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Abstract 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 quantity as well as spatial and seasonal distribution
of precipitation. This will result in changes in all ele-
ments of the water balance, including the areal evapo-
transpiration. For estimating the areal evapotranspiration,
the heat balance method (HBM) is used in this paper
for the growing season (March–October), whereas for
the remaining months (November–February), evapora-
tion is calculated according to the Ivanov equation.
Values of areal evapotranspiration from selected land
units are examined and compared for the average con-
ditions in two time horizons, i.e. 1961–1990 (control
period) and 2061–2090 (projection horizon) over the
Wielkopolska Region in Poland, based on multi-model
ensemble climate projections. Projections for the future,
based on the MPI-M-REMO model, indicate that the
regional average increases of the annual sum of areal
evapotranspiration (connected mainly with an increase
of air temperature) is equal to 45 mm, with the biggest
changes during winter. In the growing season, the
highest increases are expected to appear in July and
June. As regards the spatial distribution, the highest
increases are projected for the areas with presently
highest evapotranspiration, e.g. the southwestern parts
of the region.

1 Background

The water balance equation includes a component called areal
evaporation (or evapotranspiration). This term has far broader
meaning than the evaporation understood only as a physical
process, during which liquid water turns into gas (water va-
pour). In natural conditions, water returns to the atmosphere as
a result of many processes and in different ways. Evaporation
understood as a physical process is only one of them. The
basic elements of the areal evapotranspiration are as follows:
evaporation from the soil and evaporation from the wet sur-
face of plants and other wet structures, transpiration of plants
and evaporation from open water surfaces (lakes, rivers,
ponds, etc.).

The areal evapotranspiration—being a subject of this re-
search—is driven by thermal and humidity conditions. The
globally averaged combined land and ocean surface tempera-
ture data as calculated by a linear trend, show a warming of
0.85 (0.65 to 1.06) °C, over the period 1880 to 2012, when
multiple independently produced datasets exist (cf. IPCC
2013). Observations and climate model simulations indicate
an acceleration of the water cycle, with possible consequences
to extremes (Wetherald and Manabe 2002, Huntington 2006).
Therefore, global warming will result in changes in all ele-
ments of the water balance, including the areal evapotranspi-
ration, which will have impact on the biosphere. On the other
hand, the environment influenced by man to various degrees
(mainly via changes of the land-use structure) affects elements
of the climate system. The intense growth of industry in the
nineteenth century together with the increasing exploitation
and use of the environmental resources contributed to large,
often irreversible, changes in the environment. However, it
was mainly agriculture that led to huge areal changes in land
use and land cover. With the intensification of the agricultural
production (triggered by the growth of the human population),
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the pressure on the environment increased. The agriculture
does not only occupy gigantic areas but also strongly affects
all elements of the environment.

This is because heat balance (and indirectly water balance)
structure of every active surface depends on the land-use and
land-cover structure (Olejnik 1996, Leśny 1998, Kędziora
1999, Eulenstein et al. 2005). Hence, land-use changes (clear
cutting of forests, changes of the structure of sowings, pro-
cesses of irrigating or draining large areas, etc.) cause a change
of components of the heat balance which results in changes of
transfer of energy and matter in the landscape, and changes of
the relation between heat and water balances in the landscape
(Persson 1997, Gustafsson et al. 2004, Czarnecka et al. 2009).
Therefore, a crucial statement for this study is that the heat
balance structure does not only depend on meteorological
conditions but also on many environmental factors, mainly
plant characteristics (type of plant cover, plant development
stage and their conditions). Flow of water in the ecosystem,
and particularly in plants, determines their development and
indicates intensity of biological processes (Grelle et al. 1999,
Mo and Liu 2001, Kar and Kumar 2007). The influence of the
weather conditions on the heat balance structure is essential,
but it plays only a modifying role. The weather condition
could mitigate or deepen differences in the heat balance struc-
ture between biologically active and inactive surface. The dif-
ferences become more considerable as radiation and wind
grow stronger and cloudiness and humidity in the environ-
ment decrease (Leśny and Juszczak 2005a).

The main objective of this research is to determine differ-
ences in evapotranspiration from various active surfaces and
their projected change in the changing climate. Another pur-
pose of this study is to reveal whether, and to what extent, the
climate change will influence changes of areal evapotranspira-
tion in Wielkopolska Region in general and from individual
land-use surfaces. Another question the study will try to answer
is whether the projected climate change has a comparable in-
fluence on changes in areal evapotranspiration as the changes
resulting from possible modifications of land use. Therefore, in
this study, the areal evapotranspiration for the average condi-
tions in two time horizons, i.e. in the control period (1961–
1990) and in the future projection horizon (2061–2090), is ex-
amined and compared for the Wielkopolska Region, Poland
(Fig. 1), based on ENSEMBLES climate models.

The Wielkopolska Region is a historical province located
in central and western Poland, in the Wielkopolska Lake
District and the South Wielkopolska Lowland, in the river
basin of the lower and middle Warta. The Wielkopolska
Region remains under the influence of oceanic air masses that
are responsible for the relative mildness of the climate. The
further east the more noticeable is the influence of continental
climate. The average annual temperature is +8.2 °C, and
varies from +7.6 °C in the north to +8.5 °C in the south and
west. Even though annual precipitation of the Wielkopolska

Region is among the lowest in Poland (less than 600 mm in
most areas), it is enough to cover the demand for the evapo-
ration and the total outflow. However, such a statement is true
only for an average climatic year. Generally, in wet years, only
autumn precipitation occurring after the end of vegetation
growth creates a distinct surplus of water in the environment,
while in dry years, the year ends with the deficit. Within indi-
vidual seasons (most often during the growing season) and
individual years, the situation can be more complicated and
some of the areas in the Wielkopolska Region are
characterised by considerable and long-term water deficits. It
is particularly severe in the western and northwestern parts of
the region (Jokiel 2004).

The Wielkopolska Region is definitely the most important
agricultural region in Poland. Although its natural conditions
(climate, soil) are about average in the country, and in some
areas even poorer than average, the level of agriculture in this
region has traditionally been higher than the national average.
The agricultural lands in the Wielkopolska Region occupy
about 60 % of the area (of which the arable area covers about
82 %, orchards—about 0.6 %, grasslands—about 8 %, etc.).
Forests occupy around 26 % of the area (UStat Poznań 2013).
The general land-use structure is presented in Fig. 2 based on
the Corine Land Cover 2000 (EEA 2000).

2 Data

In this study, time series of 10-day values of areal evapotrans-
piration for eight land-use units, namely coniferous and decid-
uous forests, arable lands (including cereal and root crops),
meadows, wastelands, water bodies and urban areas, are ex-
amined for the average conditions in two time horizons, i.e.

Fig. 1 The studied grid-cells over the Wielkopolska Region (Poland)
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1961–1990 (control period) and 2061–2090 (projection hori-
zon) over the Wielkopolska Region.

Series of present and future evapotranspiration values in
the Wielkopolska Region are evaluated, based on multi-
model ensemble climate projections obtained within the
ENSEMBLES Project of the 6th Framework Programme of
the EU. The main calculations are based on the simulation
results of daily temperature, relative humidity and wind speed
from five ENSEMBLES regional climate models for 100 grid
cells in the Wielkopolska Region (Fig. 1).

The regional models from the ENSEMBLES Project used
in this study are as follows, in alphabetical order: C4IRCA3
from the Rossby Centre (Norrköping, Sweden), CLM from
the ETH (Zurich, Switzerland), KNMI–RACMO2 from the
Royal National Meteorological Institute (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) (Van der Linden and
Mitchell, 2009). Regional climatic models were generated,
based on two different global circulation models (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 the 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 (IPCC 2000).

3 Methods

Different methods have been used in numerous studies/papers
to solve evaporation research questions (e.g. Rahimikhoob
2010; Barella-Ortiz et al. 2013; Minderlein and Menzel
2015). In this paper, the heat balance method (HBM)was used
for estimating the areal evapotranspiration during the growing

season (March–October), whereas for the remaining months
(November–February), evaporation was calculated according
to the Ivanov equation.

The studies on the daily and seasonal variability of the
evapotranspiration process conducted there showed that the
most important factors deciding on its intensity are the
amount of available energy (the element driving the process
of evaporation), the amount of available water (the flow
from the soil, through plants, to the atmosphere is its es-
sence) as well as the effectiveness of transpiring apparatus
which dictates the effectiveness of using the available en-
ergy in the evapotranspiration process (cf. Olejnik et al.
1999, 2000). Therefore, intensity of evapotranspiration de-
pends on the value of net radiation (Rn), on the water stor-
age in the soil, on the height and intensity of precipitation,
and on the development stage of plants which determine
their ability to use water for transpiration. Long-term field
studies conducted by the Department of Agrometeorology
of the Poznan University of Life Sciences resulted in devel-
opment of the HBM method for the estimation of values of
areal evapotranspiration for different land-use units in the
growing season, March–October (Olejnik and Kędziora
1991). Series of measurements of the heat balance structure
of different surfaces were conducted in 1980s–1990s. This
method was developed for the purpose of estimating heat
balance components based on standard meteorological data
(mean temperature, wind speed, plant development stage
and land-use conditions).

The HBMmethod allows evaluating the real evapotranspi-
ration based on the quantity of energy which comes from the
Sun to the Earth-atmosphere system. This energy is deter-
mined through the irradiation to the horizontal surface on the
atmosphere border. The HBM starts from the energy balance
equation.

Rn þ LEþ Aþ G ¼ 0 ð1Þ

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. All the heat
balance components are expressed in mega joules per square
metre and given period (MJ m−2 period−1) or in watts per
square metre and given period (W m−2 period−1). All fluxes
towards the active surface are taken as positive while the out-
going fluxes are assumed negative.

Rn has been assessed based on the Black and Brunt equa-
tion.

Rn ¼ 1−αð Þ⋅Ro⋅ 0:22 þ 0:54 ⋅ uð Þ−5:68 ⋅10−8 ⋅ t þ 273ð Þ4
⋅ 0:56 − 0:08⋅e0:5
� �

⋅ 0:10 þ 0:90⋅uð Þ
ð2Þ

where α is the albedo (dimensionless), Ro is the extra terres-
trial solar radiation (Wm−2), u is the relative sunshine (dimen-
sionless), t is the air temperature (°C) and e is the water vapour
pressure (hPa).

Fig. 2 The land-use structure in the Wielkopolska Region based on the
CLC2000 (EEA 2000)
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Albedo for field crops and meadows (α) was calculated as
follows: a = 0.16 + 0.07 ⋅ f, where f is the plant develop-
ment stage, changing from 0 (bare soil) to 1 (full development
plant cover). For water, the value of albedo was taken as 0.10,
while for urban areas as 0.30. For forests, albedo was taken as
0.16 (averaged for coniferous and deciduous forests).

The G values in the vegetative season were appointed
based on Kędziora’s formula (1999).

G ¼ −0:2Rn⋅ 1−0:75 fð Þ⋅sin π
6

i−2ð Þ
h i

ð3Þ

where i denotes the ordinal number of the respective month
and f is the plant development stage (dimensionless), changing
from 0 to 1.

Flux of the energy used for the evaporation of water (LE)
was determined using the agrometeorological empirical index
(W) expressing the influence of the meteorological conditions
and plant development stage on evapotranspiration (the higher
the index value is, the greater the part of net radiation used for
evapotranspiration) and equation estimating the Bowen ratio
(ß). The equations that have been used take the following
form:

W ¼ 100 d⋅v0:5ð Þart π
2⋅ fð Þ

t uþ 0:4ð Þ ð4Þ

where d is the saturation vapour pressure deficit (hPa), v is the
wind speed (m s−1) and t is the air temperature (°C).

β ¼ 12:75= W þ 3:9ð Þ − 0:02 ð5Þ

LE ¼ −
Rn þ Gð Þ
1þ βð Þ ð6Þ

A ¼ − Rn þ LE þ Gð Þ ð7Þ

All calculations were done for 24 h mean in the given 10-
day period. So, a 24 h LE average value was calculated. In
further research, the latent heat flux was converted into the
real evapotranspiration. It is possible to convert the 24 h LE
flux into the value of the daily real evapotranspiration (mm)
using the formula E = LE/28.34. In case of this research,
values of 10-day evapotranspiration were examined. So, daily
value of E was multiplied by 10 (number of days). This meth-
odology was described in detail by Olejnik and Kędziora
(1991).

The HBM has often been tested and used in Polish condi-
tions, especially in the Wielkopolska Region. In the research
of Leśny (2011), the 10-day values of evapotranspiration es-
timated from HBM model were compared with the measured
values (experimental method). In the period from May to
September, the differences between the value of evaporation
both measured and estimated by the model did not exceed
10 %. The differences were the smallest when plants did not

undergo any stress related to water shortage, while during the
water shortage conditions, the model overestimated evapora-
tion. It means that the HBM can be successfully applied for
estimating the areal evapotranspiration in the growing season
(Leśny 2011) and for estimating the climate water balance in
the region (Kędziora et al. 1989, Leśny and Juszczak 2004,
2005b, Musiał et al. 2007).

In this paper, eight types of land-use units are taken into
account. As to the plant, the plant development is described by
the so-called developmental stage. As a rule, it is determined
in a descriptive way, which makes it impossible to use such a
parameter in the modelling of processes occurring in the en-
vironment. In this study, the degree of plant development is
represented by a numerical value from 0 (zero) to 1 (one),
where 0 means the lack of plants, and 1 means that plants
are in the highest biological activity, reaching a maximum
capacity to use water for transpiration. The classification of
plant development stages follows Kędziora (Table 1).

Beyond the growing season (November–February), the
values of evaporation (E) were calculated based on the
Ivanov equation (1954) valid for monthly values, i.e.

E ¼ 0:0018⋅ T þ 25ð Þ2⋅ 100 − Rhð Þ ð8Þ

where T is the air temperature and Rh is the relative humidity
(Filimonova and Trubetskova 2005). Calculating evaporation
with the use of empirical methods for the cool periods cannot
include models equations based on energy characteristics of
the surface, because atmospheric evaporation capacity deter-
mines the evaporation. In the humid temperate climate, it is
illustrated by the Ivanov formula. It is also assumed that bio-
logical activity of plants does not occur in the cool period, and
therefore, values of the evaporation are equal for every
analysed land-use units.

Siedlecki et al. (2012) estimated monthly sums of the evap-
oration using the method of eddy covariance and empirical
formulas (by Schmuck, Ivanov, Bac and Tichomirov) for the
city of Łódź. The achieved results show the high divergence
between values of evaporation calculated with various
methods. The values obtained with the help of empirical
methods are higher that the values from eddy covariance, yet
the smallest differences are noticed in the cool half-year.
Therefore, Siedlecki et al. (2012) conclude that applying em-
pirical methods in the summer period can lead to incorrect
results.

In order to finally calculate the areal evapotranspiration in
the area of each grid-cell, one must know the land-use struc-
ture. This work uses information included in both Corine
Land Cover 2000 and statistical yearbooks for Poland.
Additionally, some assumptions generalising the structure
have been made. Only the area of dominating crops in the
region has been taken into account. It has been assumed that
the structure of agricultural land consists of 70 % of the cereal
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crop, 20% of root plants and 10% of grasslands. Additionally,
forests, wasteland, urbanised areas and waters (with wetlands)
have been taken into consideration.

4 Verification of the models

This research directly uses daily values of air temperature,
relative humidity and wind speed from five ENSEMBLES
regional climate models. For the wind speed, the correction
from height of 10 m as delivered in the model to height of 2 m
was applied. Bias correction was not applied.

Temperature is the most essential of the values which can
be verified. In this paper, the author used quasi-validation of
temperature conducted earlier (Szwed et al. 2010), where for
the time horizon 1961–1990, model-based simulations was
compared with reanalysis information and with data from ob-
servation stations on the ground. Values of the relative humid-
ity and the wind speed were not verified because of the lack of
the real data in the author’s datasets. However, based on wide-
ly available average values for Poland, it is possible to come to
the conclusion that both values, humidity and the wind speeds,
are overestimated.

Additionally, the author used also quasi-validation of
precipitation from Szwed et al. (2010), even though
these values are not necessary for the purposes of this
research. However, the results of this research could be
useful—in the more distant perspective—for studies of
the climatic water balance in the region, and then the
proper distribution of precipitation within 1 year is cru-
cial for undertaken examinations. Therefore, validation
of precipitation also affected the evaluation of the
model.

The degree of consistency between modelled and observed
values varies between models and is location specific.
Generally, the ENSEMBLES models are reasonably success-
ful in mimicking the observed distribution of mean tempera-
ture and seasonal cycles of temperature in Poland, yet the
values from the models are overestimated. Based on second-
order statistics, the MPI-M-REMO and METO-HC models
simulate the temperature in the reference period 1961–1990,
a little more precisely than the other models. When it comes to
precipitation, agreement between models for the control peri-
od of 1961–1990 is not satisfactory. For describing distribu-
tion of precipitation during the year, the MPI model is the best
option (Fig. 3).

Table 1 Index of plant
development stages,
following Kędziora

No. of
10-day
period

Water
bodies

Deciduous
forests

Coniferous
forests

Cereal
crops

Root
crops

Meadows Wastelands Urban
areas

7 0.90 0.10 0.28 0.13 0.02 0.04 0.01 0.02

8 0.90 0.10 0.28 0.15 0.02 0.09 0.01 0.02

9 0.90 0.10 0.28 0.17 0.02 0.13 0.01 0.02

10 0.90 0.10 0.28 0.20 0.02 0.18 0.01 0.02

11 0.90 0.12 0.50 0.30 0.02 0.26 0.01 0.02

12 0.90 0.29 0.80 0.42 0.02 0.35 0.01 0.02

13 0.90 0.63 1.00 0.60 0.02 0.47 0.01 0.02

14 0.90 0.92 1.00 0.80 0.02 0.61 0.01 0.02

15 0.90 1.00 1.00 0.93 0.02 0.77 0.01 0.02

16 0.90 1.00 1.00 0.98 0.10 0.93 0.01 0.02

17 0.90 1.00 1.00 1.00 0.40 1.00 0.01 0.02

18 0.90 1.00 1.00 1.00 0.80 0.65 0.01 0.02

19 0.90 1.00 1.00 1.00 0.95 0.04 0.01 0.02

20 0.90 1.00 1.00 1.00 1.00 0.29 0.01 0.02

21 0.90 1.00 1.00 0.70 1.00 0.53 0.01 0.02

22 0.90 1.00 1.00 0.02 1.00 0.77 0.01 0.02

23 0.90 1.00 1.00 0.02 1.00 0.91 0.01 0.02

24 0.90 1.00 1.00 0.02 1.00 1.00 0.01 0.02

25 0.90 1.00 1.00 0.02 1.00 0.47 0.01 0.02

26 0.90 1.00 1.00 0.02 1.00 0.08 0.01 0.02

27 0.90 1.00 1.00 0.04 1.00 0.15 0.01 0.02

28 0.90 0.72 0.65 0.08 0.95 0.22 0.01 0.02

29 0.90 0.38 0.36 0.12 0.90 0.28 0.01 0.02

30 0.90 0.10 0.30 0.17 0.80 0.34 0.01 0.02
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To sum up, the outcome of the verification of models for
the territory of Poland indicates the MPI-M-REMO model as
Bthe best^ for both temperature and precipitation conditions,
and results obtained with the help of this model are presented
in this paper in more detail. Nevertheless, based on an ensem-
ble of models, a broader possible range of uncertainty,
resulting from model disagreement, is also presented in this
paper.

5 Changes in annual evapotranspiration

As expected, out of the analysed land-use units, the highest
values of evaporation are estimated for water bodies. In this
case, shortage of water for evaporation does not occur.
However, it should be remembered that supporting the process
of evaporation requires certain conditions: availability of wa-
ter, water vapour pressure deficit, energy needed for the water
to change its phase as well as energy for transporting vapour
from the evaporating surface. If the air over the evaporating
surface is in stillness, the saturation point is quickly achieved
and evaporation stops. However, change of these meteorolog-
ical parameters in the model is equal for all units.

The MPI-M-REMO model estimates that, at present, the
average annual evaporation from water bodies in the
Wielkopolska Region varies from 753 to 797 mm (with the
average value of 774 mm) (Table 2). Projections for the future
indicate an increase of evaporation. In the future horizon
2061–2090, these values will be higher, on average by
55 mm; in addition, a range of values will be broader, because
the maximum values will rise more than the minima (Table 3).
For comparison, based on methods of Penman and Ivanov,
Jankowiak and Kędziora (2009) estimated the annual values
of evaporation from the open water surface in the
Wielkopolska Region in the period of 1996–2006.
According to their result, the annual totals vary from 600 to
1000 mm.

The spatial distribution of evaporation from water bodies
shows that, at present, the lowest values are estimated for the
northern parts of the region (ice-marginal valley of the river
Warta) and the highest for the southwest (in the Barycz
Valley). Projections with the help of the MPI-M-REMOmod-
el indicate the smallest increases of evaporation in the north
and the northeast of the region and definitely the highest in-
creases in the southwestern parts of the region (Fig. 4). (Note:
The convention applied to the figures in this and the next
chapter is that the value of evaporation in an individual grid-

Fig. 3 Themeanmonthly temperature and precipitation based on the observation data for the city of Poznan and on the climate model simulations (mean
values for the grid-cells around Poznan) for the control period

Table 2 The annual sums of evapotranspiration (mm) for different land-use units for the control period 1961–1990 and (in brackets) the increases of
the annual evapotranspiration (mm) in the future (2061–2090), based on the MPI-M-REMO model

Water bodies Deciduous forests Conifeous forests Cereal crops Root crops Meadows Wastelands Urban
areas

Min 753 (43) 628 (40) 688 (42) 536 (31) 525 (35) 492 (30) 396 (17) 323 (21)
Average 774 (55) 646 (51) 708 (53) 552 (42) 542 (46) 508 (42) 410 (27) 338 (32)
Max 797 (68) 670 (64) 731 (66) 576 (55) 568 (59) 533 (54) 435 (40) 365 (44)
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cell corresponds to one specific land-use unit dominating in
this grid-cell, that is, changes of the value of evapotranspira-
tion between individual cells depend solely on climatic
conditions.)

For the water bodies, the mean value of evaporation obtain-
ed from five climatic models used in this study is close to the
value resulting from the MPI-M-REMO model. The spatial
distribution of present sums of evaporation gives also a similar
picture to the one from the MPI-M-REMO model; however,
minimum values of evaporation are moved to the centre of the
region. The spatial distribution of projected increases of evap-
oration is even more in line with the results from the MPI-M-
REMO model (see Fig. 4). Yet, individual models differ sig-
nificantly. The lowest values of evaporation result from the
ETHZ-CLMmodel, while the C4IRCA3model overestimates
these values the most. Next, the smallest spatial diversity in
the region is given by the METO-HC model, while for the
ETHZ-CLM, the diversity is greatest (Table 3).

Out of all plant communities analysed in this paper, forests,
particularly coniferous forests, are characterised by the highest
evapotranspiration (Tables 2 and 4). Coniferous forests are

evergreen (i.e. biologically active all the year round). It is as-
sumed that transpiration apparatus of trees remains at the same
level of activity for the entire growing season. In calculations
with the HBM model, it results in the highest value of evapo-
transpiration within all types of cultivations. The high vegeta-
tive activity of every forest results also from its biodiversity.
The forests consist of many species of plants, and when some
plants are finishing or limiting their vegetative processes, others
continue or enter the period of intense growth.

The annual sums of evapotranspiration from coniferous
forest based on the MPI-M-REMO model vary from 688 to
731 mm (with the average value for the region of 708 mm).
Projections for the future indicate increases of the evapotrans-
piration, on average by 53 mm (Table 2). Annual sums of
evapotranspiration from coniferous forest, calculated as the
mean value from five models, vary from 689 to 717 mm.
The mean value for the region is 706 mm. All the models
project future increases of evapotranspiration from forest
areas. The values of increases are similar to the value for the
MPI-M-REMO model, which for coniferous forest is 46 mm
(Table 4).

Table 3 The annual sums of evaporation (mm) from water bodies for the control period 1961–1990 and (in brackets) the increases of the annual
evaporation (mm) in the future (2061–2090), based on different models

MPI-M-REMO METO-HC KNMI-RACMO2 ETHZ-CLM C4IRCA3 Average model

Min 753 (43) 740 (68) 767 (27) 718 (26) 774 (29) 753 (42)

Average 774 (55) 751 (78) 783 (36) 741 (31) 809 (38) 772 (48)

Max 797 (68) 762 (87) 796 (40) 767 (36) 822 (43) 783 (54)

Value for the control period 1961-1990 Increases in the future (2061-2090)

a) 

b) 

Fig. 4 The annual values of evaporation (mm) fromwater bodies for the control period (1961–1990) and the increases of the annual evaporation (mm) in
the future (2061–2090), based on the a MPI-M-REMO model and b the average value from five models
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As to the spatial distribution of evapotranspiration from
forest communities in the Wielkopolska Region, according
to all models, at present (for the control period of 1961–
1990) forests from the northern part of the region are
characterised by the lowest values of evapotranspiration,
while the highest values are typical for forests located in the
southwest of the region (MPI-M-REMO model) or in the
southern and central parts (average from five models).
Projections with the help of the MPI-M-REMO model and
of an Baverage^ model indicate the smallest increases of areal
evapotranspiration in the north and the northeast of the region
(on average less than 45 mm) and definitely the highest in-
creases (more than 60 mm for the MPI-M-REMO model and
more than 50 for an Baverage^ model) in the southwestern
parts of the region (Fig. 5).

The spatial distribution of annual sums of evapotranspira-
tion and their increases in the future for deciduous forests
resemble the spatial distribution for coniferous forests, but
they attain lower values. The average annual sum of evapo-
transpiration is about 50 mm lower while the average increase
of less than 5 mm (Tables 2 and 4).

At present, the annual evapotranspiration from agricultural
lands is about 550 mm (with the highest values for cereal
crops). There is a considerable similarity between the MPI-
M-REMOmodel and the average values from the five models
of annual values of evapotranspiration in the Wielkopolska
Region. The projections of future increases of evapotranspira-
tion are not very similar between models. Annual increases of
evapotranspiration for agricultural areas are projected to be
greater than 40 mm (for the MPI-M-REMO model) and
30 mm (average value for five models) with the highest value

for the root crops (46 mm in the MPI-M-REMO model and
36 mm in the Baverage^ model) (Tables 2 and 4). As to the
spatial variability of future increases, based on MPI-M-
REMO model, the highest changes of evapotranspiration are
projected for the southeastern part of the region, while for the
Baverage^ model the highest increases are spread over the
central part (see Fig. 6).

6 Changes in seasonal evapotranspiration

Distribution of the areal evapotranspiration in an average year
was determined based on the MPI-M-REMO model, as it
reflects seasonal variability of precipitation better than other
models do.

Analysis of the example of water bodies shows that the
highest monthly values of evaporation (over 140 mm) are
recorded in June and July. The sum of evaporation for three
summer months (JJA) exceeds half of the annual sum of evap-
oration. For the wastelands the temporal variability of evapo-
ration is similar, with the highest monthly values also in June
and July—about 60 mm (Table 5).

For comparison, empirical formulas (developed for open
water surface in fact), used by Siedlecki et al. (2012) gave
results of about 70 to 140 mm monthly evaporation in the
summer period; the values were the highest in July and
reached maximum values up to 225 mm in the southwest of
the region.

Differences in the annual distribution of evapotranspiration
of different plants/crops result from the different courses of
plant vegetation. Up to the 12th decade of the year—the turn

Table 4 The annual sums of evapotranspiration (mm) for different land-use units for the control period 1961–1990 and (in brackets) the increases of
the annual evapotranspiration (mm) in the future (2061–2090), the mean value from five models

Water bodies Deciduous forests Conifeous forests Cereal crops Root crops Meadows Wastelands Urban areas

Min 753 (42) 629 (38) 689 (40) 538 (27) 529 (31) 494 (25) 401 (8) 329 (14)

Average 772 (48) 646 (44) 706 (46) 552 (31) 543 (36) 507 (30) 410 (13) 338 (18)

Max 783 (54) 655 (50) 717 (52) 562 (38) 556 (43) 518 (36) 423 (19) 353 (24)

 b) a)
Fig. 5 The increases of the annual areal evapotranspiration (mm) in the future (2061–2090) from coniferous forests based on aMPI-M-REMO model
and b the average value from five models
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onMarch and April—evapotranspiration of all areas is almost
the same, because there are no plants or they are still inactive.
Minor differences result from various values of albedo for
different surfaces. From the 13th decade, larger differences
appear and they last up to the end of June or the beginning
of July (between 18th and 20th decade), that is to the point
when developmental phases of all plants equalise. In an aver-
age year, the strongest divergences in areal evapotranspiration
value begin in mid July, depending whether the plant is al-
ready going into the rest period (or phase after cropping) or it
is still developing.

Coniferous forests, even though they are evergreen, are
also subject to natural cycles of growing and ageing.
However, it is assumed that the transpiration apparatus of
the coniferous trees remains on the same level of activity for
the entire growing season and is ready for the transpiration
earlier than the apparatus of deciduous plants. In calculations
with the HBM model, it results in the highest value of evapo-
transpiration among all types of cultivation. Similarly, the de-
ciduous forest very quickly achieves the maximum value of
the developmental phase and keeps this value for almost all
the growing season. Therefore the distribution of evapotrans-
piration of the deciduous forest for the entire season continues
on a very high level, limited most notably by meteorological
conditions. It results from the persistence of the vegetative
activity of the forest. The highest monthly values—about or
above 120 mm—are estimated for June and July (Table 5).

As regards cultivations, the course of the development of
the winter crops begins very early. Their sudden growth starts
usually in May and quickly reaches a maximum transpiration
capacity. In literature, it is assumed that this stage continues to
the harvest time. Therefore, the highest values of the monthly
evapotranspiration from cereal crops appear already in June
(110 mm). The development of root crops begins much later.
For example, beets are usually planted in April, and they reach
a physiological maturity in July and August (with maximum
of the transpiration ability). Harvest takes place up to the end
of September and in October, which affects the extended
growth. Hence, also maximum values of evapotranspiration
from root crops are noted in the end of July (in July the aver-
age sum of evapotranspiration in the Wielkopolska Region is
112 mm) and remain at a high level until September (Table 5).

Next, the development of meadows depends mostly on the
species of grass. However, the development of grass is
characterised by high dynamics of achieving next stages of
development from growth to heading and to mowing. As a
rule, meadows reach their first maturity in June. That is why
maximum values of evapotranspiration from meadows are
recorded already in June (in the region, the mean value of
evapotranspiration in June is about 110 mm). Second maturity
is reached in August (Table 5).

Annual distribution and monthly values of evapotranspira-
tion of individual biologically active surfaces are in agreement
with estimates of other authors. For example, Leśny and

a)         b)
Fig. 6 The increases of the annual areal evapotranspiration (mm) in the future (2061–2090) from cereal crops based on aMPI-M-REMO model and b
the average value from five models

Table 5 Monthly evapotranspiration (mm) for different land-use units in the reference period 1961–1990, based on the MPI-M-REMO model

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Water bodies 7.7 10.3 29.3 79.4 125.1 143.2 140.3 111.1 64.7 22.7 26.3 14.4
Deciduous forests 25.0 51.5 101.5 120.0 118.4 94.6 55.9 20.1

Coniferous forests 26.1 64.2 114.2 129.9 128.1 103.0 61.7 21.8

Cereal crops 24.3 52.0 91.6 110.1 106.7 54.4 38.1 16.4

Root crops 23.8 43.1 55.6 89.8 112.3 89.5 52.4 17.2

Meadows 25.2 57.0 72.8 107.3 75.3 63.7 34.3 13.4

Wastelands 23.8 42.8 55.0 61.3 61.0 53.9 37.7 15.9

Urban areas 20.5 33.2 44.5 50.2 50.0 43.3 28.9 9.1
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Juszczak (2005a) used the HBMmethod to calculate the value
of evapotranspiration for the deciduous forest and agricultural
areas. Monthly values of evapotranspiration of the deciduous
forest start from about 65 mm in April to maximum in July
(about 130 mm) and then fall down to 65 mm in September
and about 25 mm in October (compare Table 5). Similarly,
very good correlation of received results has been observed in
case of root crops and cereal crops. Values of the evaporation
in urban areas obtained from this research also broadly agree
with results received by other authors. Using the method of
eddy covariance, Siedlecki et al. (2012) estimated that month-
ly values of evaporation in the city of Łódź exceed 50 mm,
whereas in the winter period, they are from 3 to 16 mm
(compare Table 5).

The obtained value of winter evaporation corresponds to
the recent papers of other researchers. The results of long-term
measurements (1951–1970) conducted in Turew
(Wielkopolska, Poland) show that values of evaporation in
winter (XII–II) are in the range of several millimetres, while
the air temperature in these months is close to zero Kędziora
and Olejnik (2002).

The MPI-M-REMO model projects increases of areal
evapotranspiration from different land-use units for annual
values. For individual months, it is not so explicit and addi-
tionally depends on land-use units. The highest increases of
areal evapotranspiration are projected for winter months, with
the maximum in February. In the fully growing season, the
highest increases are expected to take place in July and June
(for water bodies, forests and cultivations, about 4 mmmonth-
ly). Even higher increases are projected for March (about
7 mm). These findings could suggest that the growing season
will be extended in the future (Table 6).

The projected increases in March are much higher than
those in September. Moreover, for September, a decrease of
evapotranspiration is projected for cereal crops and waste-
lands. At present, in an average year, there is more water in
the soil in spring than in the summer and in the autumn;
however, Bthe share^ of March evapotranspiration in the an-
nual evaporation from water bodies amounts to about 4 %
only, while of September to more than 8 %. So, ratio of

monthly evaporation in March to September at present
amounts to 0.45 as regional average. According to projections
of the MPI-M-REMO model, in the future, the areal evapora-
tion in March will be rising, whereas in September, it will be
clearly decreasing (Table 6); hence, the ratio will grow.

For different types of land-use units, values of this relation
(March to September) in the control period and in the future
are collected in Table 7. In this table, average values for the
region are presented, whereas the spatial variability in the
region is illustrated on the example of cereal crops in Fig. 7.
On this basis, it is possible to conclude that in the future, a
share of areal evapotranspiration from winter and spring
months in the annual sum will increase, while the contribution
of autumn and summer will decrease. A connection with an
observed rise of temperature in the colder half year is clear
(Graczyk 2013) as well as with changes in the regime of rivers
and the water cycle, going towards the reduction of baseflows
(Gutry-Korycka and Rotnicka 2003).

7 Changes of areal evapotranspiration in the region

Changes of the areal evapotranspiration provided so far have
been considered for every individual land-use unit. Here,

Table 6 The changes of the
monthly sum of areal
evapotranspiration (mm) in the
future (2061–2090), compared to
the control period 1961–1990,
based on the MPI-M-REMO
model

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Water bodies 7.3 8.1 7.0 0.7 2.0 3.6 4.1 4.6 3.3 2.3 7.2 4.8
Deciduous

forests
5.8 −1.6 1.9 3.9 4.2 4.8 3.4 1.6

Coniferous
forests

6.2 −0.3 2.1 3.9 4.2 4.8 3.4 1.7

Cereal crops 6.1 −0.8 1.8 3.8 3.8 −0.3 −0.2 0.7

Root crops 5.7 −2.1 −1.1 0.9 4.1 4.8 3.4 2.4

Meadows 7.1 0.7 0.4 3.5 0.7 1.6 −0.2 0.5

Wastelands 5.7 −2.1 −1.1 −1.5 −0.5 −0.3 −0.3 0.3

Urban areas 6.2 −1.4 −0.7 −0.9 −0.1 0.3 0.3 1.0

Table 7 Ratio of areal March evapotranspiration to areal September
evapotranspiration for the control period (1961–1990) and in the future
(2061–2090) for different types of land-use units in the Wielkopolska
Region

Control period Future

Water bodies 0.42 0.50

Deciduous forests 0.45 0.52

Coniferous forests 0.42 0.50

Cereal crops 0.64 0.80

Root crops 0.45 0.53

Meadows 0.95 0.95

Wastelands 0.63 0.79

Urban areas 0.71 0.92
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future changes of the evapotranspiration caused solely by a
change of climatic condition, without any changes of land use
are presented. A total evapotranspiration from each grid-cell
area (taking into consideration the share of individual land-use
units) has been estimated, based on the MPI-M-REMO
model.

The MPI-M-REMO model estimates that in the
Wielkopolska Region average annual areal evapotranspiration
in all analysed grid-cells currently varies from 538 to 647 mm
(with the average value for the region of 583 mm). Projections
indicate that in the future horizon of interest (2061–2090)
these values will be higher, on average, by 45 mm (Table 8).
Other researchers, Jankowiak and Kędziora (2009), estimated
the current average field evaporation for the Wielkopolska
Region on about 415 mm in the warm period (April–
September) and 110 mm in the cool period, that is annually
on the level of 525 mm.

The spatial distribution of evapotranspiration from the grid-
cell areas shows that, at present, areal evapotranspiration de-
creases towards the east, with the lowest values in the north-
eastern parts and in the central part of the region. Projections
of the MPI-M-REMOmodel indicate the smallest increases of
evapotranspiration in the areas where the areal evapotranspi-
ration is the lowest at present. The highest increases are
projected for the areas with presently highest evapotranspira-
tion, e.g. the southwestern parts of the region (Fig. 8).

However, it is hard to foresee if land-use changes will (or
will not) have taken place by the analysed future period
(2061–2090). Therefore, for a randomly chosen grid-cell (line
3, col 7 on Fig. 2), four variants of the change of the land use
are considered and the annual areal evapotranspiration is esti-
mated for these new structures of land use.

– Variant 1 assumes an increase in the urbanised areas up to
10 % of the grid-cell area at the expense of areas of cereal
crops and meadows.

– Variant 2 assumes an increase in urbanised areas up to
10 % of the grid-cell area and further intensification of
agriculture (increase of the root crops area). The area of
meadows, waters and forests would be reduced.

– Variant 3 assumes not only a similar increase of urbanised
areas but also without farming (fewer cereal and root
crops). An increase of meadow areas is also assumed.

– Variant 4, being the most Becological^ one, assumes, in
spite of increase of urbanised areas, as in previous cases,
some increase of the afforestation and reduction of the
farming.

Calculated values of annual and monthly areal evapotrans-
piration for hypothetical variants are presented in Table 9. A
conclusion fromTable 9 is that projected climate changes are a
bit more important for the value of areal evapotranspiration
(higher differences of the values of areal evapotranspiration
between the present and the future—annually 43 mm for a
selected grid-cell) than differences triggered by the change
of land-use structure. However, magnitudes of these changes
are also of no small importance, and between analysed

    b) a)
Fig. 7 Ratio of monthly areal evapotranspiration,March to September, a in the control period (1961–1990) and b in the future (2061–2090) for cereal crops

Table 8 The mean annual and month ly sums of area l
evapotranspiration (mm) in grid-cells for the control period (1961–
1990), in the future (2061–2090) and the changes of areal
evapotranspiration (mm) future vs present, based on the MPI-M-REMO
model

Control period Future Difference

Jan 7.7 15.0 7.3

Feb 10.3 18.5 8.1

Mar 24.6 30.7 6.1

Apr 52.8 51.8 −0.9
May 89.7 91.0 1.3

Jun 110.5 113.7 3.3

Jul 109.2 112.9 3.7

Aug 73.4 75.5 2.1

Sep 46.0 47.5 1.4

Oct 17.6 18.8 1.2

Nov 26.3 33.5 7.2

Dec 14.4 19.2 4.8

Year 582.5 628.1 45.6
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variants, they amounted to 38 mm annually. It should be
added here that control over land-use structure enables mod-
ification of the distribution of the areal evapotranspiration
within 1 year, which would considerably improve water con-
ditions of the area.

8 Conclusions

According to the results obtained with the help of the RCMs
applied in this research, it seems that future changes in climate
conditions in the Wielkopolska Region will not be very dra-
matic. Projections for the future, based on the MPI-M-REMO
model, indicate that the regional average of increases of the
annual sum of areal evapotranspiration (connected mainly

with an increase of air temperature) is equal to 45 mm, with
the biggest changes during winter. In the growing season, the
highest increases are expected to appear in March (hence, the
growing season is likely to be prolonged in the future), July
and June. The projected increases are much higher than the
ones in September. It seems that in the future a share of the
areal evapotranspiration from winter and spring months in the
annual sum will increase, while the contribution of autumn
and summer will decrease.

However, values of the areal evapotranspiration, its season-
al distribution and expected changes in the future are land unit
dependent. That is why this paper takes into account eight
land-use units. It is necessary to underline that they affect
not only areal evapotranspiration: amount of the available en-
ergy (temperature), humidity or the state of thermodynamic

a)   b) 
Fig. 8 The annual areal evapotranspiration (mm) for every grid-cell (under assumption of the present land-use structure) a in the control period (1961–
1990) and b the increases of the evapotranspiration (mm) in the future (2061–2090)

Table 9 Themean annual and monthly sums of areal evapotranspiration (mm) in random selected grid-cell for the control period (1961–1990) and for
hypothetical variants of land-use changes in the future (2061–2090), based on the MPI-M-REMO model

Present

1961 1990

Future (2061 2090)

No change Variant 1 Variant 2 Variant 3 Variant 4

Land

use

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

7.3

10.0

24.1

51.3

85.1

106.8

105.4

66.5

42.2

15.8

24.8

13.8

14.6

18.5

30.7

50.4

86.2

109.9

108.8

67.9

43.1

17.0

31.6

18.2

14.6

18.5

30.4

49.2

84.2

106.8

106.6

67.1

42.8

16.7

31.6

18.2

14.6

18.4

30.2

47.7

81.7

104.5

107.7

67.2

43.1

16.8

31.6

18.2

14.6

18.5

31.8

55.0

77.1

108.3

83.8

68.0

37.7

14.4

31.7

18.2

14.6

18.4

31.7

54.8

78.6

108.9

85.8

69.9

38.9

14.8

31.6

18.2

Year 553.1 596.9 586.7 581.7 559.1 566.2

Urban areas           Forests      Cereal crops          Root crops      Meadows       Waters   
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equilibrium of the atmosphere but also the type of land-use
cover and the plant-development state.

At present, in an average year, there is more water in the
soil in spring than in summer and autumn. The development
of winter crops peaks in spring and early summer and for the
root plants in summer and early autumn. So, for example, if
winter crops dominate in the landscape structure, a higher
evapotranspiration is observed in spring and early summer.
If a share of plants with extended growth such as root crops
and fruit trees in orchards (similarly to deciduous forest) in the
landscape increases, evapotranspiration occurs more evenly in
the entire growing season. However, projected climate chang-
es are a more important factor influencing the value of areal
evapotranspiration in the future than changes of land-use
structure.

The universally projected warming will result in changes in
all elements of the water balance, including the areal evapo-
transpiration. It will have impact on living elements of the
natural environment, but plants will also affect elements of
the climate system to some extent through a feedback cou-
pling. Even though projected changes in evapotranspiration
are not strong enough to force changes in the land-use struc-
ture, there is still opportunity to modify the landscape in a way
that will advantageously change elements of the water balance
(e.g. evapotranspiration) and in this way to improve the water
balance in the region.
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