.33 0.33 0.41 Warszawa 0.36 0.40 0.35 0.30 0.39
0.05 0.11 0.12 0.12 0.13 Wlodawa 0.14 0.15 0.11 0.07 0.09
0.11 0.34 0.21 0.40 0.19 Wroclaw 0.21 0.35 0.25 0.35 0.15
0.09 0.16 0.12 0.27 0.13 Zielona G. 0.20 0.18 0.20 0.22 0.11
0.17 0.21 0.23 0.26 0.21 Average 0.27 0.25 0.26 0.24 0.20
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Figure 8: The annual runoff coefficient for the control period 1961–1990: (a) based on MPI-M-REMO model and (b) an average value from
five models.

2010. Climate changes noticeable today are projected to
intensify in the future. Therefore, water shortages/surpluses
may be even more common and more severe in the future.
There is still a great deal of uncertainty regarding likely
climate change impacts on water resources. However, there
is no doubt that changes in thermal characteristics as well as

in precipitation will influence changes in the water balance of
the country.

Due to insufficient consistency between climate models
a possible range of changes should be presented; hence
the multimodel projections from ENSEMBLES Project of
the European Union are used in this study. According to
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Figure 9: The annual runoff coefficient for the future 2061–2090: (a) based on MPI-M-REMO model and (b) an average value from five
models.

applied RCMs, at present in an average year no area in
Poland experiences a dramatic problemwithwater scarcity or
surplus, though some water scarcity appears during summer.

Climate models project changes in the water availability
in Poland in the future causedmainly by a rise of temperature,
as well as changes of values and distribution of precipitation.
The average value fromfive climatemodels points at increases
of annual sums of precipitation around Poland, with the
higher increases in winter season and decreases in summer.
Simultaneously, increases of evaporation from different land-
use units are projected. As a result, regional climate models
foresee slight changes of the annual runoff coefficient in
a normal year (if the land-use changes in the future are
not taken into consideration). However, there is a strong
uncertainty in future projections. Two models, METO-HC
and MPI-M-REMO, point at slight worsening, while three,
C4IRCA3, ETHZ, and KNMI, point at slight improvement of
the water conditions in Poland.

To conclude, projections for the future indicate continu-
ingwater problems in Poland. Even though projected changes
in water balance are not strong enough to force changes
in the land-use structure, the values of the water balance
components at present and in the future support the necessity
to modify the landscape in such a way as to improve the
water balance inmany regions of Poland. In any case, essential
system solutions capturing water outflow from the area of
Poland in early spring and optimal water management in
the agriculture could be put into practice. Probably, so-called
small water retention will need to be increased and/or build-
ing of water reservoirs will be required. Better adaptation of
the kind of cultivation plants/species to climatic conditions
and to the accessible water quality could also be necessary.
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September 14–17, 1998], vol. 1, pp. 1–6, 1998.
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