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Abstract: Evapotranspiration (ET) is the most significant water balance component and is also
a very complex component to evaluate in spatio—temporal scales. Remotely-sensed data greatly
increases the accuracy of basin wide ET estimation but only in periods with available satellite images.
This paper describes an attempt to estimate daily ET regardless of the availability of the satellite
images. The method is based on application of the interpolated evaporative fraction (A) from
“historical” satellite images to periods with no satellite data available. Basin wide daily ET is obtained
by combining interpolated A and standard PET methods on meteorological stations. The reliability
of such approach was evaluated by comparing the obtained daily ET to the SEBAL ET estimates
through the analysis of residuals (A), standard deviations of residuals (o) and the Nash—Sutcliffe
coefficient (NSE) over the basin. The SEBAL ET estimates were validated with the data from two
lysimeters. The discrepancy of obtained ET versus the SEBAL ET estimates (A = 0.13 mm day !,
o = 0.64 mm day~!, NSE = 0.07) indicated that the proposed concept has relatively high accuracy,
which is notably higher than the Penman-Monteith interpolated ET estimates (A = 1.94 mm day !,
o =1.03 mm day~!, NSE = —4.71). It was shown that a total of five images can provide a reliable
estimate of interpolated A and thus represent specific characteristics of a basin. As the presented
concept requires minimum remote sensing data and ground based inputs, it could be applied to
estimate basin wide daily ET in data scarce regions and in periods with no satellite images available.

Keywords: evapotranspiration; spatial variability; remote sensing; evaporative fraction

1. Introduction

A discrepancy between water availability and water demand is present continuously and globally,
with food production making 70% of all water withdrawals [1]. Spatial and temporal variations of
available water resources are altered by climate change in many river basins worldwide. Droughts in
Europe have incurred a total cost of €100 billion over the past 30 years with a sharp upward trend, so
the average costs from droughts have quadrupled [2]. The Mediterranean and the Danube regions in
Europe are recognized as being highly vulnerable to droughts [1] with two recent long term droughts,
in 2003 and 2015.

Evapotranspiration (ET) is major water balance output component in river basins [3,4] and greatly
influences the hydrological cycle and the energy balance of the land surface [5]. ET is governed by
numerous physical factors and is the most difficult water balance component to measure or to estimate.
Evaporation is influenced by solar energy, amount of water and potential water vapour uplift between
the surface and the atmosphere, and transpiration is predominantly influenced by soil moisture deficit
along with vegetation cover, vapour pressure gradient and energy supply. Additional influences on
the transpiration rate are soil conductivity, depth of the rooting zone, water logging, water salinity,
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environmental aspects, cultivation practices, crop development, etc. [6-8]. Due to relatively slow
development of ground based ET measurement techniques, there are still many challenges related to
the spatio—temporal estimation of ET on a basin wide scale.

The direct measurements of ET are traditionally conducted by lysimeters on meteorological
stations. Recently developed scintillometers are designed to provide data for surface flux analysis and
hence can be used in ET estimation, but due to their complexity, expensive technology and licensing
issues, scintillometer measurements are still not viable [9]. Additional ET measurement devices include
neutron probes, Eddy covariance systems, Bowen ratio systems, sap flow systems, etc. Due to high
installation, maintenance and monitoring costs, the datasets of all ground-based ET measurement
techniques are either scarce or of limited duration (usually related to a specific project). All ground
based measurements provide point ET information so the basin wide ET estimate can be significantly
increased by the introduction of remote sensing inputs.

The point ET intensity can be continuously evaluated using numerous approaches for estimation
of the actual ET (AET) or potential ET (PET). The standard AET methods are derived from the
relationship between measured ET and climatological variables that directly or indirectly influence
the process [10] and can be grouped into two categories: (i) methods based on combining PET
estimate with ancillary data, such as precipitation measurements, various modelling parameters or
crop coefficients [11]; and (ii) direct methods based on modifications of the Penman equation through
linking equation parameters to water balance information or introducing ancillary parameters, such as
soil saturation and land cover [12]. The direct AET estimation requires significant data input (solar
radiation, air temperature, water surface, soil water content, water vapour pressure, air humidity and
wind speed for evaporation estimates, and data on soil moisture, vegetation cover, vapour pressure
gradient solar radiation, air temperature, air humidity and wind speed for transpiration estimates).
On the other hand, the input data requirement for PET methods is much smaller and includes solar
radiation, air temperature, air humidity, wind speed and alternatively reference surface, along with net
and extraterrestrial radiations that can be computed, which makes PET the more frequently used ET
approach in hydrological models [13]. All AET and PET methods provide spatially discrete ET estimates
so the basin wide ET is greatly dependent on the number and spatial distribution of gauges in a basin.

The remote sensing based ET estimate is obtained from the formulation of surface energy
balance by using the visible and thermal bands which are included in several approaches: SEBAL [6],
METRIC [14], TSEB [15], S-SEBI [16], SEBS [7], STSEB [17], etc. The instantaneous latent heat flux
of ET is calculated as a residual of the energy balance which is then converted into daily ET by
different methods, such as the evaporative fraction or reference ET fraction. The remote sensing
based ET estimates are available for local, regional and global scales and with high spatial resolution
(up to 30 m), but their temporal resolution is still limited. Current high resolution platforms have a
frequency of 16 days and are limited to clear sky conditions.

To enable efficient spatio-temporal evaluation of ET by using instantaneous satellite images,
several approaches have been proposed—the combination of satellite images from two different
platforms, the integration of satellite images into hydrological modelling and the combination of
evaporative fraction (A) and point daily PET. Satellite images from two different platforms—temporally
continuous images at lower grid resolution (i.e., MODIS at 1 km) and periodic images at higher grid
resolution (i.e., Landsat at 30 m)—have been successfully integrated to allow continuous mapping
of daily ET at a high spatial resolution [18,19]. Several studies have shown successful integration of
satellite data into hydrological models for continuous ET estimates. Examples include a combination of
PET and an improved relative ET factor through the use of SEBAL latent heat flux [20], a combination
of temporary discrete TSEB ET and reflectance-based crop coefficient from the soil water content
dynamic model [21], implementation of the dynamic leaf area index (LAI) from satellite images into
the Variable Infiltration Capacity (VIC) model to correct the simulated ET [22], and a combination of a
vegetation index based on remote sensing and the soil water balance model [23]. To obtain seasonal
basin wide ET estimates, the combination of daily PET on meteorological stations and A was also
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suggested [6,14,24]. The A is implemented either as a single raster of instantaneous A, which is assumed
to be “representative” for the analysed period [24], or as daily A from the temporal interpolation of a
series of instantaneous A [14]. An evaluation of seasonal ET estimates using the suggested method was
obtained by using different A: a single A from a “representative” image, linear interpolations of two
consecutive A rasters and A interpolation using the cubic spline method. Scenarios for all different A
provided satisfactory results, with similar standard errors in daily ET estimates of 20% [25].

Clearly there are various successful approaches for extrapolating and implementing instantaneous
satellite images for obtaining spatio—temporal ET estimates, but they can be only implemented in
periods with available satellite images. An attempt to apply the available satellite images acquired
using thermal infrared band during periods with available satellite images (“historical” images) for
the estimation of daily ET in periods with no satellite images available is developed and presented
in the current study. This approach consists of combining daily PET rasters and an interpolated A
raster which is derived from several instantaneous A and allows for daily ET estimation in periods
with no satellite images available. The objective of this research is to test the proposed concept for
estimating daily ET for periods with no satellite images available in the Krapina River Basin. Reliability
is evaluated by comparing the obtained ET to the SEBAL ET estimates though the analysis of residuals
(A), standard deviations of residuals (o) and the Nash-Sutcliffe coefficient (NSE) over the basin.
The proposed approach is also intercompared to daily ET rasters obtained by spatial interpolation of
point PET estimates, which represents a simple approach for basin wide ET estimation for periods
with no satellite images available. Measurements include 87 high resolution images from Landsat
satellite and ET measurements on two lysimeters. The recommendation for a required number of input
satellite images for reliable estimate of interpolated A is also investigated.

2. Study Area and Data

The Krapina River basin, located in the Northern part of Croatia, is part of the wider Danube
River basin (Figure 1). The Krapina River emerges from the Ivanscica hillslopes at app. 1000 m a.s.l.
and discharges into the Sava River at app. 130 m a.s.l. (Figure 2). The heart-shaped basin covers an
area of 1236 km?. Agricultural lands (58%) and forests (40%) cover the majority of the basin (13% are
pastures and meadows) and the rest (2%) is divided between urbanised areas, industry and roads,
see Figure 2. The climate is typically continental-humid with moderate summers and cold and rainy
winters. The air temperature (Figure 2) varies from +30 °C and above in summer periods (June, July,
August) to 0 °C and below in the winter months, with recorded extremes of —17.2 °C in December,
—20.5 °C in January, —22.0 °C in February and —15.5 °C in March.
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Figure 1. Layout of the Krapina River basin with locations of meteorological (black) and lysimeter (red)
gauging stations.
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Figure 2. Krapina River Basin: elevation (left) H (m a.s.1.), Corine Land Cover map (middle) with class
codes and mean annual air temperature (right) T (°C).

The remote sensing dataset included 87 satellite images available for the study area. The images
were obtained with Landsat 7 ETM+ (Enhanced Thematic Mapper Plus) from the launch of the satellite
in April 1999 until June 2003. Due to the loss of the scan line corrector on board the Landsat 7 satellite,
images recorded after June 2003 are not usable [26]. After excluding images acquired during the night,
with significant cloud cover or low sun elevation, a set of 26 images, at 30 m resolution, recorded
during the period 1999-2003, were used in further analyses.

Lysimeter measurements for the period 1999-2002 were available at two locations around
the basin: the agro-ecological station Zagreb—Maksimir (available for the period 1990-1999)
and the infiltrometric station Varkom-Varazdin (available for the period 1988-2002) (Figure 1).
The meteorological dataset comprised the mean, maximum and minimum daily air temperature (Tsyg,
Timax, Trin), daily relative air humidity (RH) and daily wind speed (1) during the period 1999-2003 at
nine stations in and around the basin (Croatian gauges being Krapina, Pregrada, Puntijarka, Stubicke
Toplice, Sv. Ivan Zelina and Slovenian gauges being Bizeljsko, Cerklje ob Krki, Metlika, Slovenske
Konyjice), see Figure 1. Insolation (1) was available only at the Krapina station.

3. Methodology

3.1. SEBAL ET Estimates

As remote sensing provides easily accessible spatial datasets, ET estimation using satellite imagery
is becoming relatively common and is the most efficient technology in use nowadays [3,5,27-29]. In the
surface energy balance approach [6,14,24], the latent heat flux (AET) is computed as the energy residual
of the incoming net surface radiation R,, [W m 2], the soil (G) and sensible heat (H) fluxes [W m 2]
using the following equation:

AET =R, —G—-H 1)

The calculation of incoming radiation and two energy fluxes requires ground-based meteorological
measurements and satellite images. The SEBAL approach has been successfully implemented for
ET estimates across a variety of climates, soil moisture conditions and vegetation covers [6,10,24,27].
The expected relatively high accuracy of daily, seasonal and annual ET estimates, of 85%, 95% and
96% [30], respectively, are somewhat lower when applied in mountainous areas [31,32]. The advantages
of the SEBAL approach for ET estimates include automatic internal calibration within each analysed
image (assumptions about the energy balance state are made at the hottest and the coolest pixels in
the image) and minimum auxiliary ground-based data [27]. The obtained instantaneous latent heat
flux can be converted into daily ET through the evaporative fraction (A), which is defined as the ratio
between the latent heat flux and the available energy (R, — G):

AET

A:Rn—G

@)
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Results obtained in [6,24,33] show that A is stable during the day and this assumption is used in
further estimation of daily ET from satellite images.

3.2. Obtaining Daily ET by Using Interpolated Evaporative Fraction

The proposed approach is an upgrade of the method proposed for seasonal basin wide ET
estimates [6,14,24] making it possible to estimate daily ET in periods with no satellite images available.

The daily ET is estimated by using the interpolated evaporative fraction (Ajnr) from available
satellite images. Ay is derived from several instantaneous A rasters as

1 N
At = Y Axy 3)
i=1

where Ayt and Axy are the interpolated and the instantaneous A in cell xy, respectively, and N is the
number of instantaneous A. The daily ET is obtained by multiplying Ayt and PET rasters over the
area as:

ETaxy = ANT-ETp xy 4)

with ET4 xy is the obtained daily ET [mm day_l] and ETpxy is PET in the corresponding cell, xy (mm
day~1). Variations in the proposed approach include the number of interpolated available images and
the applied PET method.

To evaluate the required number of satellite images for reliable estimatation of Ajyr, a total
of five sets are tested, comprising 1, 5, 10, 15 and 26 consecutive images. The selected AjnT raster
is then combined with the PET method to obtain the daily ET estimates. Five standard methods
for PET estimates are evaluated by comparing daily ET rasters and SEBAL ET estimates. The Turc,
Hargreaves—Samani, Penman—-Monteith, Makkink and Priesley-Taylor [12,13] methods are included
with the initial spatial interpolation of point input parameters (Tavg, Trins Tmax, RH, u, n).

3.3. Validation and Sensitivity Analysis

The reliability of obtained ET estimates and PET methods is evaluated through the analysis of
residuals (A), standard deviations of residuals (¢) and the Nash-Sutcliffe efficiency (NSE) for the SEBAL
ET estimates. The residuals (A) are formed as

1N
A= Y (ETxy — ETsgpxy); ®)
i=1

where ETyy is the obtained ET/PET, and ETsrp xy is the SEBAL ET in the corresponding cell, xy.
The Nash-Sutcliffe efficiency (NSE) determines the relative magnitude of the residual variance:

YN (ETsepxy — ETxy)?

NSE=1— | — .
Yit1(ETsep,xy — ETsgp,xy,MEAN)

(6)

where ETsgp xy MEAN is the mean of the SEBAL ET from the observed data.
4. Results

4.1. Measured ET in the Krapina River Basin

Remote sensing allows a definition of spatially distributed basin wide AET, but with one major
drawback: the procedure depends on the usability of the input data in terms of the image quality and
the availability of the acquired images. The number of usable images covering the Krapina River basin
acquired during the analysed period (1999-2003) is only 26.
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The results of the SEBAL method (ETsgp) were compared to the daily ET values (ETrys) derived
from weekly and decadal measurements at the Varkom-Varazdin (compared for the period 1999-2002)
and Zagreb-Maksimir (compared for 1999) gauging stations (Figure 3). Residuals between gauging
stations measurements and SEBAL estimates at their locations for the overlapping period (1999-2002)
fall within the range of 0.0-1.0 mm and have the following values: average A = 0.3 mm, o = 0.44 mm
and NSE = 0.64; this confirms the high reliability of the SEBAL method.

A Zagreb-Maksimir

# Varkom-Varazdin

4.0

i * 11
E 30 *
E 14
S
E 2.0 . ‘
.
PR S
10 b
™ High: 6.03778 11
/’/
Low:0 0.0 |
0.0 1.0 20 3.0 4.0 5.0
ETses [mm]

Figure 3. SEBAL evapotranspiration (ET) (mm day ) for the image acquired on 6th June 2000 (left)
and comparison of the directly (ETrys) and indirectly measured (ETsgg) daily ET for 22 events (right).

4.2. Evaporative Fraction Variability and Interpolation

The validation and sensitivity analyses regarding variations in Ajyt depending on the number of
A used for interpolation, consist of comparing Ayt rasters with instantaneous A rasters computed for
each satellite image, i.e., analysing A and ¢ (Table 1). Analyses include using the following images for
interpolation: 1 (the first available completely cloud free satellite image i.e., 2 August 2000), 5 (6 July
1999-18 March 2000), 10 (6 July 1999-15 June 2000), 15 (6 July 1999-24 May 2001) and all 26 acquired A
rasters (with clouds being extracted from satellite images).

Mean absolute errors (MAE) of A for analysed variations range from 0.16 mm for a single A to
0.13 mm for the 26 A used for interpolation. The mean absolute error for ¢ is within the interval
0.14-0.18 mm for all variations.

Depending on the number of A used for defining the interpolated basin wide Ay, the results
indicate that using 5 A for interpolation provides satisfactory results, with accuracy not increasing
with a further number increase, as shown in Figure 4, in absolute A values.

05 4
045
04 A
035
03
0.25 -

02

015 -

Abs(A) [mm day?)

01

0.05 -

Al A5 A0 A5 A26

Figure 4. Box plot of the absolute A depending on the number of A used for interpolation.
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The Ayt shown in Figure 5B results from 5 A rasters computed using images acquired during the
period from 6 July 1999 to 18 March 2000. To evaluate the altitude variability of AT, it is compared to
each instantaneous A acquired for the whole basin as well as for altitude classes. The definition of
basin altitude class boundaries is based on altitude quantiles: 0-20%, 20-40%, 40-60%, 60-80% and
80-100%.

Validation of ANt consists of analysing A and o (Table 2) for each event. The average A for the
whole basin is 0.02 (2%) with an average o of 0.17 (17%), with almost constant values for all altitude
classes (average A range from 0.02 to 0.03, i.e., 2% to 3%, with an average o within the interval 0.11-0.15,
i.e.,, 11-15%). Lower average A values (Table 2) than MAE A values (Table 1) for the whole basin
indicate the self-cancelling characteristic of summed A residuals.

™ High: 6.03778

. Low: 0

&) (B)

™ High: 0.999989
-

Low: 0

™ High: 5.90337 ™ High: 6.54615

B towo B o s506

©) D)

Figure 5. Spatial distribution (6th June 2000) of (A) SEBAL ET [mm day~!]; (B) Ayt [1]; (C) ET based
on proposed concept [mm day~]; (D) PET (Penman-Monteith) [mm day—'].
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Table 1. Validation of AjyT depending on the number of A used for interpolation. MAE: Mean absolute errors.
Image Acquisition Date = o — A Az

No. A[lmmday~!'] o[mmday~ '] A[mmday~!] o¢[mmday '] A[mmday~'] ¢[mmday '] A[mmday '] o[mmday~!] A[mmday '] o [mmday!]
1 6 July 1999 0.03 0.25 0.17 0.14 0.19 0.16 0.18 0.17 0.17 0.16
2 15 July 1999 —0.20 0.19 —0.06 0.10 —0.04 0.11 —0.04 0.12 —0.06 0.11
3 7 August 1999 —0.19 0.21 —0.06 0.10 —0.03 0.13 —0.04 0.13 —0.06 0.13
4 24 September 1999 —0.10 0.18 0.04 0.10 0.06 0.11 0.05 0.11 0.04 0.11
5 18 March 2000 —0.21 0.34 —0.08 0.30 —0.05 0.31 —0.06 0.31 -0.07 0.32
6 28 April 2000 0.14 0.30 0.28 0.31 0.30 0.28 0.30 0.28 0.28 0.27
7 14 May 2000 —0.32 0.18 —0.19 0.15 —0.16 0.11 -0.17 0.11 —0.18 0.11
8 21 May 2000 -0.13 0.20 0.01 0.26 0.04 0.20 0.03 0.20 0.02 0.20
9 6 June 2000 —0.26 0.17 -0.13 0.12 —0.10 0.08 -0.11 0.09 —0.12 0.08
10 15 June 2000 —0.30 0.18 —0.16 0.16 —0.13 0.12 —0.14 0.13 —0.15 0.12
11 2 August 2000 0.00 0.00 0.14 0.18 0.16 0.13 0.15 0.12 0.14 0.12
12 10 September 2000 —0.10 0.16 0.04 0.24 0.06 0.19 0.05 0.18 0.04 0.18
13 6 April 2001 —0.10 0.16 0.04 0.16 0.07 0.13 0.06 0.12 0.04 0.12
14 1 May 2001 —0.03 0.16 0.10 0.17 0.13 0.13 0.12 0.11 0.11 0.12
15 24 May 2001 —0.16 0.16 —0.02 0.18 0.00 0.13 —0.01 0.12 —0.02 0.13
16 25 June 2001 —0.31 0.20 —0.16 0.17 —0.15 0.15 —0.15 0.14 -0.17 0.13
17 12 August 2001 —0.45 0.21 —0.32 0.14 —0.29 0.14 —0.30 0.15 —0.31 0.14
18 8 October 2001 0.04 0.16 0.17 0.12 0.20 0.10 0.19 0.10 0.18 0.09
19 12 June 2002 —0.02 0.21 0.12 0.14 0.15 0.14 0.14 0.15 0.12 0.13
20 21 June 2002 —0.14 0.18 0.00 0.17 0.02 0.14 0.02 0.14 0.00 0.13
21 24 August 2002 —0.09 0.15 0.05 0.17 0.07 0.14 0.06 0.14 0.05 0.13
22 31 August 2002 —0.21 0.16 —0.07 0.14 —0.05 0.12 —0.05 0.12 -0.07 0.10
23 20 March 2003 -0.02 0.18 0.11 0.17 0.14 0.15 0.13 0.14 0.12 0.14
24 27 March 2003 0.29 0.17 0.42 0.15 0.45 0.13 0.44 0.12 0.43 0.12
25 7 May 2003 0.08 0.14 0.21 0.15 0.24 0.11 0.23 0.09 0.22 0.10
26 30 May 2003 —0.15 0.18 —0.01 0.20 0.02 0.15 0.01 0.15 —0.01 0.15
MAE 0.16 0.18 0.14 0.17 0.13 0.15 0.13 0.14 0.13 0.14
Min —0.45 0.00 -0.32 0.10 -0.29 0.08 —0.30 0.09 -0.31 0.08
Max 0.29 0.34 0.42 0.31 0.45 0.31 0.44 0.31 0.43 0.32
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Table 2. Variability between Ayt and instantaneous A for altitude classes.
Image No.  Acquisition Date [EI: ;ffiggféa"] AmEan [11  AT1] o [1] Al1] o [1] Al1] o [1] Al1] o [1] Al1] o [1] Al1] o [1]
Altitude Class (m a.s.l.) Basin 68-163 163-195 195-228 228-302 302-1053
1 6 July 1999 2.92 0.35 0.17 0.14 0.07 0.14 0.13 0.16 0.18 0.16 0.2 0.16 0.28 0.13
2 15 July 1999 321 0.58 —0.06 0.10 —0.07 0.11 —0.07 0.12 —0.06 0.12 —0.06 0.12 —0.04 0.09
3 7 August 1999 3.75 0.6 —0.06 0.10 —0.12 0.11 —0.08 0.13 —0.05 0.13 —0.05 0.14 0.01 0.11
4 24 September 1999 1.1 0.5 0.04 0.10 0.03 0.11 0.06 0.11 0.06 0.12 0.05 0.11 0.02 0.1
5 18 March 2000 0.87 0.67 —0.08 0.30 0.07 0.32 —0.04 0.35 —0.07 0.33 —-0.13 0.32 —0.22 0.2
6 28 April 2000 0.73 0.22 0.28 0.31 0.18 0.3 0.27 0.27 0.3 0.26 0.34 0.23 0.32 0.22
7 14 May 2000 3.75 0.7 —-0.19 0.15 —-0.23 0.13 —0.18 0.12 —0.16 0.1 —0.16 0.1 —-0.15 0.07
8 21 May 2000 2.17 0.46 0.01 0.26 0.04 0.19 0.06 0.21 0.0 0.2 0.01 0.2 —0.06 0.18
9 6 June 2000 3.86 0.66 —-0.13 0.12 —-0.12 0.09 —0.13 0.09 —-0.13 0.08 —-0.13 0.08 —0.09 0.06
10 15 June 2000 4.15 0.67 —0.16 0.16 —-0.15 0.13 —0.16 0.12 —-0.15 0.11 —-0.15 0.13 —0.13 0.11
11 2 August 2000 2.6 0.4 0.14 0.18 0.19 0.12 0.15 0.13 0.13 0.12 0.13 0.12 0.09 0.09
12 10 September 2000 1.77 0.5 0.04 0.24 0.14 0.17 0.05 0.18 0.01 0.17 0.02 0.19 —0.04 0.18
13 6 April 2001 1.4 0.5 0.04 0.16 0.09 0.12 0.05 0.12 0.04 0.12 0.02 0.12 0.0 0.13
14 1 May 2001 2.15 0.43 0.10 0.17 0.06 0.15 0.12 0.13 0.12 0.12 0.12 0.11 0.11 0.08
15 24 May 2001 3.11 0.55 —0.02 0.18 —0.07 0.15 0.0 0.13 0.0 0.12 0.01 0.12 —0.04 0.08
16 25 June 2001 3.82 0.67 —0.16 0.17 —0.24 0.18 —0.19 0.13 —0.18 0.11 —-0.15 0.1 —0.13 0.09
17 12 August 2001 4.06 0.83 —-0.32 0.14 -0.3 0.15 —0.33 0.14 —-0.32 0.14 —0.33 0.14 —0.27 0.09
18 8 October 2001 0.77 0.35 0.17 0.12 0.17 0.1 0.17 0.1 0.19 0.09 0.19 0.09 0.18 0.08
19 12 June 2002 2.45 0.41 0.12 0.14 0.11 0.13 0.13 0.13 0.14 0.13 0.12 0.14 0.08 0.13
20 21 June 2002 341 0.52 0.00 0.17 0.02 0.16 —0.01 0.13 —0.01 0.12 0.0 0.13 0.01 0.1
21 24 August 2002 1.86 0.48 0.05 0.17 0.12 0.14 0.06 0.13 0.03 0.12 0.01 0.13 0.01 0.11
22 31 August 2002 2.48 0.58 —0.07 0.14 —0.04 0.16 —0.08 0.1 —0.09 0.09 —0.08 0.08 —0.07 0.06
23 20 March 2003 0.95 0.47 0.11 0.17 0.11 0.15 0.1 0.15 0.12 0.14 0.14 0.14 0.12 0.14
24 27 March 2003 0.52 0.12 0.42 0.15 0.39 0.09 0.42 0.11 0.44 0.11 0.45 0.11 0.41 0.16
25 7 May 2003 2.37 0.32 0.21 0.15 0.22 0.12 0.23 0.11 0.22 0.1 0.22 0.09 0.2 0.07
26 30 March 2003 3.37 0.53 —0.01 0.20 —0.02 0.18 0.02 0.15 0.0 0.13 0.0 0.14 —0.05 0.12
Avg 245 0.5 0.02 0.17 0.02 0.15 0.03 0.14 0.03 0.14 0.03 0.14 0.02 0.11
Min 0.52 0.12 —0.32 0.10 —0.3 0.09 —0.33 0.09 —0.32 0.08 —0.33 0.08 —0.27 0.06
Max 4.15 0.83 0.42 0.31 0.39 0.32 0.42 0.35 0.44 0.33 0.45 0.32 0.41 0.22
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4.3. Daily ET Modelling Based on PET Variation

Five daily ET rasters for each observed event (date of image acquisition) are modelled by multiplying
ANt with various PET rasters (4) using the Turc (T), Hargreaves—Samani (HS), Penman—-Monteith (PM),
Makkink (M) and Priestley—Taylor (PT) methods. Results are compared to the SEBAL ET.

Validation and sensitivity analyses regarding variations in the proposed approach depending on
the chosen PET method consist of comparing resulting daily ET rasters with the SEBAL ET, i.e., analysing
A, o and NSE (Table 3) for each event. The average A for analysed variations ranges from —0.19 mm for
HS to 0.13 mm for the M variation. The average ¢ is within the interval, 0.64-0.67 mm, for all variations.
The average NSE ranges from —0.30 for PT to 0.07 for the M variation.

Based on the chosen PET method for modelling daily ET, all analysed variations provide
satisfactory results, with the Makkink variation being considered the most appropriate. Spatial
distributions of SEBAL ET and daily ET rasters, as exemplified with the event on 6th June 2000
(Figure 5A,C), experience the same spatial pattern (ET increases with the altitude, reaching its
maximum in areas covered with healthier and dense vegetation).

4.4. Validation of Proposed Concept

The validation of the application of Ajyr, interpolated using five instantaneous A rasters, for
estimating daily ET outside the A interpolation period (6 July 1999-18 March 2000), shows no
significant differences between the accuracy of results outside the A interpolation period (Table 4).
The observed A, 0 and NSE regarding events during the A interpolation period (Table 3, Makkink
variation: A = 0.13 mm day~!, 0 = 0.64 mm day ! and NSE = —0.15) and events outside the A
interpolation period using previously defined Ay for daily ET estimates (21 images) are almost the
same (Table 4: A = 0.13 mm day !, 0 = 0.64 mm day ! and NSE = 0.05).

4.5. Standard PET Methods

Another simple approach for basin wide ET estimation, frequently used when no satellite images are
available, is spatial interpolation of point PET estimates, usually using one of the standard methods: Turc
(T), Hargreaves—-Samani (HS), Penman-Monteith (PM), Makkink (M) or Priestley-Taylor (PT) method.

Validation and sensitivity analyses regarding PET methods consist of comparing the results from
PET with SEBAL ET, i.e,, analysing A, o and NSE (Table 5) for each event. For PET, the average A
ranges from 1.85 mm for HS to 2.37 mm for M method. The average o ranges from 0.99 mm to 1.22 mm
and the average NSE ranges from —4.71 for PM to —6.90 for the HS method.

Based on the analysis for all 26 events, the Penman-Monteith method is the most appropriate PET
method (A = 1.94 mm day_l, o =1.03 mm day~! and NSE = —4.71). Keeping in mind the results of the
numerous studies and Food and Agriculture Organization recommendations, the Penman—-Monteith
method is recommended for spatially describing basin wide PET when the proposed concept cannot
be applied.

The cell-based comparison of the daily ET and PET rasters with the SEBAL ET reveals the
different spatial dynamics of the resulting ET depending on the method used (Figure 6). In general,
PET decreases as SEBAL ET increases, while ET based on the proposed approach experiences the same
spatial behaviour as SEBAL ET.
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Table 3. AET raster residuals (A), standard deviation of the residuals () and the Nash-Sutcliffe efficiency (NSE) for PET variations.

11 0f 18

Image No.  Acquisition Date A [mm Day~7] o [mm Day~1] NSE
T HS PM M PT T HS PM M PT T HS PM M PT
1* 6 July 1999 0.39 0.28 1.08 0.38 0.58 1.08 0.98 1.22 1.08 1.09 0.3 0.11 -0.8 —0.03 0.11
2% 15 July 1999 —0.25 —0.72 —0.61 -0.17 0 0.6 0.55 0.57 0.62 0.63 0.1 0.54 0.24 0.56 0.53
3% 7 August 1999 —0.54 —0.96 —0.46 —0.55 —0.42 0.74 0.61 0.76 0.74 0.75 —0.42 0.05 0.11 0.17 0.07
4% 24 September 1999 0.83 0.41 0.29 0.81 0.51 0.31 0.29 0.26 0.31 0.27 0.07 -1.82 0.42 —0.24 —1.94
5% 18 March 2000 —0.97 —0.16 —0.12 0.17 —0.07 0.85 0.51 0.5 0.47 0.49 0.15 0.26 0.22 0.29 —3.88
6 28 April 2000 1.24 1.34 1.11 1.23 1.34 0.79 0.79 0.78 0.79 0.8 —2.61 —2.2 —1.74 —2.61 —2.23
7 14 May 2000 —1.01 -1.17 —1.23 —0.83 —0.89 0.6 0.62 0.59 0.61 0.61 —0.76 —0.08 -0.87  —0.17 —0.38
8 21 May 2000 —0.11 0.16 -0.22 0.12 0.19 0.92 0.93 0.91 0.85 0.84 0.57 0.64 0.57 0.63 0.58
9 6 June 2000 —0.66 —0.76 —0.99 —0.63 —0.41 0.47 0.44 0.44 0.49 0.52 0.11 0.28 —0.33 0.49 0.24
10 15 June 2000 —0.79 —1.24 —1.16 —0.75 —0.51 0.77 0.76 0.75 0.78 0.8 —0.41 0.22 —0.26 0.39 0.18
11 2 August 2000 0.63 0.3 0.36 0.66 0.71 0.85 1.04 0.87 0.84 0.87 0.55 0.57 0.66 0.52 0.57
12 10 September 2000 0.2 0 —0.14 0.26 —0.05 0.68 0.8 0.74 0.65 0.72 0.5 0.61 0.55 0.59 0.61
13 6 April 2001 —0.1 0 —0.11 02 0.02 0.43 0.42 0.39 0.36 0.38 0.59 0.59 0.6 0.65 0.54
14 1 May 2001 0.44 0.39 0.21 0.46 0.47 0.61 0.68 0.62 0.6 0.61 0.48 0.51 0.63 0.49 0.52
15 24 May 2001 —0.16 —0.52 —0.48 —0.01 —0.03 0.74 0.83 0.78 0.72 0.72 0.48 0.72 0.55 0.72 0.69
16 25 June 2001 —0.59 —1.02 —0.91 —0.53 —0.33 0.73 0.67 0.69 0.75 0.77 —0.48 0.16 —0.31 0.29 0.12
17 12 August 2001 —1.52 —2.1 —1.68 —1.38 —1.47 0.59 0.52 0.55 0.63 0.62 —6.14 —2.52 —-378 —2-91 —-3.06
18 8 October 2001 0.72 0.37 0.22 0.67 0.31 0.23 0.22 0.2 0.22 0.2 —0.18 —2.03 0.43 0.14 —2.55
19 12 June 2002 0.94 0.41 0.76 1 0.87 0.84 0.81 0.81 0.84 0.87 0.35 —0.34 0.05 —0.78 —0.23
20 21 June 2002 0.01 —0.14 —0.15 0 0.38 0.79 0.87 0.81 0.79 0.79 0.62 0.69 0.67 0.62 0.69
21 24 August 2002 0.47 0.04 —0.01 0.46 0.53 0.48 0.54 0.52 0.48 0.48 0.6 0.39 0.62 0.29 0.37
22 31 August 2002 -0.27  —-0.76 —0.56 —0.29 —0.34 0.43 0.44 0.43 0.43 0.43 —0.08 0.63 0.3 0.58 0.64
23 20 March 2003 —0.07 0.16 0.06 0.36 0.05 0.41 0.4 0.35 0.33 0.35 0.26 0.03 0.49 0.5 0.3
24 27 March 2003 1.03 0.97 1.59 1.19 0.77 0.52 0.58 0.5 0.5 0.53 —1.16 —1.81 —3.64 —0.49 —1.27
25 7 May 2003 0.78 0.85 1.05 0.78 0.67 0.82 0.99 0.79 0.81 0.85 0.29 0.47 0.28 0.51 0.46
26 30 May 2003 —0.19 —0.99 —0.54 —0.14 0.02 0.96 1.06 1.01 0.95 0.94 0.14 0.62 0.47 0.64 0.61
Avg (only *) —011  —0.23 0.04 0.13 0.12 0.72 0.59 0.66 0.64 0.65 0.04 —0.17 0.04 0.15 —1.02
Min (only *) —-097 —096 —061 —055 —0.42 0.31 0.29 0.26 0.31 0.27 —-042 —182 —080 —024 —3.88
Max (only *) 0.83 0.41 1.08 0.81 0.58 1.08 0.98 1.22 1.08 1.09 0.30 0.54 0.42 0.56 0.53
Avg 0.02 —019 —0.10 0.13 0.11 0.66 0.67 0.65 0.64 0.65 —-023 —010 —0.15 0.07 —0.30
Min —152 —210 —1.68 —138 —1.47 0.23 0.22 0.20 0.22 0.20 —614 —252 —378 —291 —3.88
Max 1.24 1.34 1.59 1.23 1.34 1.08 1.06 1.22 1.08 1.09 0.62 0.72 0.67 0.72 0.69

* used for defining Ant; PET variations: T—Turc, HS—Hargreaves-Samani, PM—Penman-Monteith, M—Makkink and PT—Priestley-Taylor method.
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Table 4. Validation of proposed concept: raster residuals (A), standard deviations of the residuals (¢) and Nash—Sutcliffe efficiency (NSE).

Image No. Acquisition Date A [mm Day~1] ¢ [mm Day 1] NSE
6 28 April 2000 1.23 0.79 —2.61
7 14 May 2000 —0.83 0.61 —-0.17
8 21 May 2000 0.12 0.85 0.63
9 6 June 2000 —-0.63 0.49 0.49
10 15 June 2000 —0.75 0.78 0.39
11 2 August 2000 0.66 0.84 0.52
12 10 September 2000 0.26 0.65 0.59
13 6 April 2001 0.2 0.36 0.65
14 1 May 2001 0.46 0.6 0.49
15 24 May 2001 —-0.01 0.72 0.72
16 25 June 2001 —0.53 0.75 0.29
17 12 August 2001 —1.38 0.63 —291
18 8 October 2001 0.67 0.22 0.14
19 12 June 2002 1 0.84 —0.78

20 21 June 2002 0 0.79 0.62
21 24 August 2002 0.46 0.48 0.29
22 31 August 2002 —0.29 0.43 0.58
23 20 March 2003 0.36 0.33 0.5
24 27 March 2003 1.19 0.5 —-0.49
25 7 May 2003 0.78 0.81 0.51
26 30 May 2003 —0.14 0.95 0.64
Avg 0.13 0.64 0.05
Min —1.38 0.22 —291
Max 1.23 0.98 0.72
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Table 5. Raster residuals (A), standard deviations of the residuals (¢) and Nash-Sutcliffe efficiency (NSE) for PET methods.
Image No.  Acquisition Date A [mm Day "] o [mm Day ] NSE
T HS PM M PT T HS PM M PT T HS PM M PT

1 6 July 1999 3.22 3.16 4.47 3.19 3.58 1.10 1.40 1.06 1.09 1.13 —7.00 —6.62 —-13.11 —8.42 —6.76
2 15 July 1999 2.30 149 1.61 242 2.77 0.91 1.08 0.86 0.86 0.90 —2.65 —6.14 —2.62 —8.16 —5.61
3 7 August 1999 217 149 2.28 2.15 2.39 0.80 1.03 0.79 0.78 0.80 —2.63 —4.74 —5.40 —5.98 —4.88
4 24 September 1999 2.49 1.77 1.50 2.45 1.89 0.52 0.71 0.55 0.50 0.50 —-1237 —-21.92 —8.41 —1299 —-22.86
5 18 March 2000 —0.88 0.48 0.53 1.09 0.62 1.07 0.70 0.66 0.65 0.63 —-1.12 —3.76 —1.10 —1.30 —4.59
6 28 April 2000 3.03 3.28 2.80 2.99 3.19 0.93 1.08 1.00 091 0.91 —-16.68 —13.53 —12.14 —1530 —13.88
7 14 May 2000 1.36 1.14 0.94 1.67 1.57 1.02 1.25 0.98 0.97 0.99 —1.88 —2.72 —0.85 —2.45 —-1.91
8 21 May 2000 1.75 2.33 1.51 2.18 2.32 146 1.62 1.38 1.40 141 —2.92 —2.25 —1.04 —2.58 —1.53
9 6 June 2000 2.05 1.95 1.48 211 251 0.94 1.19 1.01 0.90 0.91 —491 —4.96 —2.62 —7.03 —4.78
10 15 June 2000 2.20 147 1.54 2.27 2.71 1.15 147 1.23 1.12 1.12 —-1.87 —3.26 —1.60 —4.70 —3.10
11 2 August 2000 3.39 2.87 2.85 3.42 3.55 1.66 1.98 157 1.63 1.74 —3.59 —4.41 —2.99 —491 —4.37
12 10 September 2000 1.96 1.64 1.31 2.07 1.48 1.19 1.38 1.17 1.16 1.16 —2.60 —3.41 —1.41 —-1.77 —-3.12
13 6 April 2001 1.07 1.26 0.99 1.62 1.28 0.80 0.81 0.68 0.70 0.71 —4.23 —6.18 —2.36 —3.95 —-3.12
14 1 May 2001 2.65 2.66 2.22 2.67 2.71 1.08 1.38 1.08 1.05 1.07 —6.61 —5.95 —4.16 —6.17 —5.93
15 24 May 2001 2.35 1.76 1.77 2.62 2.70 1.38 1.56 1.39 1.32 1.32 -1.97 —3.63 —-1.72 —3.85 —3.00
16 25 June 2001 2.35 1.61 1.75 2.45 2.84 1.00 1.20 1.03 0.97 0.99 —3.00 —5.90 —-3.11 —7.94 —5.47
17 12 August 2001 0.68 —0.36 0.41 0.92 0.74 0.77 0.82 0.85 0.71 0.70 —0.23 —1.08 —0.38 —0.60 —0.63
18 8 October 2001 2.00 1.40 1.08 1.89 1.24 0.42 0.56 0.42 0.40 0.39 —1290 —-21.64 —-7.19 —9.34 —24.49
19 12 June 2002 3.94 3.06 3.64 4.05 4.50 1.15 1.44 1.26 1.12 1.13 —7.86 —1264 —-1050 —15.66 —12.02
20 21 June 2002 2.96 2.81 2.70 2.93 3.67 141 1.81 1.50 1.39 142 —4.46 —4.15 —3.66 —6.56 —4.25
21 24 August 2002 2.53 1.78 1.63 2.49 2.64 0.91 1.05 0.97 0.88 0.87 —4.79 —8.50 —3.89 —9.47 —8.83
22 31 August 2002 1.61 0.72 1.10 1.58 1.48 0.78 0.81 0.82 0.76 0.76 —0.62 —3.24 —1.60 —2.85 —3.44
23 20 March 2003 0.71 1.18 0.93 1.50 091 0.67 0.74 0.56 0.56 0.55 —6.76 —9.18 —3.74 —3.52 —2.81
24 27 March 2003 2.36 2.29 3.35 2.64 1.87 0.81 0.95 0.71 0.77 0.78 —-9.29 —11.67 —18.59 —591 —9.49
25 7 May 2003 3.47 3.75 3.96 3.46 3.27 1.56 2.06 157 1.53 1.62 —6.57 —4.94 —6.52 —4.53 —5.00
26 30 May 2003 2.63 1.15 2.01 2.71 2.04 157 1.63 1.65 1.53 153 —0.61 —291 —-1.72 —3.67 —-2.79

Avg 217 1.85 1.94 2.37 2.33 1.04 1.22 1.03 0.99 1.00 —5.00 —6.90 —4.71 —6.14 —6.49

Min —0.88 —0.36 0.41 0.92 0.62 0.42 0.56 0.42 0.40 0.39 —16.68 —21.92 —18.59 —15.66 —24.49

Max 3.94 3.75 4.47 4.05 4.50 1.66 2.06 1.65 1.63 1.74 —0.23 —1.08 —0.38 —0.60 —0.63

T—Turc, HS—Hargreaves-Samani, PM—Penman-Monteith, M—Makkink and PT—Priestley-Taylor method.
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Figure 6. Cell-based comparison of the SEBAL ET raster values (on 6th June 2000) to PET (left) and ET
based on proposed concept (right).

5. Discussion

Remote sensing data greatly increases the accuracy of the estimation of basin wide ET, which
is the most significant water balance component and the one most difficult to evaluate, especially
in regard to various spatio-temporal scales. The SEBAL method was used for obtaining spatially
distributed basin wide ET values that were confirmed using data from two lysimeters (measured
during period 1999-2002 with A = 0.3 mm, o = 0.44 mm and NSE = 0.64). With such high accuracy and
keeping in mind that the SEBAL method produces spatially justified indirectly measured ET values,
the results were evaluated as being suitable to use for validating the results of the ET estimates.

The major drawback of remote sensing ET estimates is the fact that they can be implemented only
in periods with available satellite images. An attempt to estimate daily ET for periods without input
satellite images was presented, where basin wide daily ET is obtained by combining interpolated A
using available satellite images and standard PET methods on meteorological stations. The relatively
low temporal variability of A in the Krapina River basin makes it possible to use interpolated A for
modelling basin wide daily ET. The analyses showed that a total of five images can provide a reliable
estimate of interpolated A and thus represent specific characteristics of a basin. The low temporal
variability of A in this specific basin could be linked to its particular characteristics, with the climate
being typically continental-humid, the basin being, to a large extent, covered with forest and keeping
in mind that no extensive agricultural production is present. A relatively low temporal variability
in A may be expected in basins in tropical and humid climates and especially in those covered with
forests [34]. A relatively high variability in A may be expected in basins in temperate and semi-arid
climates, especially in combination with cropland and grassland cover [34,35]. The temporal variability
of A increases in conditions when the ET is strongly influenced by the variability of soil moisture
and water availability in the root zone, which will decrease the efficiency of the proposed method in
such basins.

Considering the choice of PET method for daily ET estimates, the Makkink variation provided
the best results (A = 0.13 mm, o = 0.64 mm and NSE = 0.07), experiencing slightly better performance
than other analyzed variations. The similarity of obtained ET to the SEBAL ET estimates indicates
the relatively high accuracy of the proposed concept, with successful validation of the definition of
dependency based on only five events for a further 21 events. Further, in regard to seasons, no major
difference in residual A values was determined. When evaluated in comparison to absolute ET values,
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the best results are provided in summer months, when absolute ET values are the highest (Figure 7),
with cumulative A values acting in a self-cancelling manner.

S 8

~#-daily ET -&-PET
7

4 -4 -4

PET, & [mm day?]
F Y w o

daily ET, & [mm day]
w

Mar Apr May Jun Jul Aug Sep Oct Mar Apr May Jun Jul Aug Sep Oct

Figure 7. ET estimates and A [mm day‘l] for the proposed method (left) and standard PET (right).

Minimum remote sensing and the ground based inputs required by the proposed concept make
it possible to apply for a basin wide estimate of daily ET in data scarce regions during periods
with no satellite images available. Taking this into consideration, our results were compared to
standard PET methods as another simple approach for basin wide ET estimation. The similarity of
standard PET methods (Penman-Monteith providing the best estimates) to the SEBAL ET estimates
(A =1.94 mm day~!, 0 =1.03 mm day ! and NSE = —4.71) indicates much lower accuracy. As opposed
to presented concept, the major differences in residual A values for PET methods are evident in summer
months when the absolute PET values are also the highest (Figure 7). These values are expected, as PET
represents the atmospheric water demand, regardless of surface characteristics; hence, it is expected
to experience a different spatial pattern in comparison with the AET that takes into consideration
numerous factors influencing the process, including the surface characteristics (vegetation cover,
thermal characteristics of the surface, etc.).

As exemplified for the event on 6th July 2000 in Figure 5A,C,D, spatial distributions of PET,
compared to SEBAL ET and ET based on proposed approach, are evidently different in terms of
minimum/maximum values. Higher altitudes in the basin are covered with dense and healthy forest
and have lower air and surface temperatures; thus, they experience higher AET but lower PET. Lower
altitudes and densely populated and largely urbanized areas experience significantly lower AET but
higher PET. When compared to the spatial distribution of the air temperature (Figure 2), one of the
major driving factors influencing ET, it is evident that PET follows the same pattern, as expected.
On the other hand, vegetation has a great influence on AET; dense and healthy vegetation cover
(Figure 2) contributes to the increase in AET but has no effect on the spatial distribution of PET.

6. Conclusions

This paper investigated how “historical” remote sensing datasets may be used for basin wide ET
estimation in periods when no satellite images are available. The proposed method was developed
around the interpolated evaporative fractions from several instantaneous satellite images which were
combined with the standard PET methods on meteorological stations. The daily ET values were
compared to the SEBAL ET estimates and with SEBAL estimates initially validated with the lysimeter
data. The basin wide ET estimates were also investigated by using spatial interpolation of point
PET estimates, together with an adequate number of satellite images for a reliable estimate of the
interpolated evaporative fraction. The Penman-Monteith is the preferred method for the basin wide ET
estimates when applying the spatial interpolation of point estimates. For ET estimates in periods with
no satellite images available, the results suggest application of the Makking variation in combination
with five interpolated evaporative fractions. The proposed concept’s relatively high accuracy is evident
from the low discrepancy between obtained ET and the SEBAL ET estimates (A = 0.13 mm day !,
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o = 0.64 mm day !, NSE = 0.07). The discrepancy between the Penman-Monteith interpolated ET
estimates to the SEBAL ET estimates was significantly higher (A = 1.94 mm day~!, o = 1.03 mm day !,
NSE = —4.71) than for proposed concept. In the case of the Krapina River basin, it was shown that that
the addition of an interpolated evaporative fraction from “historical” satellite images may significantly
improve basin wide ET estimates in periods with no satellite images available. The physical parameters
derived from the optical and the thermal infrared satellite imagery enable physically valid ET estimates
and realistic spatial variability. As the presented concept uses a globally available archive of Landsat
images, the suggested approach may be used for basin wide estimates of daily ET in data scarce
regions and in periods with no satellite images available. The assumption of a relatively low temporal
variability of evaporative fractions limits the application of the proposed concept to regions with
significant amounts of water (humid and tropical climate). The application of the described method in
regions with insufficient water should be conducted with due care and only after prior confirmation of
the low temporal variability of evaporative fraction.
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