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We describe a method of calculating one of the basic phenomena influenced by groundwater recharge, namely
evapotranspiration (ET). The Operational Simplified Surface Energy Balance (SSEBop) algorithm was applied to calculate
actual evapotranspiration (ET,), being modified to include spatiotemporal changes of substrate humidity and so referred to
as mSSSEBop. Calculations were performed within the Szkwa and Rozoga River catchments (NE Poland). Quantitative ET,
assessment was based on the analysis of Landsat satellite images, hydrometeorological and hydrogeological data. The re-
sults obtained for the original SSEBop algorithm and the modified mSSEBop one were compared with the water balance and
data from a MOD16A2 dataset. The calculated water balance gave ET, values close to results using mSSEBop (with differ-
ences of 9-54 mml/year). In the case of the original algorithm, differences were in range of 42-218 mm/year. When com-
pared with MOD16A2 data, the differences were within the range of —16.7 to 23.2 mm/8 days, with the mSSEBop algorithm
giving on average lower ET, sums (~14%) than MOD16A2 while SSEBop gave results higher than MOD16A2 by ~12%. The
studies performed indicate that the method presented, using satellite data, gives a reliable, spatial and temporal ET, assess-
ment for the mid latitudes.
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INTRODUCTION

Groundwater recharge estimations on a regional scale re-
quire access to sets of scattered input data. One of the basic
phenomena that influences groundwater recharge (beside pre-
cipitation) is evapotranspiration (ET). So far, investigations
have shown that loss related with ET may reach 60—70% of pre-
cipitation values.

The process of evaporating water into the atmosphere un-
der given meteorological conditions, the amount and nature of
vegetation and currently available soil water resources is called
evapotranspiration (ET,). ET, also includes the evaporation of
water retained on plants as a result of interception (Soczynska,
1989; Dabrowska-Zielinska, 1995). An important concept used
in this article is the term potential evapotranspiration (ET),), i.e.
the amount of water that could evaporate and transpire from a
vegetated landscape without restrictions other than the atmo-
spheric demand (Lu et al., 2005; WMO, 2008). To simulate po-
tential evaporation and transpiration processes, an ET estima-
tion method was used for a reference surface (ET,), defined as
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the rate at which readily available soil water is discharged into
the atmosphere from a surface covered with a specific type of
vegetation (Jensen et al., 1990).

ET,is a process difficult for quantitative assessment, particu-
larly on a regional scale. Methods of direct ET, measurements,
such as lysimeters, Energy Balance Bowen Ratio stations, Eddy
Covariance flux towers, or indirect methods using scintillometers
enable data to be obtained at a range from several metres to ~1
km. The large spatial variability of ET, means that the application
of point measurements in regional investigations can generate
results of high uncertainty. Hence, the acquisition of high-quality
spatially distributed hydrological information is one of the main
goals in hydrogeological investigations.

The development and promotion of remote sensing tech-
niques and the wide accessibility of satellite images allows fast
and inexpensive analysis of natural phenomena. Remote sens-
ing is the basis of environmental monitoring in many parts of the
world where amounts of field data are insufficient. Moreover,
satellite data, contrary to traditional point surface observations,
are spatial in character; therefore, in their case, interpolation
and extrapolation procedures do not have to be applied. Proce-
dures enabling ET, assessment with the application of remote
sensing use measurements of electromagnetic radiation in the
near, mid and thermal infrared.

Analysis of ET quantitative characteristics is performed indi-
rectly through a combination of remote sensing techniques with
geographic information systems (GIS), ground meteorological
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measurements and hydrological observations. However, opti-
cal scanners used in environmental analyses are sensitive to
unfavourable atmospheric conditions (clouding, fogging, snow
cover). In combination with the relatively low frequency of
high-resolution satellite revisits, this means that applications of
such databases in hydrological analysis of areas of temperate
climate are not common.

This situation encouraged the authors to perform their own
analyses focused on assessing the possibility of using remote
sensing in ET, determination for areas located in mid latitudes.
The present study includes the design of a calculation proce-
dure that enables the obtaining of information regarding the
seasonal variability of factors determining ET, from instanta-
neous values of variables characterising the natural environ-
ment, acquired from remote sensing techniques.

The methodology described uses Landsat satellite data and
includes variable climate conditions, land coverage and use,
and geological and hydrological characteristics. These datasets
were used in an algorithm for evapotranspiration assessment —
the Operational Simplified Surface Energy Balance (SSEBop).

The original SSEBop model is dedicated to analyses con-
ducted on a regional scale. In general, it consists of scaling po-
tential evapotranspiration (calculated via the Penman-Monteith
formula — ET,) using a factor calculated with satellite data. Pre-
vious studies have shown a high accuracy of ET, values ob-
tained with SSEBop. Comparison of SSEBop results with point
observations, carried out using the eddy covariance method, in
the case of low-resolution MODIS sensor data, showed a match
of R? = 0.64-0.86. Studies conducted with the use of Landsat
satellite data were characterized by a match of R* = 0.9-0.94.
Verification based on the water balance for the Colorado River
basin showed a match of R? = 0.74. The big advantage of the
SSEBop model is the relatively small amount of input data nec-
essary for calculations. However, it does not take into account
soil moisture, which has a huge impact on quantitative changes
in evapotranspiration.

A key phase in the assessment of seasonal evapotrans-
piration is determining the ET, values between sets of images
from satellite revisits. In the case of areas characterised by
weather conditions allowing the frequent acquisition of such im-
ages, evapotranspiration calculations may take place with the
application of temporal distributions of ET,. Potential ET values
are insufficient in conditions of low and non-uniform access to
satellite images and may lead to significant overestimation of
the results obtained.

In order to eliminate this factor, the authors introduced mod-
ified formulas of the seasonal ET, estimation (MSSEBop),
which include changes in soil moisture over time. Assessment
of calculation results was based on their comparison with re-
sults obtained using water balance and evapotranspiration data
from the MODIS (Moderate Resolution Imaging Spectro-
radiometer) mission.

MATERIALS AND METHODS

STUDY AREA

The investigations were performed in NE Poland in the
catchments of two neighbouring rivers, the Szkwa and Rozoga
(Fig. 1A, B), flowing through the Kurpie Sandur. The analysis
was made for an interval encompassing three hydrological
years: 2014-2016. The catchments of both rivers have similar
areas, of 466 km? for the Szkwa and 481 km? for the Rozoga.
Both rivers are tributaries of the Narew River.

The study area is lightly urbanised. The dominant types of
land coverage are forests (36% of the whole area; Fig. 1C).
These are dominated by coniferous communities (>27%),
whereas mixed and broad-leaved forests are less common
(9%). Permanent grasslands, i.e. meadows and pastures,
cover ~33% of the surface area. A considerable part of the
study area is occupied by farmlands (27%), dominated by ara-
ble land (22%). Surface water reservoirs, wetlands and peat
bogs cover <1% of the surface area. Information regarding the
land cover was taken from the Corine Land Cover database for
Poland, compiled in 2012 (CLC2012).

The area analysed area is influenced by a temperate cli-
mate, at the boundary between two air masses with differing
thermal and humidity properties: humid from the north Atlantic
(mainly polar-marine) and dry from Eastern Europe and Asia
(polar-continental). This results in a large variability of atmo-
spheric conditions in particular seasons and a large number of
cloudy days (averagely 120—150 days/year). The years ana-
lysed were much warmer than the mean air temperature over
the multiannual period 1972—2016. The mean air temperature
was higher by ~1.1-1.5°C than the long-term average (7.4°C).

The distribution of average monthly precipitation in the av-
erage annual sum of precipitation indicates its continental char-
acter (summer maximum and winter minimum). This is, how-
ever, modified by the influence of an oceanic precipitation re-
gime (prevalence of autumn precipitation above spring precipi-
tation), which results in a mixed, continental-oceanic character
of the annual rhythm of precipitation. The study interval was
preceded by a year in which the total annual precipitation ex-
ceeded the mean values from the multiannual interval
1972-2016, reaching 754-912 mm. The hydrological years
2014 and 2015 may be treated as dry intervals. In 2014 the total
annual precipitation was within 533-676 mm (Fig. 2A, B). Year
2015 was characterised by an even lower annual precipitation
(between 512—658 mm). In 2016 a large increase in annual pre-
cipitation was observed, up to 800-931 mm.

Deposits of the Kurpie Sandur in the study area are repre-
sented mainly by fluvioglacial sands and gravels (Fig. 1B). The
thickness of fluvioglacial deposits is variable, usually from 10 to
30 m, although in some cases deposits of the Kurpie Sandur
form combined successions with older deposits of fluvioglacial
origin, reaching 60-80 m in thickness. The dip of the plain is
generally constant, consistently to the SE. Differences in alti-
tude between the northern and southern margins of the sandur
reach ~40 m, with altitudes from 145 m a.s.l. in the north to
~110 m a.s.l. in the south. Characteristic elements of the Kurpie
Sandur are inactive dunes. In the study area these are domi-
nated by parabolic dunes, usually in groups of parabolas and
ridges from 2 m to 20 m high.

To assess the retention changes in the catchments studied,
hydrogeological conditions in the shallow aquifer were as-
sessed. The shape of the water table of this aquifer is related to
topography. The main groundwater drainage axis is the Narew
River. The Szkwa and Rozoga River valleys act as a minor
groundwater drainage base. In most of the area, groundwater
occurs in fluvioglacial and fluvial sands, and sands with gravel.
The permeability of the outwash aquifer perceptibly decreases
from the north to the south.

Climatic (especially precipitation and evapotranspiration)
and hydrogeological conditions were the dominant influence on
the river runoff. The values of the annual outflow from the catch-
ment, recalculated to mm of water column, in 2014—-2016 was in
the range of 88 to 128 mm for the Szkwa and 90 to 116 mm for
the Rozoga River.
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Project CLC2012 was realised by the Institute of Geodesy and Cartography, and financed by EU resources; this data can be downloaded
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Fig. 2. Average values of the evapotranspiration fraction ET, in hydrological years 2014-2016

LANDSAT DATA

Images gained from radiometric instruments of the Land-
sat 7 and 8 satellites were used in the calculations. The ranges
of spectra channels gained by the OLI and TIRS (Landsat 8)
and ETM+ (Landsat 7) scanners are similar, which allows for
their joint analysis. Moreover, application of Landsat 7 and 8
satellites allows the obtaining of images every 8 days. Spatial
resolution of particular images is within the range of 30-120 m.

Ideal satellite images should not contain elements disrupt-
ing the signal flow from Earth’s surface to a receiver mounted
on a satellite. In mid latitudes, the signal reflected from the
land’s surface is disrupted by clouds and their shadows. Radio-
metric and atmospheric correction in ReSe ATCOR 2 software
was applied to limit the influence of these factors. This allowed a
significant increase in satellite data quality. The correction facili-
tated recovery of part of the information that was distorted by
the presence of water vapour and thin cirrus clouds.

The study area is located in one scene of Landsat data with
the following coordinates: WRS-2 Path: 188, Row: 23. Images
with a low presence of disturbing elements (clouds or their
shadows) were selected for the analyses. 24-image sets were
selected from the three hydrological years analysed (Table 1).
The temporal distribution of selected sets was not even. The
most numerous ones were obtained from the spring-summer
months, being also intervals in which the intensity of
evapotranspiration is the highest and most strongly linked with
plant vegetation conditions.

GROUND OBSERVATION DATA

The calculation procedure described required acquisition of
data characterising the atmospheric state. Variables describing
atmospheric conditions which were used in the calculations in-
cluded: mean daily air temperature (T,), maximum daily air tem-
perature (Tmax), Minimum daily air temperature (Tin), mean
daily dew point ( Tyew), mean daily air pressure (Pasm), mean daily
wind speed (u), daily value of insolation (n) and daily sum of

precipitation (P). The accumulated data were taken from the
database of the Institute of Meteorology and Water Manage-
ment — National Research Institute (IMGW-PIB). Data from 10
observation points were acquired (Fig. 1C and Table 2).

P values measured using a Hellman'’s rain gauge are usu-
ally underestimated in relation to actual precipitation. Because
of this, precipitation values collected from IMGW-PIB sites were
corrected using empirical formulas proposed by Jaworski
(2004). The formula dedicated to the correction of rainfall value
has the form:

0.165

P

kor.

:1.135><(P+1) +P +k, —1for P e (0.1; 41.9 mm}]

In the case of snowfall, the formula is as follows:

P,

kor.

=1167 xP + 029 + k, [2]
In both formulas Py, corresponds to corrected values of

precipitation (mm), ki is a coefficient describing loss caused by
dampening of the rain gauge.

Table 1

Landsat 7 (L7) and Landsat 8 (L8) images used in the report

Year 2014 Year 2015 Year 2016

11.11(L8)
22.03(L8)

23.02(L7) 25.11(L7)
23.04(L8)

11.03(L7) 24.03(L8)
02.06(L7)

' 04.07(L7) ’
22.05(L8) 23.08(L7)
05.08(L7)
07.06(L8) 08.09(L7)
09.07(L8) ;g?gétg; 16.09(L8)

29.10(L8) '
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Table 2

Meteorological data used in the study

Station name Latitude Longitude Observation range
Ostroteka 53°4’14.1" N 21°32'40.1" E Ta, Tmaxs Tmins Tdews Patm, U2, N, P
Mikotajki 53°47°'20.9" N 21°35'22.6" E Tay Tmaxs Tmins Tdews Patm, U2, N, P
Szczytno 53°34'36.8" N 21°0'44.1" E T, P
Rozogi 53°28'44.6" N 21°21’34.5" E P
Kadzidto 53°14'4.9" N 21°27'49.2" E P
Cierpieta 53°10'31.9" N 21°10’50.5" E P
Dobrylas 53°16'43.2" N 21°52'15.8" E P
Ptaki 53°23'26.0" N 21°47'39.8" E P
Pisz 53°37°44.0" N 21°48'38.5" E P
Olszewki 53°40'19.1" N 20°59'51.0" E P

The characteristics of total runoff for the Szkwa and Rozoga
catchments, used at the verification stage, were elaborated
based on mean 24-hour values of discharge Q for the flows
analysed, obtained from IMGW-PIB. The catchment surface ar-
eas are limited by water gauge cross-sections, situated in
Walery village (4.59 km from the mouth of Rozoga River) and in
Szkwa village (2.37 km from the mouth of the Szkwa River).
The interval for which the data were acquired encompassed the
hydrological years 2010-2016.

In order to determine changes in retention in the study area,
measurement of the groundwater table was made. Observa-
tions of the groundwater table were made in 90 dug wells
(Fig. 1B). During the 3-year study interval, 4 measurement ses-
sions took place, in November 2013, October 2014, November
2015 and October 2016.

DESCRIPTION OF THE MODIFIED SSEBop ALGORITHM (mSSEBop)

Quantitative assessment of actual evapotranspiration ET,
in the study interval was based on a modified version of the
SSEBop algorithm (mSSEBop). ET, is the amount of water dis-
charged to the atmosphere in given meteorological and vegeta-
tion conditions, as well as presently accessible soil water re-
sources. ET,includes also evaporation water retained by plants
due to interception. In contrast to the extensive physical mod-
els, the SSEBop model does not include all components of
thermal and radiation balance, but defines the functions that
limit evapotranspiration under clear sky radiation conditions.

Satellite images used in the SSEBop calculations were
made in the spectral ranges for visible light, near and medium
infrared, and thermal infrared. After processing and correction,
three remote sensing components of the SSEBop algorithm
were obtained: NDVI (Normalized Difference Vegetation In-
dex), surface albedo, and surface temperature (Ts). This
dataset allowed for determination of actual radiation conditions,
vegetation state and condition, and also the distribution of the
potential evapotranspiration in space and time.

An element describing the spatial ET, distribution is the ac-
tual evapotranspiration fraction ET;. ET; expresses the ratio of
actual evapotranspiration to the calculated potential
evapotranspiration values. It is assumed that the value of ET5,
calculated on the basis of satellite images, is constant for an in-
terval characterised by similar meteorological and hydrological
conditions, and similar development of vegetation, for the day
they were taken. The SSEBop model requires determining the
values of warm/dry and cold/humid thermal boundary condi-
tions of ET, unique for each image analysed. The link between

the ET, model boundaries and actual thermal conditions is ex-
pressed by the formula (Senay et al., 2013):

ETf:Th_Ts:Th_Ts [3]
T -T, T dT

where: T — the land surface temperature (recalculated from Land-
sat 8 TIRS and Landsat 7 ETM+ sensors) expressed in Kelvin, T, —
the calculated value of surface temperature in a given pixel of the im-
age with regard to conditions of lowest ET intensity. T, is given as
follows:

Ty =T, +dT [4]

T — the cold boundary of the model, understood as the temperature
of the land surface at which ET, attains the highest values:

T _ Tsicold ><T [5]
c T max

max

where: T .00 — the satellite-based surface temperature (in pixels
where NDVI > 0.8) and Ty (in K) is the corresponding daily maxi-
mum air temperature at the same location and period.

The second component of the equation [4] is given as fol-
lows:

oT = R, xr,, [6]
Pa xCp

where: R, — the clear sky net radiation in kJ m™ day™' (calculated us-
ing standard equations recommended by and satellite data), C, —
the specific heat of air at constant pressure (1.013 kJ kg’1°C’1); Pa—
the density of air, r,, — the aerodynamic resistance to heat flow from
a hypothetical bare and dry surface (110 sm™" is recommended by).

Using several images characterising ET; changes in the
time interval analysed, it was possible to subdivide this interval
into quasi-uniform sections with individual ET; distributions.
Next, a cumulative actual evapotranspiration value is deter-
mined from each section (ET; perioq):

ETaiperiod :ETfriperiod Xz: ETo [7]
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where: ET period — the evapotranspiration fraction ETy for the time in-
terval analysed, ET, — daily potential evapotranspiration, and n —the
number of days in the time interval analysed.

In the original SSEBop method the Penman-Monteith equa-
tion (PM) was used for assessment of the intensity of evapora-
tion and transpiration for the reference surface (ET,). The modi-
fied SSEBop method takes into account the impact of soil mois-
ture changes on evapotranspiration values. Simulation of soil
desiccation processes was performed by balancing daily values
of ET, and daily sums of precipitation obtained from meteoro-
logical stations. In this case, the method proposed by Schulte et
al. was applied. Humidity changes were determined by calcu-
lating the humidity deficiency (SMD), which is the amount of wa-
ter, expressed in millimeters of precipitation, required for sup-
plementing the content of water in soil to a level determined by
field water volume (SMDpa). SMD assessment may be ex-
pressed by the following formula:

SMD, = SMD, , —P,

kor.

+ET, [8]

where: SMD;and SMD,., are SMD values on day t and on the preced-
ing day t-1.

Calculation of reference evapotranspiration, taking into ac-
count changes in soil moisture (ETy), is performed using the fol-
lowing formula:

ET,, for SMD < SMD, [9]
Et xw for SMD > SMD,
* “"SMD,,, — SMD,

ET, =

where: SMD, — the critical soil moisture deficiency (mm; limit of the
SMD value, above which transpiration is reduced).

Evaporation and transpiration conditions attained in the ET4
calculations were for surfaces characterised by good perme-
ability. In the case of this assumption, Schulte et al. recom-
mend applying values of SMDyax = 110 mm and SMD,, = 0.

ET, values are substituted into formula 7 in place of ET,.
Then individual ET,_,erioq Values are added up within a hydrolog-
ical year, which in consequence gives the spatial distribution of
evapotranspiration in a given year.

VERIFICATION METHODS

The results of evapotranspiration calculations, based on the
mSSEBop algorithm, were verified by two competing methods.
The first was water balance, made for both river catchments
analysed. Balance calculations used the following formula:

P=ET+Q, +AS [10]

in which annual precipitation sums (P) are compensated by
aerial evaporation sums (ET), outflow from the balance unit
(Qo) and retention changes (AS). The area analysed lacks
large groundwater intakes. Loss caused by water uptake, com-
pared to loss caused by evapotranspiration, and surface and
underground outflow, are negligible. Therefore, balance analy-
ses did not include the component describing groundwater ex-
ploitation. Annual corrected precipitaton sums (Pior)
(mmlyear), average for the catchment, were attained as
value P. An estimate AS assessment was made for the needs
of balance analysis based on water table observations. Reten-

Table 3

MOD16A2 data products used in the report

Year 2014 Year 2015 Year 2016

?;:g;zgg:g; 14.03-21.03

06.03-13.03 15.04-22.04 21.03-28.03

30.03-06.04 02.06-09.06 24.05-31.08

01.05-08.05 10.06-17.06 01.06-08.06

17 0524 05 26.06-03.07 20.08-27.08

02.06-09 06 05.08-12.08 05.09-12.09
13.08-20.08 13.09-20.09

04.07-11.07 08.10-15.10

24.10-31.10 : :

tion values were obtained by multiplying the mean, for the bal-
ance area, value of differences in the position of the groundwa-
ter table (between the beginning and the end of each year; Ah)
and the specific yield (u).

Calculations of the catchment water balance allow assess-
ment of the aerial mean of ET, values, but do not give the basis
for assessment of the spatial variability of this variable. There-
fore, verification of the mSSEBop model results exclusively
based on hydrological balance is not complete. ET, values cal-
culated using the methods proposed were compared with data
obtained from the model generating spatial and temporal distri-
butions of actual ET — MOD16A2.

MOD16A2 is a product using satellite data acquired from
the MODIS sensor. This sensor is installed on two environmen-
tal satellites, Terra and Aqua. Both satellites operate in the
NASA EOS (Earth Observing System) programme. The rela-
tively low spatial resolution — 500 m (compared to Landsat data
used in mSSEBop — 30 m) is compensated by high temporal
resolution, which allows determination, in favourable atmo-
spheric conditions, of 8-day ET, sums.

The 8-day ET, sums from the MOD16A2 model did not al-
low for continuous coverage of the calculation intervals. This is
caused (as with Landsat) by the sensitivity of the applied
MODIS satellite data to unfavourable climate conditions.
MOD16A2 data, the time range of which encompassed or was
close to the date of the Landsat images acquired, were used for
comparison (Table 3). Next, the ET, value was calculated for
the same intervals using the mSSEBop algorithm. The second
stage of accommodating data to the comparative analysis was
unification of the image pixel spatial resolution. ET, was calcu-
lated with application of Landsat images, which were converted
from 30 m resolution to MOD16A2 resolution according to the
flux aggregation procedure. Values of ET, from SSEBop were
averaged within a MOD16A2 pixel using geoprocessing tools in
Esri ArcGIS software.

In order to compare the differences in ET, values for partic-
ular forms of land coverage, each pixel in both datasets was at-
tributed to a land coverage and land use class according to the
CLC2012 subdivision. The quantitative assessment of differ-
ences between mSSEBop and MOD16A2 was based on the
mean bias error (MBE) analysis between ET, values from the
MOD16A2 dataset and those calculated with the use of the
mSSEBop algorithm.

The results obtained by the mSSEBop method were com-
pared with values returned by the original SSEBop algorithm.
This allowed determination of the impact of the modification on
the calculation outputs.
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RESULTS

The sets of satellite images acquired, with results of meteo-
rological measurements for the day of acquisition, were used to
calculate the evapotranspiration fraction (ET;). The results
point to spatial and temporal ETj variability (Figs. 2 and 3C).
The lowest ET; values were noted in autumn—winter and in
early spring. The mean values for the entire study area were
from 0.55 to 0.78. The highest ET; values were obtained for im-
ages acquired in spring—summer (generally May and June).
Mean ET; values for the study area attained were from 0.88 to
0.99. The largest contrasts in the spatial ET distribution were
obtained for hydrological years 2014 and 2015 (Fig. 2A, B).
Woodlands had distinctly higher ET; values in comparison to
meadow and farmland areas (with a mean from 0.8 to 1.1).
Such spatial variability was not observed in 2016 (Fig. 3C). The
mean ET; values, in this year, were in the range of 0.8-1.0.

Instantaneous ET; values allow for interpretation of sea-
sonal variability of evapotranspiration, even with a limited num-
ber of satellite images. This is particularly clearly visible in the
case of curves showing the mean ET;, for agrocoenoses with
shallow root systems, sensitive to soil humidity levels (Fig. 3C).
Hydrological years 2014 and 2015, during which water deficien-
cies for crop use occurred, were characterised by lower ETj
values. Abundance of water in 2016 caused increased
evapotranspiration from plants and the geological basement,
which resulted in higher ET; values. A more even ET; was ob-
tained in 2016 both for natural and anthropogenic habitats. This
was caused by technical (application of images mainly from the
vegetation period) and natural factors (stable and optimal ac-
cess to water by plants).

Calculation of periodic sums of actual evapotranspiration
required assessing 24-hour values of potential evapotrans-
piration. In the original SSEBop algorithm, potential
evapotranspiration is calculated for the grass reference surface
(ET,) using the Penman-Monteith method. The mSSEBop
adapts ET, values to soil moisture content (ET,). The calcula-
tions performed have indicated a distinct difference between
ETy and ET,, which took place in 2014 and 2015 (Fig. 3A, B).
For synoptic stations located nearest to the study area
(Ostroteka and Mikotajki), these differences were: 312 mm/year
(2014) and 385 mm/year (2015) for Ostroteka and 205 mm/year
(2014) and 223 mm/year (2015) for Mikotajki. The largest differ-
ences were observed in summer and autumn seasons, charac-
terised by low sums of precipitation. During the humid year
2016 the calculated differences were much smaller (from >10 to
~100 mm/year).

The intervals between Landsat images that could be used
in the analysis were uneven (Fig. 3C). The longest were estab-
lished for late autumn, winter and early spring months. A larger
frequency of satellite data obtained for the spring and summer
months resulted in briefer duration of the calculation intervals,
which allowed for more precise assessment of evaporation and
transpiration. The intensity of evapotranspiration in the summer
half-year was much higher than in winter. Therefore, despite
much longer calculation intervals adopted for autumn and win-
ter, the impact of the ET, value in the winter half-year on the to-
tal value of annual evapotranspiration was relatively small.

The datasets obtained, with a spatial distribution of cor-
rected ET, sums in calculation periods (ETy period), Were multi-
plied by the assigned tables describing ET;. distribution. Sum-
ming of all results within temporal compartments corresponding
to particular hydrological years allowed the spatial distribution
of annual ET, in the study area to be obtained (Fig. 4).

Annual sums of evapotranspiration for the study area in
2014 and 2015 were 467 mm/year and 479.5 mm/year, respec-

tively. ET, calculated in 2016 by mSSEBop was larger by 24%
from the average (for the entire area) ET,, estimated in 2014
and 2015. The largest similarity of ET, spatial distribution was
calculated for 2014 and 2015. Maximum values in the annual
ET, were indicated for areas overgrown by forest communities.
Annual sums for forests in 2014 and 2015 were 529 and
523 mmlyear. High ET, values were observed for wetlands,
where they reached 501 (2014) and 514 mm (2015). Much
lower annual ET, values were noted for farmlands. Results ob-
tained for 2014 were on average at 441 mm/year (arable lands),
464 mm/year (meadows and pastures), 434 mm/year (complex
tillage systems), and 472 mm/year (areas with a prevalence of
farming). Values for 2015 were lower in comparison to the pre-
vious year by: 68 (arable lands), 46 (meadows and pastures),
50 (complex tillage systems) and 54 (areas with a prevalence of
farming) mm/year.

In 2016, high ET, values were obtained for meadows and
pastures located in river valleys. In 2014 and 2015, increased
values of ET, were observed for these communities, but they
did not dominate above the neighbouring woodland areas. An-
nual ET, sums for meadows and pastures were similar to those
of forests and bushes (about 630 mm/year). Higher ET, values
were observed only for wetlands (spatial mean — 647 mm/year).
Arable lands, complex tillage systems and areas with a preva-
lence of farming showed evaporation rates of 608 mm/year on
average.

DISCUSSION

The credibility of the mSSEBop method was assessed
based on a comparison with the water balance results and the
competing MOD16A2 method. An important component of wa-
ter balance is the retention change (AS) in the catchment. In this
study, the AS values were determined on the basis of water ta-
ble observations. This allowed for estimation of underground
retention.

Water table changes between the beginning and the end of
particular hydrological years (Ah) indicate a significant reduc-
tion in aquifer storage in 2014 and 2015 (negative values)
(Fig. 5). The highest Ah was obtained for 2014. It reached a
mean of —1.30 m (near watersheds) and —0.75 m (in river val-
leys). The driest year in the entire study interval (2015) was
characterised by much lower Ah values between the end and
the beginning of the balance interval compared to 2014 (with a
mean of —-0.47 m near watersheds and —0.23 m in river valleys).
In 2016, the values of differences in the water table positions
were positive at all measurement points. This indicates an in-
crease in underground retention in the first aquifer, caused by
dominance of recharge over loss which resulted from river
drainage and evapotranspiration. As in earlier years, the largest
differences were observed near watersheds. The mean differ-
ence of water table for these areas was 0.73 m. In the case of
river valleys, the mean Ah reached 0.35 m.

The average AS, recalculated to water column in mm, for
the area of both catchments, reached 124 mm in 2014 and
—60 mm in 2015. This volume could be removed from the sys-
tem by river drainage and evaporation. Both evapotranspiration
and river discharge are values included in the catchment hydro-
logical balance. Therefore, the approximate assessment of the
calculated ET, reliability in years with groundwater deficiency
was based on the assumption that it should correspond to the
difference between precipitation and river discharge. The oppo-
site case occurred in 2016. The volume of water stored within
the aquifer was higher. The product of Ah and p for the 2016
balance year was 87 mm on average for both catchments.
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Fig. 4. Computed spatial distribution of annual evapotranspiration for the mSSEBop algorithm

Based on the water balance components, the mean
evapotranspiration value was assessed for the catchments
studied; this value was compared directly with the results ob-
tained from the SSEBop model (Table 4).

In both catchments, the values of annual evapotrans-
piration (spatial averaging) calculated using the water balance
and mSSEBop methods were similar (Table 4). The smallest
differences were obtained for 2014. The differences reached
12 mm/year (Szkwa catchment) and 9 mm/year (Rozoga catch-
ment). 2014 was the year in which the largest number of Land-
sat image sets was used in the calculations. Larger differences
were noted in 2015. In this case the calculated ET, value was
by 20 mm/year (Szkwa catchment) and 28 mm/year (Rozoga
catchment) lower than the value resulting from water balance
considerations. The largest differences between both methods

were noted for 2016. These partly resulted from changes in hu-
midity of the vadose zone, which were not included in balance
calculations.

In 2014 and 2015, the original SSEBop method returned re-
sults significantly different from the water balance values. The
differences between SSEBop and water balance were largestin
2014. The average values of evapotranspiration for the entire
area in the case of SSEBop were 218 mm higher than calcu-
lated using water balance. The differences in 2015 and 2016
reached 98 and 42 mm. In the wet year 2016 ET, values for
SSEBop and mSSEBop methods were very similar — the differ-
ences reached only16 mm.

In 2014 and 2015, SSEBop ET, for forest communities was
higher than mSSEBop values, by 289 and 180 mm/year re-
spectively. Values of differences for farmlands in 2014 reached
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176 mm/year on average. Differences for 2015 were lower in
comparison to the previous year and reached 68 mm/year.
Evapotranspiration values calculated in 2016 using SSEBop
were similar to those obtained using mMSSEBop. For agricultural
lands, the differences were in the range 15-23 mm/year (aver-
age for agricultural areas — 20.3 mm/year). In the case of forest
habitats, they were clearly lower and averaged 4.5 mm/year.
Comparing the MOD16A2, SSEBop and mSSEBop meth-
ods, one should pay attention to the main similarities and differ-
ences between these models. As in the case of SSEBop/
mSSEBop, MOD16A2 uses remote sensing data and their de-
rivatives, which allow calculation of the radiation balance (sur-
face albedo in both algorithms) and determine the condition and
degree of land coverage by vegetation (Leaf Area Index and
Fraction of Absorbed Photosynthetically Active Radiation —
MOD16A2, NDVI — SSEBop/mSSEBop). In contrast to

ater table level (Ah) in hydrological years 2014-2016

SSEBop/mSSEBop, MOD16A2 does not use satellite thermal
data, but is constructed based on an enhanced calculation al-
gorithm, using, as for SSEBop/mSSEBop, the modified Pen-
man-Monteith equation. In the MOD16A2 algorithm, total
evapotranspiration is calculated as the sum of evaporation from
the humid plant surface (AE.e o), transpiration from the dry
plant surface (AEans), and evaporation from the soil surface
(AEsow):

ME =\E,

wet_c

+AEgoy [11]

The distinct characteristics of particular ET, components in
MOD16A2 clearly separates this algorithm from the
SSEBop/mSSEBop models, in which the influence of evapora-
tion from the soil surface, and plant evaporation and transpira-
tion, are determined jointly using the ETs index.

Table 4
Water budget results for the Szkwa and Rozoga catchments

River catchment Szkwa Rozoga
Year 2014 2015 2016 2014 2015 2016
Balance elements | In [ Out| In [Out| In |Out| In | Out| In | out | In | Out
Pror 601 587 873 598 598 874
AS 90 84
Q 128 88 110 116 90 109
ET = In-Out 473 499 673 482 508 681
SSEBop ET, 691 577 639 702 578 639
mSSEBop ET, 461 479 622 473 480 625

Pyor. — corrected precipitation; AS — change in storage; Q — river outflow (all values in mm/year) and
its comparison to the values of evapotranspiration calculated by the SSEBop and mSSEbop algo-
rithms



776 Daniel Zaszewski, Tomasz Gruszczynski and Jerzy J. Matecki

09 A
35 .
[ |
= 30 mSSEBop = 0.75 SSEBop n .
) R2 = 0.64 u L
Q-% 25 4 ] _,-'"
E T
£20 - . =
2 " ““mn
B 15 . n n
] e
£ 10 1 - Pl u
5 -
-
0 . : . . .
0 10 20 30 40 50
45 - SSEBop [mm/8days]
— B SSEBop = 1.12 MOD16A2
=401 /2 =0.89 Y
B 35 X ® ,—';
E X 2
E 30 1 o 1 Pt
8 25 | AR
@ " 2
w 20 | W S o
0 T T g e
E 15 1 o LT g e @
% -~ ,"'.
10 s a” .
@ o MSSEBop = 0.86 MOD16A2
D 51 {,—' R®=0.61
0 . . . : . . :

0 5 10 15

20 25 30 35 40

MCD16A2 [mm/8days]

Fig. 6. Spatial mean results of ET obtained with the SSEBop method versus the
mSSEBop algorithm (A) and the SSEBop (grey crosses)/mSSEBop (black dots)
algorithms versus MOD16A2 data (B)

A significant difference between both algorithms is also the
application of different methods for assessing the share of water
in evapotranspiration. MOD16A2 uses a function determining
the available water resources, based on the complementary hy-
pothesis in which the existence of a relation between surface hu-
midity and air humidity is assumed. In the modified SSEBop al-
gorithm, a model based on actual precipitation measurements
and retention characteristics of subsurface sediments was ap-
plied.

Comparison of 8 days evapotranspiration sums for the
study area (Fig. 6A) has indicated that ET, values calculated
with application of the mSSEBop method were on average
lower than those obtained using the SSEBop model. The
adapted linear function allowed determination of the difference
at ~25%. The data obtained using the original SSEBop model
were also higher than those calculated using MOD16A2
(~12%; Fig. 6B). In contrast, mSEBop returned ET, values on
average lower than did MOD16A2 (~14%) with a much smaller
fit with MOD16A2.

The temporal distribution of ET, values for particular forms
of land coverage and land use indicates that trends in ET, value
changes are similar in all methods discussed (Fig. 7A—C). The
largest similarity is for cold months (October, November,
March) and for the humid year 2016.

The results obtained using the original SSEBop method
show similarity with the data of MOD16A2, primarily in agricul-
tural areas (Fig. 7A). Data obtained for forest and shrubby
forms of coverage show a slight excess of evapotranspiration
calculated by SSEBop over MOD16A2 (Fig. 7B). Mean bias er-
ror (MBE) values calculated for MOD16A2 and SSEBop are
generally <0. MBE; values furthest from 0 were obtained for
May 2014 and June and August 2015 (Fig. 8A). Conditions in
which MBE exceeded the value of 0 (MOD16A2 values higher
than SSEBop) occurred during the growing seasons, mainly in
areas occupied by agriculture.

For the mSSEBop algorithm, distinct differences in ET, val-
ues are visible for summer seasons of 2014 and 2015. Regard-
less of the land coverage class, ET, calculated by mSSEBop is
lower than in the MOD16A2 data. These differences, assessed
by MBE, reach up to 23.2 mm/8 days (Fig. 8B). They corre-
spond to the periods in which high SMD values were estimated.
(Fig. 2A, B). There are discrepancies in ET, values for spring
periods i.e. March (MBE for the entire area = —3.0 mm/8 days),
April (-5.4 mm/8 days) and May (-10.0 mm/8 days) in 2014 and
in April (-8.8 mm/8 days) and June (3.5 mm/8 days) in 2015.
This is visible particularly in the case of woodland communities
(Fig. 7B). Results of mSSEBop calculations in these intervals
are higher than those from MOD16A2. They fall into seasons in
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which optimal humidity conditions (negative SMD values) and
high ET5 values occur.

The results obtained for mMSSEBop indicate that the highest
impact on MBE values arise from quantitative changes of water
content in soils and sub-surface deposits and spatial and tem-
poral ETj distribution. In the case of the first factor, positive
MBE values resulted from the different methodology of using
soil moisture. Spatial distributions of precipitation values and in-
formation on underground retention properties were used in this
case in the mSSEBop algorithm. Simulations of surface mois-
ture changes in MOD16A2 are based on values of air humidity
and water vapour pressure deficit (sensitive e.g. to changes in
air temperature and solar radiation;. Such estimation of sub-
strate moisture (or lack thereof as in the case of SSEBop) may
lead to overestimation of ET, values.

The second factor marks its influence particularly in wood-
land areas. ETj indices calculated using SSEBop and
mSSEBop favour the occurrence of higher ET, values than in
the case of MOD16A2, particularly in the dry years 2014-2015
(Fig. 3C). Evapotranspiration combines two components —
transpiration and evaporation from humid surfaces. The first
component is higher for areas with a prevalence of meadow
vegetation and agrocoenoses, whereas the second is more sig-
nificant for woodlands. Due to the larger leaf intercepting sur-
face, the evaporation water was higher in woodlands in com-
parison to areas with different vegetation. Moreover, the factor
influencing high ET, values for woodlands was the root zone
depth, allowing forests to drain humidity from a larger depth
range than in the case of meadow communities or crops.

Results obtained with application of the method proposed
may be considered as reliable. This is supported by the signifi-
cant concordance of average ET, values calculated for river
catchments with the water balance results, as well as by quali-
tative similarity between mSSEBop and MOD16A2 values. It
should be emphasised that results of ET, calculations referred
to an area located in a climate zone which is characterised by
high frequency of unfavourable (for satellite imaging) atmo-
spheric conditions, and thus restricted access to Landsat data.
The advantage of the mSSEBop over the water balance and
MOD16A2 is its spatial resolution. This allows ET, distribution
analyses to be made on a regional scale and also studies of
smaller regions. Moreover, the range of input data is easily ac-
cessible and largely free of charge, which increases the appli-
cability of the method.

CONCLUSIONS

The method of assessing evapotranspiration described is a
multiproxy analysis and focuses on the main factors shaping its
distribution. The proposed calculation procedure allows the in-
clusion of climatic and hydrological factors and of variations in
vegetation coverage. Obtained from satellite remote sensing,
instantaneous values of variables characterising the natural en-
vironment allow acquisition of information on the seasonal vari-

ability of factors determining ET,. The spatial resolution of the
results obtained allows for analysis of ET, distribution both on
regional and local scales.

Comparative analysis has shown that results obtained with
the proposed method are reliable. There is a large concordance
between evapotranspiration calculated with application of satel-
lite images and expected values resulting from the catchment
water balance. The results obtained using the original SSEBop
method were less consistent with the results of water balance in
the dry years 2014 and 2015 than mSSEBop outputs. In 2016
the values of both methods were similar.

A comparison of the results of ET, calculations using
mSSEBop and MOD16A2 indicates a qualitative similarity be-
tween both data sets. High MOD16A2 values correspond to
high ET values calculated using mSSEBop. Greater differences
occur during dry periods (2014 and 2015), in which the effect of
soil moisture decrease on ET, values intensifies. In 2016, when
the correction due to soil moisture was the lowest, ET, values
for mSSEBop, MOD16As and SSEBop are similar.

Restrictions in the application of the method presented are
linked with the low temporal resolution of the available satellite
material, acquired in optical bands and thermal infrared, partic-
ularly in areas located in mid latitudes. This results from the long
revisit times for satellites imaging at high spatial resolutions,
and their sensitivity to cloudiness and fogging. This fact consid-
erably complicates the analyses for cold periods, in which the
frequency of unfavourable meteorological conditions is the larg-
est. Finally, results obtained for the autumn-winter season are
less reliable. This unreliability may be restricted by application
of atmospheric correction of satellite images, however in the
case of strong cloudiness the possibility of acquiring useful sur-
face images remains restricted. These problems may be allevi-
ated by the development of remote sensing techniques and in-
creased frequency of satellite revisits. The Sentinel series satel-
lite mission of the European Cosmic Agency seems promising
in this context. The introduction of Sentinel 2 A and B and Senti-
nel 3 satellites into orbitin 2015, 2016 and 2017 allow for acqui-
sition of multispectral images with temporal resolution not ex-
ceeding 5 days. The temporal resolution of data used in ET,
analyses can also be increased by including data from observa-
tions carried out using meteorological satellites belonging to the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT). Despite the low spatial resolution of
meteorological satellites (from several to several tens of kilo-
metres depending on the sensors used), they enable 24-hour
monitoring of temperature and humidity in the atmospheric pro-
file as well as the energy balance.

Regardless of these limitations, the method presented gives
promising results. The studies performed have shown that, de-
spite unfavourable climate conditions, algorithms based on sat-
ellite data are an encouraging group of methods that allow esti-
mation of evapotranspiration in mid latitudes.
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