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Abstract: Given the importance of terrestrial evaporation (ET) for the water cycle, a fundamental
understanding of the water quantity involved in this process is required. As recent observations
reveal a widespread ET intensification across the world, it is important to evaluate regional ET
variability. The specific objectives of this study are the following: (1) to assess annual and monthly
ET trends across Poland, and (2) to reveal seasons and regions with significant ET changes. This
study uses the ET estimates acquired from the Global Land Evaporation Amsterdam Model (GLEAM)
dataset allowing for multi-year analysis (1980–2020). The Mann–Kendall test and the Sen’s slope
were applied to estimate the significance and magnitude of the trends. The results show that a rising
temperature, along with small precipitation increase, led to the accelerated ET of 1.36 mm/y. This
was revealed by increased transpiration and interception loss not compensated by a decrease in bare
soil evaporation and sublimation. The wide-spread higher water consumption especially occurred
during the summer months of June, July, and August. Comparing the two subperiods of 1980–2020,
it was found that in 2007–2020, the annual ET increased by 7% compared to the reference period
of 1980–2006. These results can serve as an important reference for formulating a water resources
management strategy in Poland.

Keywords: terrestrial evaporation; components; Global Land Evaporation Amsterdam Model
(GLEAM); increasing trends; spatial–temporal pattern; evaporative ratio; Poland

1. Introduction

Terrestrial evaporation (ET), alternatively called land surface evaporation or evapotran-
spiration [1], is an important component of the global water cycle. It consists of biophysical
(transpiration from vegetation) and physical (evaporation from the interception, bare soil,
and open water) water fluxes. The contribution of these different fluxes to the total amount
of evaporated water depends on both the climate controlling the atmospheric water de-
mand, and the land surface features, especially vegetation characteristics, influencing the
energy balance at the land surface and determining the volume of interception [2]. At a
global scale, the largest share in terrestrial evaporation is transpiration (Et; 59%), followed
by vegetation and floor interception (Ei; 31%), soil moisture evaporation (Es; 6%), and,
lastly, open water evaporation (Ew; 4%) [3]. As changes in terrestrial evaporation can lead
to either warming or cooling of the land surface [4], acquiring a better understanding of ET
changes is of high priority for ongoing research. Additionally, knowledge of the temporal
changes of ET is necessary for accurately quantifying global and regional water budgets
and for a better understanding of the hydrological interactions between the land and the
atmosphere [5]. Revealing the current ET trends might contribute to the prediction of the
Earth’s runoff changes, and to the introduction of water management strategies.

Globally, ET has shown a significant upward trend over the 32-year period of 1982–2013,
mainly driven by vegetation greening and rising atmosphere moisture demand [6]. It has
been mainly caused by increases in transpiration from vegetation and the vaporization
of intercepted rainfall from vegetation [7]. An increase in global terrestrial ET was also
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reported for the period 1982–2011, as estimated by different remote sensing-based physical
models, machine-learning algorithms, and land surface models [8]. Despite the overall
increasing trend, decreasing ET trends were also observed in shorter periods of time. For
example, it was reported that global annual evapotranspiration declined due to the limited
moisture supply from 1998 to 2008 [9]. Additionally, a long-term (1950–2017) relative
decline in evapotranspiration, accompanied by increasing runoff, was found in 27% of
the global land areas, which was explained by a reduction in surface conductance [10].
Apart from long-term changes observed globally, the strongly regional and temporal
differentiation of ET trends are evidenced, as proven for central Europe and central North
America [11], and for the north-eastern United States [12]. For the period 1980–2010, large-
scale increases in ET were observed in south-eastern China, while decreases in ET occurred
over the north-east [13]. Other studies conducted over the 71-year period from 1948 to
2018 confirmed that ET exhibited an increasing trend over almost 90% of the territory of
China [14].

In most of Europe, ET increased in response to land use (mainly large-scale refor-
estation and afforestation) and climate change, except in the Iberian Peninsula and some
other parts of the Mediterranean where negative ET trends were found [15]. For example,
Great Britain is becoming warmer and wetter, through which increases in precipitation
and air temperature are driving increases in runoff and evapotranspiration, as proven
for 1961–2015 [16]. In Germany, significant trends were observed in transpiration and
evapotranspiration in the period of 1961–2019 [17]. Over European Russia, positive trends
in the annual values of potential evapotranspiration were revealed for 1966–2017, the
distribution of which has a strong, patchy character [18]. As projected for most of Europe,
widespread and relatively uniform ET increases of around 75–125 mm are expected by the
2050s [19]. Overall, the trends in evapotranspiration exhibit wide regional differentiation,
depending on varying climate and human impacts. The changes are linked to the main
climatic drivers of ET that comprise precipitation, net solar radiation, air temperature,
vapor pressure deficit, and wind speed. Transpiration, which is the main component of ET
in forested landscapes [7,20], is dependent not only on the climate conditions, but also on
the soil moisture regime, the physiological features of vegetation, and the duration of the
growing season [21,22].

In Poland, only a few studies have focused on changes in ET from a long-term per-
spective. Based on data from 18 weather stations across Poland, an increase in the growing
season reference evapotranspiration was detected in the period from 1971 to 2010 [23].
Moreover, a significant increase in the mean daily values of the summer reference ET
in Poland in the same multiyear period was observed, with the potential to occur more
frequently in the future [24]. Projections of changes of areal ET in the Wielkopolska Region
(central-western part of Poland) indicate that the regional average increase in the annual ET
is predicted to equal 45 mm, with the highest changes occurring during the winter, when
comparing the control period of 1961–1990 to the projection horizon of 2061–2090 [25]. In
the north-western part of Poland, significant increasing trends in the potential ET were
observed during the period of 1952–2018, as investigated based on data acquired from six
weather stations [26]. In this area, particularly high increases were detected during the
spring and summer months, explained by a significant increase in air temperature and
a decrease in relative humidity, marking the end of the 20th century and the start of the
21st century.

While the above-mentioned studies investigated the actual, potential, or reference
ET trends from selected weather stations’ data across Poland, none identified country-
scale spatial–temporal patterns of ET derived from the satellite-based or reanalyzed data
covering the whole territory of Poland. Hence, undertaking such research can bridge the
gap and improve the understanding of the ongoing ET changes. This might provide insight
into the hydrological implications that result from the ET variations helping to manage
the water resources at the country and regional scales. This paper uses well-validated,
satellite-based Global Land Evaporation Amsterdam Model (GLEAM) data that comprise
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spatially continuous estimates of terrestrial evaporation and its main components [27–29].
For the first time, ET is quantified throughout the recent 41-year period (1980–2020), and
the spatial–temporal trends are estimated across the country. New insights into the ET
variability and its changes are acquired by considering the grid cell and country scale
patterns. Thus far, such an approach has not been given detailed consideration with respect
to the territory of Poland. Apart from investigations focusing on specific regions and based
on point estimates of ET, quantitative multi-year studies incorporating spatial–temporal
characteristics have not been reported.

The key scientific questions that need to be answered in this study are the following:

(1) Is the ET across Poland increasing or decreasing at annual and monthly time scales,
and, if this is the case, what is the magnitude of such temporal trends?

(2) Which components of ET are contributing to the country-scale inter-annual trend?
(3) What are the monthly spatial patterns of the ET trends and regions of significantly

increasing/decreasing ET?

It is hypothesized that the annual and monthly ET has remarkably increased in the
past four decades, and that extremely dry and warm years have led to a high evaporation
ratio, defined as the ratio between the actual terrestrial evaporation and precipitation. It is
also hypothesized that the ET trends are regionally differentiated, with the highest trend
rates occurring in the summer months.

2. Materials and Methods
2.1. Basic Geographical Characteristics of Poland

Poland is located in the central part of Europe. The area of the country stretches from
54.83◦ N to 49.00◦ N and from 14.18◦ W to 24.15◦ W. The land area of the country covers an
area of 311,888 km2. While the average elevation is approximately 170 m a.s.l., the relief
is characterized by significant diversity. The lowest point is located in Żuławy Wiślane
(−1.8 m a.s.l.) at the Baltic coast in northern Poland, and the highest peaks are in the
Tatras Mountains (Rysy 2499 m a.s.l.) in the south. Lowlands (0–300 m a.s.l.) dominate
and cover 91% of the country’s area. Highlands (300–500 m above sea level) occupy 6%,
while mountains (above 500 m above sea level) occupy only 3%. As much as 99.7% of
the country’s area constitutes the drainage basin of the Baltic Sea, which consists of the
Vistula River Basin (53.7%), Oder River Basin (33.9%), and the river basins draining directly
to the Baltic Sea (12.1%). A large part of the country (from the 14th to approximately
20–22 meridians) is influenced by a humid, temperate (Cfb) climate [30]. The rest of the
area to the east and the mountainous parts to the south are classified as a snowy, humid
climate (Dfb) with a warm summer. The highest annual precipitation total of approximately
1600 mm/y occurs in the Tatra Mountains, while the lowest, below 500 mm/y, concern the
central, lowland part of the country. The average air temperature in the months from April
to October ranges from 9.3 ◦C in the mountains to 14.9 ◦C in the midwest lowland, with a
country-wide average of 13.8 ◦C. The land use is dominated by agricultural land (60%) and
forests (33%), while the rest of the territory is covered by artificial surfaces (6%) and other
categories (1%) (Figure 1).
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Figure 1. (a) Geographic location of the study area. (b) Land use according to CLC 2012 acquired
from https://land.copernicus.eu, accessed on 7 June 2021.

2.2. Data

In this study, the satellite-based GLEAM (https://www.gleam.eu, accessed on 20
March 2021) dataset was used for detecting the magnitude and trends in terrestrial evapora-
tion for 1980–2020. Driven by remote sensing data, GLEAM provides estimates of different
components of land evaporation at a resolution of 0.25◦ × 0.25◦, including transpiration
(Et), vaporization of intercepted rainfall from vegetation (Ei), evaporation from the bare soil
(Eb), snow sublimation (Es), and open-water evaporation (Ew). Version 3.5a is derived from
the reanalysis of net radiation, air temperature, satellite and gauge-based precipitation,
satellite-based vegetation optical depth (VOD), ESA-CCI (European Space Agency Climate
Change Initiative) soil moisture, and snow water equivalent [27,28]. Changes in land cover
are derived from the MEaSUREs Vegetation Continuous Fields dataset [31]. In this study,
the monthly values of terrestrial evaporation were acquired and extracted for the territory
of Poland. Moreover, the annual values of evaporation components (Et, Ei, Eb, Es, and Ew)
were also acquired within the same spatial domain consisting 1056 grid cells. It is worth
mentioning that spatial–temporal ET patterns might be captured by different regional
and global ET products [32]. The GLEAM ET dataset belongs to the sophisticated land
surface model group, which has an acceptable accuracy when compared to the benchmark
ET values [33]. It has been recently used as a diagnostic dataset to investigate the global
ET trends [34], to identify best-performing evaporation datasets [35], and to improve the
structure of a simple conceptual rainfall–runoff model [36]. The key distinguishing features
of these data are the multi-year observation period (1980–2020), the availability of five
pieces of terrestrial evaporation component data, and the long-term satellite surface soil
moisture and phenology observations assimilated into the GLEAM model.

For the analysis of the climate conditions, the air temperature and precipitation dataset
was employed for 1980–2020 from version 23.1e of the station-based E-OBS gridded dataset
(https://www.ecad.eu, accessed on 9 October 2021), available from the European Climate
Assessment and Dataset Project [37]. It comprised daily values of precipitation (P) and air
temperature (T) acquired from a regular latitude/longitude grid of 0.25◦ × 0.25◦. From the
daily gridded values, the country scale, annual air temperature, and precipitation estimates
were calculated. Due to E-OBS uncertainties caused by gauge measurement errors, lack of
wind corrections, and possible station relocations [38], the areal precipitation averages are
considered to be underestimated [39,40]. To overcome the underestimation of the precipita-
tion data available, a correction factor was applied to the annual precipitation totals derived
from the E-OBS data. The correction factor results from the linear relationship between the
E-OBS data (PE-OBS) and the G2DC-PL+ data (PG2DC+), a gridded 2 km daily climate dataset
for the Polish territory, which is corrected for snowfall and rainfall under-catch and spans
until 2019 [41,42]. The relationship is represented by the equation PG2DC+ = 1.2 × PE-OBS

https://land.copernicus.eu
https://www.gleam.eu
https://www.ecad.eu
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established for the period 1980–2019. The value of the Pearson’s correlation coefficient is
0.996, which confirms the strong linear relationship between the two variables. Thus, the
PE-OBS-corrected value of the corrected E-OBS precipitation is estimated from the following
equation: PE-OBS-corrected = 1.2 × PE-OBS, where annual values of PE-OBS are acquired for the
period 1980–2020. The corrected values of annual precipitation totals were used to calculate
the values of the evaporation ratio, defined as a ratio of the actual evaporation over a given
area to the precipitation falling on that area [43]. Then, the annual precipitation and air
temperature time series were tested for the presence of trend, as explained in Section 2.3.

2.3. Methods

The non-parametric Mann–Kendall (MK) test [44,45] was applied for detecting trends
in time series of terrestrial evaporation, precipitation, and air temperature data. It is widely
applied test to analyze the hydro-meteorological time series [46]. Here, it was used to test
the null hypothesis of no trend, H0, against the alternative hypothesis, H1, where there is
an increasing or decreasing monotonic trend. The test statistic S is defined as

S =
n−1

∑
k=1

sgn
(
xj − xk

)
(1)

where xj and xk are the annual values in years j and k, j > k, respectively, n is the length of
the time series, and

sgn
(
xj − xk

)
=


1 i f

(
xj − xk

)
> 0

0 i f
(
xj − xk

)
= 0

−1 i f
(
xj − xk

)
< 0

(2)

The S statistic is approximately normally distributed when n ≥ 8, with a mean of 0
and the variance of statistics S, σ2, given as

σ2 = [n(n − 1)(2n + 5)]/18 (3)

The standardized test statistic Z is computed by

Z =


(S − 1)/σ i f S > 0
0 i f S = 0
(S + 1)/σ i f S < 0

(4)

For the country scale, annual time series of precipitation, air temperature, terrestrial
evaporation, and its components, the trends were tested at a significance level of α = 0.05.
For α = 0.05, the null hypothesis is accepted when −1.960 ≤ Z ≤ 1.960 (no significant
trend), while it is rejected when Z < −1.960 (significant decreasing trend) or when Z > 1.960
(significant increasing trend). Thus, the trend is significant if the null hypothesis cannot
be accepted. For the monthly terrestrial evaporation time series in a multi-year period
1980–2020, the significance level α = 0.1 was assumed. For the assumed α = 0.1, the null
hypothesis is accepted when −1.645 ≤ Z ≤ 1.645 (no significant trend), while it is rejected
when Z < −1.645 (significant decreasing trend) or when Z > 1.645 (significant increasing
trend). For the computation of the magnitude (slope) of an existing trend (as change per
year), the directional coefficient β expressed by the Theil–Sen estimator [47,48] is calculated
by the formula:

β = Median
((

xj − xk
)
/(j − k)

)
(5)

A positive value of β signals an increasing trend, and a negative value of β indicates a
decreasing trend. In case the change is not statistically significant, but shows an inclination,
it is called a tendency. The Climate Data Toolbox (CDT) for MATLAB [49] was used to
calculate the MK test statistic (Z) and the p-values.

For the shift-type changes, the terrestrial evaporation time series were partitioned into
two subseries by minimizing the sum of the residual (squared) error of each subset from
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its local mean, and finally returning the index, which, in this case, is the year in which the
change occurs. The change point was identified for the country-scale time series of annual
ET sums by using the MATLAB function “findchangepts”. In the analysis performed here, a
complete 41-element ET time series was divided into subperiods of differing length, consist-
ing of 27 and 14 records covering the years 1980–2006 and 2007–2020, respectively. Finally,
the Kruskal–Wallis test was applied to test for statistically significant differences between
the subseries in two selected subperiods [50,51] by using HYDROSPECT software [52].
This test is a non-parametric test that compares mean ranks (i.e., medians). For this test, the
null hypothesis is that the subseries medians are equal, versus the alternative that there is a
difference between them. Under the null hypothesis of equal subperiod means, the statistic
follows the Chi-square distribution. The Kruskal–Wallis test statistic is calculated as

H =
12

n(n + 1)− T

N

∑
i=1

ni(mi − m)2 (6)

T =
1

n − 1 ∑ t3
j − tj (7)

where n is the series length, m the global mean of ranks, N denotes the number of subperiods,
ni is the number of values in the i-th subperiod, mi is the mean rank for the i-th subperiod,
T is the “tie correction”, and tj denotes the number of ties in subsequent tie groups [50]. The
value of T for t = 1 is equal to 0. The Kruskall–Wallis test was also applied to the 41-element
monthly ET time series partitioned into two 27- and 14-element subseries, as a split series
of annual ET totals.

3. Results
3.1. Country Scale, Inter-Annual Terrestrial Evaporation over the Period 1980–2020

Figure 2 shows the course of the country scale of the annual sum of terrestrial evapora-
tion comprised of its components in the analyzed period 1980–2020. It is within the range
of 409–491 mm, and the multi-year average (1980–2020) equals 455 mm. The largest share
in ET is Et (78%), and the second quantitatively important component is Ei (17%). The other
contributions, Eb, Es, and Ew, have much smaller shares, i.e., 2%, 1%, and 2%, respectively.
The annual ET shows an increasing trend of 1.36 mm/y in response to the slightly increas-
ing tendency in precipitation (P) and the significant increase in air temperature (Figure 3a).
The increasing ET is the result of the statistically significant increases in Et, Ei, and Ew,
which outweigh the decreasing trend in Eb and the decreasing tendency in Es (Figure 3a,b).
Noteworthy are the high values of Es in 1995 and 2006, which presumably were caused by
particularly long-lasting snow cover, usually occurring from mid-December to the end of
April. The multi-year rate of change of Et, Ei, Eb, Es, and Ew is equal to 0.84, 0.61, −0.04,
−0.08, and 0.03 mm/y, respectively.

A shift-type temporal change of annual ET occurred in 2007, as detected by the
change point analysis (Figure 3c). The Kruskal–Wallis test confirmed the significance of the
difference between the median values of ET in the two subperiods. It shifted from 449 mm
in the subperiod of 1980–2006 to 480 mm in the subperiod of 2007–2020. Additionally,
the mean annual ET changed from 444 mm to 476 mm. There was also a significant shift-
type change in the components of terrestrial evaporation, and this concerns transpiration,
interception loss, and open-water evaporation. The average evaporation ratio (ET/P) in the
period before the change was 65%, while after the change, it increased by 3% to a value of
68%. However, in particularly wet years, it was much lower, while in dry years, it reached
very high values. For example, in the wet years of 2010 and 2017, it was equal to 50% and
56%, respectively, while in dry years, it was far above the long-term average, reaching 95%
in 1982, 84% in 2015, and 87% in 2018.
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Figure 2. Annual terrestrial evaporation (ET) over Poland in 1980–2020, composed of transpiration
(Et), interception loss (Ei), open-water evaporation (Ew), snow sublimation (Es), and bare soil
evaporation (Eb).

Thus, atmospheric conditions, represented here by temperature and precipitation,
control extreme ET values affecting the range of anomalies. In this work, precipitation and
temperature are considered as selected ET drivers, although it should be noted that other
factors, such as wind, solar radiation, and air humidity, can also play an important role.
Except for climatological–meteorological conditions, other features such as hydrogeological,
topographical, and physiological characteristics can also be critical.

3.2. Country-Scale, Monthly Terrestrial Evaporation over the Multi-Year Period 1980–2020

Figure 4 shows the course of the country-scale, monthly ET in the analyzed period
1980–2020. Statistically significant increasing trends occurred in summer and early fall,
from June to October. In winter, an increase took place in January (0.08 mm/y). In the
remaining months, the changes were not significant. The highest increases occurred in
June (0.37 mm/y), July (0.30 mm/y), and August (0.21 mm/y). Much smaller changes
concerned the months of September (0.13 mm/y) and October (0.05 mm/y).

An annual cycle is exhibited by ET, with the highest values in the summer season
(June–August) and the lowest values in the winter season (November–February), as shown
in Figure 5. Comparing the two subperiods, the second subperiod (2007–2020) is marked
by a clear increase in ET in June (from 73 mm to 81 mm), July (from 77 mm to 84 mm), and
August (from 63 mm to 68 mm) (Figure 5b). In these months, the increase in ET reached
on average of 9%. The shift type changes in ET were statistically significant at
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𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛((𝑥𝑗 − 𝑥𝑘)/(𝑗 − 𝑘))       (5) 

A positive value of  signals an increasing trend, and a negative value of  indicates a 
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= 0.05 in
January and in all months from June to September, as determined by the Kruskal–Wallis
test. The same is true for ET totals in the months from April to October.

3.3. Monthly and Annual Spatial Patterns of Terrestrial Evaporation

Figure 6 shows the mean monthly spatial patterns of ET for 1980–2020. In December,
January, and February, the values were the lowest. From March on, throughout April and
May, they gradually increased, reaching the highest values in June, July, and August. Then,
starting from September, they gradually decreased, reaching the lowest values in the winter
months. Throughout the whole year, the highest monthly ET occurred in the south, and it
concerned the mountainous, forested area. The area with relatively high ET values was
also located in the western and northwestern part of Poland, where there were dense forest
complexes. The lowest monthly ET were characteristic for the central zone, stretching from
west to east.
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Figure 3. (a) Changes in annual precipitation (P), air temperature (T), terrestrial evaporation (ET), and
transpiration (Et) in the multi-year period 1980–2020. (b) Changes in evaporation from interception
(Ei), evaporation from bare soil (Eb), sublimation (Es), and evaporation from water (Ew) in the multi-
year period 1980–2020. (c) Terrestrial evaporation (ET) in two subperiods (1980–2006 and 2007–2020),
separated by a change point in 2007. The presence of a trend is determined at the significance level of
α = 0.05.

To check if there was a trend in monthly ET, 41-element time series were prepared
for each grid cell for each month. Then, the Mann–Kendall test was applied. The results
are presented in Figure 7 and Table 1. A statistically significant increasing trend occurred
in many grid cells in June–September, covering 96% of the country’s territory in June
(Figure 7f), 89% in July (Figure 7g), 84% in August, and 75% in September. An increasing
ET trend was also observed in 59% of the territory of Poland in January (Figure 7a).
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cally significant trends are indicated by filled markers. The presence of a trend is determined at a
significance level of α = 0.05.
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Figure 5. (a) Monthly terrestrial evaporation (ET). (b) Mean monthly terrestrial evaporation (ET) for
subperiod 1 (1980–2006) and subperiod 2 (2007–2020). The ET values are averaged over the territory
of Poland.

The trend rate of ET over the 41-year period was the highest in June, July, and August
(Figure 8). In June, 63% of the territory experienced a trend rate of 0.20–0.39 mm/y, 29% had
a trend rate of 0.40–0.59 mm/y, 2% was marked by a highest trend rate of 0.60–0.79 mm/y,
and 2% was marked by a rate of 0.01–0.19 mm/y (Figure 8f). In July, the trend rate
of 0.20–0.39 mm/y dominated as well, covering 57% of the territory, while the rate of
0.01–0.19 mm/y (either trend or tendency) was observed in 22% of the territory, a trend
rate of 0.40–0.59 mm/y concerned 17% of the territory, and 0.60–0.79 mm/y concerned 2%
of the territory. The remaining 2% of the territory experienced a slight decreasing tendency
of −0.19–0 mm/y. The contribution of particular trend rate classes changed in August;
46% of the country had a trend or tendency rate of 0.01–0.19 mm/y, while the rates of
0.20–0.39 mm/y, 0.40–0.59 mm/y, and −0.19–0.00 mm/y concerned 43%, 9%, and 2% of
the country, respectively. While the rising ET trend dominated in the summer, a slight
downward trend or tendency was observed across the country during the spring months.
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This applied to the months of March, April, and May when the changes were in the range of
−0.19–0 mm/y, and they covered 68%, 48%, and 42% of the country territory, respectively.
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0.001, 0.01, 0.05, and 0.1 in the period 1980–2020 for: (a) January, (b) February, (c) March, (d) April,
(e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, and (l) December. Red
and orange grid cells indicate a decreasing trend, light green and blue grid cells show an increasing
trend, whereas yellow and yellowish green indicate no trend detected. Four grid cells with no data
are shown in white.

Table 1. Percent of the country area with decreasing or increasing ET trends, or without changes in
ET detected. The presence of a trend is determined at a significance level of α = 0.1.

Month
Percent of Area with
Increasing ET Trend

%

Percent of Area with
Decreasing ET Trend

%

Percent of Area with
No Changes in ET

%

January 58 0 42
February 30 0 70

March 5 9 86
April 22 7 71
May 16 2 82
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Table 1. Cont.

Month
Percent of Area with
Increasing ET Trend

%

Percent of Area with
Decreasing ET Trend

%

Percent of Area with
No Changes in ET

%

June 96 0 4
July 89 0 11

August 84 0 16
September 75 0 25

October 35 0 65
November 31 0 69
December 24 4 72
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Figure 8. Trend rate of monthly terrestrial evaporation (ET) in the multi-year period 1980–2020 for:
(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September,
(j) October, (k) November, and (l) December.

Finally, the spatial patterns of the annual ET were elaborated (Figure 9). Overall, the
highest ET values occurred in the southern mountainous part of the country (Figure 9a),
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determined by the relatively high precipitation totals and the land use dominated by
forests. The land strips in the north-west and west were also marked by relatively high ET
values, associated with the presence of dense forest complexes in this area. Much lower ET
occurred in the central part of the country, but also in the south-western, north-eastern, and
eastern parts of the country, where agricultural fields have a large share in the land use. The
comparison of ET in the two selected subperiods showed that subperiod 2 (2007–2020) had
significantly higher ET values than subperiod 1 (1980–2006) (Figure 9b,c). The minimum ET
values observed across the country were 35 mm higher, and the maximum values increased
by 63 mm. The annual ET difference in the range of 0.1–20 mm/y was detected in the zone
spreading from the south-west to the north-east, while much higher differences in the south
reached, locally, up to 115 mm (Figure 9e). Only five grid cells were characterized by an
ET decrease of up to 3% (Figure 9f), of which only one cell had a statistically significant
decrease (Figure 9d). A total of 87% of the country experienced an increase of 1–10% ET,
while a 11–22% increase was characteristic for the rest of the area (Figure 9f). Overall,
the statistically significant increase in annual ET concerned 90% of the country’s territory
(Figure 9d).
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Figure 9. (a) Annual terrestrial evaporation (ET) in the multi-year period 1980–2020. (b) Annual
terrestrial evaporation (ET) in the subperiod 1980–2006. (c) Annual terrestrial evaporation (ET) in the
subperiod 2007–2020. (d) Trend rate of annual ET in the multi-year period 1980–2020. (e) Anomalies
in annual ET detected as a difference between ET (2007–2020) and ET (1980-2006). (f) Anomalies in
annual ET detected as a ratio of ET (2007–2020) to ET (1980–2006).

4. Discussion

This study demonstrated that terrestrial evaporation has increased both at the annual
and monthly time scale. This finding supports the hypothesis that terrestrial evaporation
has remarkably increased in the past four decades. The ET increase was caused by increases
in transpiration, interception loss, and open-water evaporation, partially counteracted by
bare soil evaporation and sublimation decreases. The increasing trends in transpiration
(0.87 mm/y) and interception loss (0.68 mm/y) have the largest contribution to the ET
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changes. They are presumably driven by increases in the vegetation leaf area index,
dominated by greening [6]. In Poland, greening has recently been confirmed by increasing
NDVI trends, showing that 59% of the country has been greening continuously since the
1980s and that it has a widespread character [53]. This process affected over 44% of 1980s
agricultural land and 87% of 1980s non-agricultural land. In total, this concerned nearly
60% of the country’s area. Thus, the intensified greening all over the country coincides
with the increase in terrestrial evaporation detected in this study; 81% of the territory is
marked by an ET increase of 0.1–2 mm/y (trend or tendency), while 17% has a change of
2.1–4.9 mm/y. Only 2% of the territory has a decreasing tendency. To conclude, most of
Poland has experienced an increasing ET trend in the last four decades, and the evaporation
ratio was extraordinarily high in dry and warm years, such as 1982, 2015, and 2018.

The follow-up hypothesis is also confirmed; ET trends are regionally differentiated,
with the highest multi-year trend rates occurring in June, July, and August, equaling, on
average, 0.35 mm/y, 0.30 mm/y, and 0.22 mm/y, respectively. These are signals of an
accelerated, more intense water cycle. The main implication of this finding is that increasing
ET rates might have a great impact on the other components of the water cycle. If the
observed ET trends continue, the associated changes in water budget components might
present challenges for water managers at country and regional scales.

In this study, a well-validated satellite-based GLEAM dataset was used for analyzing
ET dynamics for 1980–2020. To the best of the author’s knowledge, this is the first study
for the Polish territory that gives country-scale estimates of terrestrial evaporation over
the last four decades. This enabled the analysis of total terrestrial evaporation and its
components in the multi-year period. This study explained the relative contribution of
each ET component, revealing the dominant role of transpiration and interception loss in
the terrestrial evaporation. The mean annual ET of 455 mm/y is comparable to the ET of
442 mm/y, which was estimated for the whole of Europe [7]. However, the contribution of
transpiration to the ET differs (69% for Europe and 78% for Poland). Additionally, clear
differences concern the role of interception loss and bare soil evaporation. In this study,
interception loss (77 mm/y) contributed in the amount of 17% to the ET (455 mm/y), which
is almost double the amount estimated for Europe (9%). In turn, the bare soil evaporation
contribution was found to be only 2%, while for Europe, it was found to be 21%. Such
divergent results might be due to differences in model-dependent partitioning approaches,
datasets forcing the ET models, the differences in climatic and land surface characteristics,
and vegetation morphological attributes. The implication is that the relationships between
particular components of ET should be further explored in a future study. It is worth noting
that the multi-year ET average (455 mm) determined in this study is relatively consistent
with earlier estimates for the territory of Poland; it is only slightly higher than estimates
for the Oder River basin (454 mm) and for the Vistula River basin (432 mm) reported
in 1950s [54]. The discrepancy is very low and may be due to the difference in source
data (derived from the water budget) and a different period (1920–1940). Much higher
ET values (553 mm) were signaled for 1961–1990 in the Wielkopolska region located in
central and western Poland [25]. Such contrasting results are probably due to differences in
applied methods and different sets of variables forcing the ET models from which areal ET
values are derived. Moreover, this region cannot be treated as representative for the whole
territory of Poland.

5. Conclusions

To conclude, this study evaluated the magnitude and multi-year trends in terrestrial
evaporation and its components across Poland. Benefitting from the novel satellite observa-
tions assimilated to GLEAM, together with the reanalysis data used as the model forcing,
it was found that most of Poland experienced significant terrestrial evaporation increases
from 1980 to 2020. The warmer climate, along with a small precipitation increase, led to
increased vegetation activity. This was revealed by increased transpiration and interception
loss not compensated by a decrease in bare soil evaporation and sublimation. The en-
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hanced vegetation activity was manifested by the wide-spread higher water consumption,
especially during the summer months of June, July, and August. These monthly increases
contributed to the annual changes in terrestrial evaporation of 1.36 mm/y. Comparing the
two subperiods of 1980–2020, it was found that in the subperiod 2007–2020, the annual
evaporation increased by 7% compared to the reference subperiod of 1980–2006. Further
study on the quantification of terrestrial evaporation is required to explain its impacts on
the changing water budget structure. This can serve as a reference for formulating a water
resources management strategy in Poland.
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