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Abstract. Main focus of this research was on application of Surface Energy Balance System
model (SEBS) for mapping evapotranspiration of extensively used river valley with wetland vegetation. Satellite imagery such as Landsat 5 TM and Landsat 7 ETM+ captured during growing season from year 2006 to 2010 was used. Images were radiometrically, atmospherically and geometrically corrected using spectral characteristics of terrain measured in situ, among others. Additionally Leaf Area Index (LAI), soil moisture and surface temperature measurements were performed.
Maps of biophysical parameters were developed which (along with meteorological data) formed
the input for SEBS model. Model allowed for determining spatial variability of daily evapotranspiration. The results were compared to potential evapotranspiration calculated using PenmanMonteith equation. Research proved that SEBS model primarily developed for estimating
evapotranspiration in agricultural areas is capable of providing good results when used in wetlands
and river valleys covered with natural vegetation.
Keywords. Evapotranspiration, Surface Energy Balance System Model, Remote Sensing,
Wetlands

1. Introduction
Wetlands play an important role meeting the environmental, economic and social objectives described by authors in numerous publications. Although they occupy 3 % of the Earth's terrestrial
and freshwater surface only, wetlands are essential for life on our planet as they determine local and
regional water conditions, decrease maximum and minimum water flows, play significant role in
the carbon and nitrogen cycle, participate in the processes of water retention, purification and regeneration, increase biodiversity, shape microclimate of the surroundings by increasing air humidity
and others. Wetlands are characterized by long term presence of water on the soil surface or in the
root zone, specific soil types, occurrence of specific vegetation adapted to those conditions and the
lack of plants intolerant to flooding. It is estimated that ET in a wetland accounts for 20-80% of the
water loss [1]. The amount of water transferred into environment in a form of water vapor is one of
the poorly investigated hydrological and climatic processes determining water conditions and functioning of wetlands. Significant majority of research focused so far on the analysis of data obtained
locally, spatially limited to one or few plant communities due to the high cost of direct methods
such as lysimeters or eddy covariance and difficulties related to wetland accessibility. Studies in
this regard were conducted i.a. by [2], [3], [4], [5], [6], [7], [8], [9], [10] and [11]. Nowadays spatial,
temporal and spectral resolution of satellite images enables efficient monitoring and analysis of selected parameters as well as phenomena occurring within wetlands and agricultural areas (which
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usually have the highest attention). Numerous studies that used remotely sensed data were conducted in various wetland systems and natural river valley ecosystems at different hydrological and
climatic conditions with different types of soils and vegetation [12], [13], [14], [15], [16], [17] and
[18], but due to these differences ET results were often difficult to compare [19]. Accurate estimates of ET rates are crucial for the effective management purposes, water resources assessment,
nutrient flows and carbon balance modelling [11]. There is a real need for more research on
evapotranspiration in areas with similar conditions in order to obtain reliable and comparable data.
This paper focuses on ET calculations of extensively used floodplain covered with wetland vegetation. To obtain the result commonly available satellite imagery and Surface Energy Balance System
Model were used.
1.1. Study area
Research was conducted in the unique Central European complex of fens and marshes, which
are known as Biebrza Wetlands [20]. The study area is designated as a wetland site of global significance in the frame of the Ramsar Convention, belongs to Natura 2000 EU Ecological Network
and have the status of a National Park. The ice-marginal Biebrza river valley with a length of about
150 km and area of over 2600km2 is located in the north-eastern Poland and can be divided into
four main parts: Wizna Basin, Lower Basin, Middle Basin and Upper Basin (Figure 1). The Lower
Biebrza Basin where study was conducted is the 30km long and 12-15km wide river valley where
the floodplain is a predominant geomorphological structure.

Figure 1. The ice-marginal Biebrza river valley

The climate is similar to continental with sub-boreal elements: short growing season, short
summer (less than 80 days) and long cold winters (110-112 days) [21]. Research on reference
evapotranspiration based on data from the local meteorological station has shown that in a period of
1960-1995 the highest values of ET were observed in years 1975, 1976, 1992 (about 540mm) and in
1995 (676mm) in months from mid-May to late July with a maximum in the third week of July
930
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(Figure 2). Average values of ET in July amounted to 34.6mm in the first, 35.9mm in the second
and 36.7mm in the third decade of the month. The lowest values of ET were observed in the beginning and in the end of the growing season with a minimum in September with 14.9 mm on the average [18].

Figure 2. Precipitation and Penman reference evapotranspiration at the Biebrza meteorological station during the
growing season in a period of 1960-1995

Diversity of wetland ecosystems is determined by a number of factors, among which one usually plays the most important role in shaping habitat conditions. In peat ecosystems water is that
guiding factor, which determines the intensity and direction of processes of biological decomposition of soil organic matter, and thus affects the formation and regeneration processes in soils and
therefore species composition in plant communities [22].

Figure 3. Zonation of plant communities and peat stratigraphy in the Lower Biebrza Basin (modified) [23]

In the Biebrza river valley most plant communities are members of four classes in polish taxonomy of plants: Phragmitetea, Scheuchzerio-Caricetea nigrae, Molinio-Arrhenatheretea and Alnetea
glutinosae creating zones parallel to Biebrza River [24, 25] (Figure 3).
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2. Methods
The most significant steps that were taken to determine seasonal and spatial variability of
evapotranspiration included analysis of meteorological and groundwater levels data, field measurements of land cover spectral properties, leaf area index, soil moisture and ground surface temperature, satellite imagery processing, mapping of biophysical parameters and application of SEBS
model.
2.1. Analysis of meteorological and groundwater levels data
Meteorological data collected at stations located inside research area and in neighboring areas
were used to describe climate conditions as well as to provide the input data for SEBS model and to
verify results. In the year 2008 (inside the frame of this research) a meteorological station was built
at marsh area. Characteristics measured by the station include air temperature and humidity, soil
temperature, precipitation, wind speed, incoming and reflected solar radiation.

Figure 4. Penman-Monteith reference evapotranspiration at the Biebrza meteorological station during the growing
season in a period of 2006-2009

Data from Biebrza meteorological station allowed for determining reference evapotranspiration
using Penman-Monteith method (Figure 4). Groundwater levels from local monitoring network that
uses d-divers as well as soil moisture measured with Time Domain Reflectometry (TDR) were used
as support data in selecting of areas with optimal conditions for potential evapotranspiration in order to calculate crop transpiration coefficients for wetland plant communities.
2.2. Ground surveys
Field measurements included obtaining spectral properties of various plant communities, Leaf
Area Index, soil moisture and temperature (Figure 5). Spectral characteristics of different land cover
types were measured with ASD Field Spec 3 spectroradiometer in order to perform atmospheric
correction of newly acquired satellite images. Soil moisture and soil temperature were obtained with
Time Domain Reflectometry.
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Figure 5. Location of the main research sites and typical plant communities in the Lower Biebrza Basin

Field measurements of LAI were carried out using LAI-2000 Plant Canopy Analyzer which calculates LAI from radiation measurements (320 - 490 nm) made with “fish-eye” optical sensor.
Measurements made above and below the canopy are used to determine canopy light interception at
5 angles, from which LAI is computed using a model of radiative transfer in vegetative canopies
[26].
LAI is the ratio of the foliage area to the ground area and is one of the most crucial parameters
describing vegetation canopy structure in terrestrial ecosystems and is closely related to evapotranspiration, photosynthesis, biomass, net primary production, interception and other ecological processes which have significant influence on the exchange of matter and energy flow between soil,
vegetation and the atmosphere [27]. Most of the field measurements were performed once or twice
per month for the most dominant plant communities in the Lower Biebrza Basin. Locations of field
measurement points were recorded with GPS receiver.
2.3. Processing of satellite images
Calculations of daily evapotranspiration were based on commonly available satellite imagery:
Landsat 5 TM and Landsat 7 ETM+, recorded during growing season from year 2006 to 2010.
Landsat images with data gaps resulting from Scan Line Corrector failure in 2003 (SLC-OFF images) were corrected using a tool developed in ArcGIS Model Builder (Figure 6).
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Figure 6. Diagram of SLC-OFF correction tool

Atmospheric correction of newly acquired satellite images was performed using empirical line
method utilizing measurements of Aerosol Optical Thickness (AOT) measured with Microtops II
Sun Photometer and land cover spectral characteristics measured with ASD Filed Spec 3 spectroradiometer. Collected spectra were processed using AS spectral library tools from German Aerospace
Center (DLR). In situation of field data unavailability the FLAASH model (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) was used. FLAASH is a tool for retrieving spectral
reflectance from multispectral radiance images which incorporates the MODTRAN radiation transfer code. Additional data for FLAASH atmospheric correction such as Aerosol Optical Thickness,
water vapor and CO2 mixing ratio were obtained from Aerosol Robotic Network (AERONET) and
National Oceanic and Atmospheric Administration (NOAA) and Earth System Research Laboratory
(ESRL). All images were transformed into local geographical reference system.
2.4. SEBS model
Surface energy balance determines the exchange between the Earth’s surface and the atmosphere. All components of the heat balance equation were estimated through the combined use of
data remotely sensed in the visible, near infrared and thermal infrared range and data collected during field measurements (mainly meteorological elements such as air temperature, air humidity, wind
speed and solar radiation). In a review of methods for estimating evapotranspiration using satellite
images, the single source model SEBS was chosen (Figure 7). Model required three sets of data.
The first set consisted of maps of land surface albedo, surface emissivity, surface temperature,
Normalized Difference Vegetation Index (NDVI), Digital Elevation Model (DEM), Leaf Area Index (LAI), canopy height, fractional vegetation cover, aerodynamic surface roughness, displacement height, specific humidity, pressure at surface and at reference height. The second set related to
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the meteorological data such as sunshine hours per day, air temperature, air humidity and wind
speed at reference height. The third set of data related to instantaneous downward solar radiation.

Figure 7 Diagram of Surface Energy Balance System model

The SEBS model developed by Su [28, 29, 30] consists of a set of tools for the calculations of
land surface biophysical parameters, calculation of roughness length for heat transfer and estimation
of the evaporative fraction based on energy balance at limiting cases.
2.5. Mapping of biophysical parameters
Field and remotely sensed data were used to develop maps of biophysical parameters for SEBS
model using following methods described below. Spatial variability of LAI was based on the empirical relationship between LAI measured in the field and 42 vegetation indices retrieved from satellite images. Indices with the coefficient of determination (R2) and correlation (r) higher than 0.7
were considered as potentially good LAI predictors. The highest R2 and the strongest correlation
were achieved using Vegetation Vitality Ratio (VVR), Atmospherically Resistant Vegetation Index
(ARVI), Infrared Percentage Vegetation Index (IPVI) and Normalized Difference Vegetation Index
(NDVI). Finally, VVR index with the correlation coefficient of 0.87 was used in calculation of spatial variability of LAI [31]:

where a, b are the soil line coefficients, NIR is the near infrared band and RED is the red band. In
situation were field measurements were unavailable the spatial variability of LAI was estimated using universal equation presented by Su was used:

935

Szporak-Wasilewska, et al.: Application of the Surface Energy Balance. System Model (SEBS) for mapping
evapotranspiration of extensively used river valley with wetland vegetation

Land surface temperature maps were produced based on the thermal infrared band using generalized single-channel method described by Jiménez-Muñoz and Sobrino [32]:

where ɛ is land surface emissivity, Lsensor is at sensor radiance in W∙m-2∙sr-1∙µm-1, Tsensor is at sensor
brightness temperature in K, λ is the effective wavelength in µm, c1, c2 are coefficients equal to
1.19104∙108 in W∙µm-4∙sr-1∙m-2 and 14387.7 in µm∙K respectively and ψ1, ψ2, ψ3 are atmospheric
functions. Fractional vegetation cover maps were developed using equation proposed by Choudhury
[33]:

where NDVImax and NDVImin are the NDVI values for pure ground and pure vegetation pixels and p
is the leaf inclination angle equal to 0.625. Spatial variability of surface emissivity was estimated
according to the equation given by Sobrino et al. [34]:

where fc is vegetation fraction cover, ԑs is soil emissivity equal to 0.960, ԑc is vegetation emissivity
equal to 0.985 and dԑ is vegetation structure parameter equal to 0.015. The broadband surface albedo was determined from the equation described by Liang [35]:

where α is surface reflectance of the corresponding Landsat band. The SEBS model requires also
land use map with associated surface parameters such as vegetation height, displacement height and
surface roughness map. Canopy (h) and displacement height (d) maps were developed according to
equations presented by Brutsaert [36] on the basis of aerodynamic surface roughness map (z0m):

The spatial variability of pressure at surface was estimated based on equation described by Allen [37] and Digital Elevation Model obtained from Shuttle Radar Topography Mission.
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where P is atmospheric pressure in kPa and z is elevation above sea level in meters. Specific humidity was calculated from actual water vapor pressure data.

where P is atmospheric pressure at ground surface and ea is actual water vapor pressure in kPa.
Described methods allowed for developing of maps of biophysical parameters which along with
meteorological data formed the input for the SEBS model, which therefore allowed for determining
spatial variability of evapotranspiration within Biebrza Wetlands giving us an insight on their energy balance conditions.
3. Results
3.1. Spatial and seasonal variability of evapotranspiration
Spatial variability of net radiation, sensible, latent and soil heat fluxes and in the end daily
evapotranspiration was determined on the basis of 20 satellite images. Figure 8 presents the example results for the 19.07.2006 Landsat 5TM image.

Figure 8. Daily evapotranspiration and surface energy balance components
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Figure 9 presents daily evapotranspiration values estimated with SEBS model for all satellite
images recorded in 2006-2010 and Figure 10 presents ET results compared to Penman-Monteith
potential evapotranspiration calculated on the basis of data from Biebrza meteorological station
(2006-2009) and vegetation transpiration coefficients for meadows given by [38]. The results differed by an average of about 0.4mm (10%) for all satellite scenes.

Figure 9. Daily evapotranspiration from SEBS model

Figure 10. Comparison of ET results between SEBS model and Penman-Monteith (2010 – data gaps for Biebrza meteorological station)

The comparison of radiation energy used in the process of energy exchange by latent, sensible
and soil heat fluxes suggest that the latent heat flux plays a major role in energy balance structure.
In the year 2006 the vegetation of the Lower Biebrza Basin consumed about 60% of net radiation
energy in the process of evapotranspiration in June and July and about 52% in September. In the
year 2010 it was estimated that 40% was consumed in April, 60% in June and July, 62% in August
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and 51% in September. Additionally, seasonal variability of plant transpiration coefficient in 2006
for sedge plant communities was estimated under assumption that ET results from SEBS model for
the central part of the Lower Biebrza Basin were equal to potential evapotranspiration. The analysis
was conducted for ET values within two standard deviations (μ ± 2σ, 95.46%). The main statistics
for the analyzed data set are shown in Table 1:
Table 1. The main statistics for evapotranspiration values within selected area (2006)
Date

23.04

17.06

26.06

03.07

12.07

19.07

28.07

14.09

30.09

Average

0.701

3.601

5.162

4.566

3.972

5.241

3.872

2.313

1.390

Standard error

0.0046

0.0015

0.0016

0.0013

0.0024

0.0016

0.0012

0.0009

0.0004

Median

0.496

3.638

5.149

4.545

3.931

5.246

3.876

2.326

1.402

Standard deviation

0.618

0.262

0.269

0.224

0.418

0.278

0.203

0.159

0.074

Sample variance

0.382

0.069

0.072

0.050

0.175

0.077

0.041

0.025

0.005

Range

2.444

2.169

1.939

1.868

4.140

1.997

1.677

1.147

0.629

Minimum

no data

2.215

4.279

3.626

1.880

4.209

3.156

1.738

1.090

Maximum

2.444

4.384

6.218

5.494

6.020

6.206

4.833

2.885

1.719

Number of pixels

18313

29408

29408

29408

29408

29408

29408

29408

29408

Confidence level (95%)

0.009

0.003

0.003

0.003

0.005

0.003

0.002

0.002

0.001

2σ – L

b.d.

3.078

4.624

4.119

3.135

4.686

3.466

1.996

1.242

2σ – R

1.938

4.125

5.700

5.013

4.809

5.796

4.278

2.630

1.538

The performed analysis allowed for determining of seasonal variability of sedge transpiration
coefficient during the growing season in 2006. The relationship between actual and reference
evapotranspiration was recognized as not linear therefore values of calculated vegetation coefficient
vary in time (Figure 11). In the beginning of the growing season (April – May) water consumption
for sedges such as Caricetum diandrae is lower than reference evapotranspiration calculated with
Penman-Monteith equation, but is increasing along with plant growth and by the end of growing
season is 1.1 – 1.4 times higher on average than reference evapotranspiration.
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Figure 11. Goundwater level in the Lower Biebrza Basin and kc variability for sedges

Analysis of vegetation coefficient variability estimated from lysimeter studies for Magnocaricion in Jegrznia valley [39] showed similar seasonal changes of the coefficient values in the growing season. Vegetation coefficients, despite being determined in optimal water conditions, can take
in given years, values significantly different even for the same decade, and even when reference
evapotranspiration values are similar [40] – this indicates the need for long term studies.
4. Conclusions
The research has shown that, among all tested vegetation indices developed from available satellite images, indices of ARVI, IPVI, NDVI and VVR were most suitable in achieving the best results of LAI spatial variability estimation. Linear and non-linear regression analysis gave determination coefficient score above 0.77 and correlation coefficient over 0.88 for four mentioned indices.
Other indices being potentially good LAI predictors were also indicated. It was shown that Landsat
7 ETM+ images in SLC-off mode can be used in estimating evapotranspiration and thus increasing
a catalogue of available imagery ready to use in analysis of its seasonal variability. It was also provedthat SEBS model primarily developed for ET calculations in agricultural areas is capable of providing good results when used in river valleys covered with natural vegetation. The results demonstrated also a good agreement of SEBS evapotranspiration compared to ET determined on the basis
of measurements from standard weather station; the results differed by an average of about 10%
(0.4mm) for all satellite scenes. Sensitivity analyses of the model showed that the greatest impact
on ET results has biophysical parameters related to land use and meteorological data such as air
temperature and sunshine hours. Other results indicate also a great potential of satellite images for
the development of soil-vegetation coefficients necessary to calculate the actual evapotranspiration
based on reference ET enriched by groundwater level data.
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