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Estimation of actual daily evapotranspiration was conducted using SEBAL
methodology, an approach based on surface energy balance equation that uses
information derived from satellite image (NOAA AVHRR) and meteorological

Bojana Horvat, PhD. CE measurements from selected gauging stations, measured at the time of the satellite
Hrvatske vode overpass. Apart from quantifying actual daily evapotranspiration, presented approach
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bojana.horvat@voda.hr well as spatial dynamics of evapotranspiration.

Key words:

actual daily evapotranspiration, SEBAL, surface energy balance, satellite image, meteorological

measurements, spatial dynamics

Izvorni znanstveni rad
Bojana Horvat
Prostorna dinamika efektivne dnevne evapotranspiracije

Za procjenu efektivne dnevne evapotranspiracije odabran je SEBAL metodoloski pristup
koji se temelji na jednadZbi povrsinske energetske bilance, a kao ulazne podatke koristi
informacije izvedene iz satelitskog snimka (NOAA AVHRR) te meteoroloska mjerenja
s odabranih meteoroloskih postaja na dan preleta satelita. Ovim je pristupom, osim
kvantifikacije efektivne dnevne evapotranspiracije, omogucen i uvid u prostorne znacajke
svih komponenata energetske bilance te prostornu dinamiku evapotranspiracije.

Klju€ne rijeci:
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meteoroloska mjerenja, prostorna dinamika

Wissenschaftlicher Originalbeitrag
Bojana Horvat
Raumliche Dynamik effektiver Tagesevapotranspiration

Um die effektive Tagesevapotranspiration zu beurteilen, ist das auf der Gleichung taglicher
Oberflachenenergiebilanz beruhende methodische Vorgehen SEBAL angewandt worden,
das Daten aus Satellitenaufnahmen (NOAA AVHRR) und Messungen ausgewahlter
meteorologischer Stationen am Tag des Satellitentberflugs als Eingangsparameter
verwendet. Mit diesem Vorgehen ist, neben der Quantifikation der effektiven
Tagesevapotranspiration, die Erlauterung raumlicher Merkmale aller Komponenten
der Energiebilanz, sowie der raumlichen Dynamik der Evapotranspiration, ermoglicht.

Schlisselworter:
effektive Tagesevapotranspiration, SEBAL, Oberflachenenergiebilanz, Satellitenaufnahmen,

meteorologische Messungen, rdumliche Dynamik
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1. Introduction

Mankind faces three fundamental problems in terms of water: too
much water, too little water, and polluted water [1]. The problems
have become more pronounced in recent years: hydrological
extremes, droughts in particular, are becoming more frequent,
while the quality of water has been degraded by inadequate
water management practices. The evapotranspiration (ET) plays
a crucial role during droughts since great amounts of water are
being returned to the atmosphere, causing significant losses from
the observed hydrological system. Complex and very variable, ET
consists of two intricate processes that are difficult to analyze
separately: evaporation (evaporation from free water surfaces,
bare ground or from vegetation or objects on the earth's surface),
and transpiration (physiological process of water transforming
into water vapour through stomata) [2]. Numerous factors affect
ET, the major ones being [3]: water supply (depth at which the
water content is considered must be proportional to the root zone),
available energy(ET will take placein proportion to availableenergy),
saturation deficit (humidity index characterized by the difference
between maximum and actual water vapour pressure of the
volume of air), turbulence transport (if water vapour transfer into
the atmosphere is stopped, the wetness gradient will decrease as
well as the ET rate) and stomatal conductance (the key mechanism
that takes into consideration the influence of vegetation on the
ET process). Different characteristics of ecosystems will induce
different intensity of influence of the described factors. That is
one of the reasons why ET is the most difficult water balance
component to estimate, while measurements are expensive and
time consuming. The process will take place if three fundamental
conditions are met
- continuous water supply,
- available energy needed for water to change from liquid to
water vapour,
- water vapour gradient needed to enable water vapour flux
from evaporative surface into the atmosphere.
Different methods are based on one or more of these
conditions.

Simplest methods that have been proposed to estimate
potential evapotranspiration use only monthly averages of
air temperatures as input data (Blaney and Criddle, 1950;
Thornthwaite, 1948; Hamon, 1961), while more complex ones take
into the consideration solar radiation, humidity, wind velocity, and
characteristics of vegetation cover (Jensen and Haise, 1963; Turc,
1954, Penman, 1948). Numerous scientists have continued to
develop the Penman'’s method and introduced in this respect two
new input parameters — aerodynamics and surface resistance.
The method went through numerous modifications, the best
known being the Monteith's modification (Monteith, 1965). The
Makkink's model (Makkink, 1957) and the Priestly-Taylor method
(1972) are also widely used. Many authors have investigated and
compared currently available methods (e.g. ). However, none
of these methods have been accepted as the most accurate for
estimating evapotranspiration of an area.

Direct measurements of actual evapotranspiration are often
being conducted using an evaporation pan, though such
measurements are not representative with regard to the
influence of vegetation on moisture losses. Lysimeters are also
widely used but the measurements are time consuming and
highly expensive. Thus the most common approach has been
the application of analytical and empirical equations developed
to estimate correlation between measured evapotranspiration
and climatologic data that directly or indirectly influence ET.
Satellite technology developments over the past decades have
enabled introduction of new methods, which are based on
information derived through remote sensing. The complexity
of the methods lies in the relationship between the empirical
and physical, and it is difficult to classify them unambiguously.
Most of them are based on the surface energy budget. One of
main advantages of remote sensing based methods is not only
in estimating quantitative relation between energy balance
components, but also in their ability to provide an insight into
their spatial structure and hence spatial variability of ET, which
is extremely important for the understanding of water balance
in a particular area (whether it be a catchment, administrative
unit, continent, etc.).

2. Mathematical model for estimating
evapotranspiration

Baastiansen et al. [7] formulated the Surface Energy Balance
for Land (SEBAL) algorithm to estimate the actual daily
evapotranspiration using data derived from remote sensing
and meteorological data measured at gauging stations.
The analysis of standard and available satellite images
described in the model is based on physical principles and
requires minimum ancillary data from meteorological gauging
stations, which makes the method convenient for regions
with sparse data. Surface parameters (surface albedo,
vegetation indices, and surface temperature) are estimated
using the spectral information derived from chosen sensor in
the visible, near infrared (IR) and thermal infrared (TIR) part
of the electromagnetic spectrum, and converted to surface
energy balance components. In the last step, various moisture
indicators (e.g. evaporative fraction) are calculated.

The model is based on the fact that evaporation can only
take place if sufficient amount of energy is available, and so
the process is bound by the available energy [8]. With that
limitation, the evapotranspiration can be estimated by applying
the energy conservation principle: energy that reaches the
earth’s surface must be equal to the energy leaving the system
within the same time interval. The surface energy balance is
formulated using the equation for the surface net radiationR ;

R =MET+G,+H (1
where G, stands for the soil heat fluxi.e. the heat fluxin, through,

and from the soil, H is the sensible heat flux i.e. the heat flux
between the surface and the atmosphere, while LET represents

694

GRADEVINAR 65 (2013) 8, 693-705



Spatial dynamics of actual daily evapotranspiration

the latent heat flux, which is the energy necessary for water
to change from liquid to water vapour. The equation (1) deals
with four main energy balance components only, and neglects
the remaining components that represent only a small portion
of the daily net radiation and hence are significantly smaller in
comparison with the four main components.

Components R, G,and Hcan be measured directly, while AETis
estimated as a residual from the equation (1). However, direct
measurements of R, G, and H are usually not available since
the measurements require complex and expensive equipment
and are time consuming. Remote sensing enables indirect
measurement of these three energy balance components,
based on a quick and simple access to necessary information.
This method greatly reduces time needed to estimate ET.

2.1. Net radiation (Rn)

The net radiation is a function of incoming and outgoing
radiation and can be measured by the net radiometer. However,
the measurements are scarce and usually unavailable, which is
why the net radiation is calculated using the surface reflectance
i.e. broadband surface albedo o, and surface temperature 7,
as well as spatially variable zenith angles (to account for the
spatially variable incoming shortwave radiation). In general, the
net radiation is calculated using the equation [9]:

R =(1-2)KLl+LLl-L1[WimJ 2)

where o, is the broadband surface albedo, K| is the incoming
shortwave radiation, L| is the incoming longwave radiation,
and L1 is the outgoing longwave radiation.

The instantaneous incoming shortwave radiation K|, and the
instantaneous incoming longwave radiation L] are dependent
on the geometry and meteorological data measured at gauging
stations. In that respect, they are estimated as point values,
at discrete locations of meteorological gauging stations.
Theincoming shortwave radiation K| depends on the geometry
and atmospheric factors: day of the year, latitude, insolation,
and atmospheric constituents. The SEBAL defines it as a
function of atmospheric transmittance t_ and instantaneous
shortwave radiation at the top of the atmosphere K] 7[S]:

Kl = tgy + KL [W/m?] (3)

The atmospheric transmittance describes capacity of
the atmosphere to transmit radiation and in this case is
calculated using the altitude of selected gauging stations
[9]. The instantaneous shortwave radiation at the top of the
atmosphere is constant for the whole region and equal to
maximum instantaneous shortwave radiation beyond the
atmosphere (i.e. solar constant SC= 1367 W/m?), corrected
for the earth’s eccentricity (correction eccentricity factor £))
and solar zenith angle 6 [9], thus resulting in 1039,33 W/
m2.

The longwave incoming radiation L| refers to thermal radiation
emitted by the atmosphere and atmospheric constituents.
Its calculation is based on the Stefan-Boltzmann law: the
instantaneous incoming longwave radiation is a function of
the Stefan-Boltzmann constant ¢ (o = 5,67:10% W/m?2K*), air
temperature Ta (K) measured at gauging stations, and the
atmospheric emissivity €

Ll =c-g, -T*[W/m? (4)

Unlike the incoming radiation, the spatial variability of the
instantaneous outgoing longwave radiation L1 is significant
as it refers to the thermal radiation emitted by the earth’s
surface. It can also be calculated by applying the Stefan-
Boltzmann law, but is dependent on the surface temperature
T,and the broadband surface emissivity €, [S]:

LT =¢,-0-T4Wm3 (5)

The value of LT depends on the parameters that are
difficult to measure, but can be derived from the satellite
image. The broadband surface emissivity depends on
characteristics of the vegetation cover, expressed in form
of the vegetation index NDVI (Normalized Difference
Vegetation Index) [101]:

¢, =1,0094 +0,047 - In(NDV/) = 1,0094+0,047-|n(”ea”R _'ed] 6)

nearlR + red

The mathematical formulation of NDVI enables quantification
of the vegetation i.e. its productivity. Its value domain
ranges from -1 to 1: a dense and healthy vegetation will
have positive values close to 1, while low positive or negative
values of NDVI are typical for water surfaces. In other words,
more radiation is reflected in the near IR wavelength range
in comparison with the red band, which is an indication of
denser vegetation and it often refers to some forest species.
When the difference between near IR and red band is small,
the surface is most likely covered with scarce and often dry
vegetation.

In most models, the surface temperature is the boundary
condition for energy balance. As opposed to air temperature
measured 15 — 2 m above the ground at standard
meteorological gauging stations, the surface temperature
must be measured at the very surface. In this approach, the
surface temperature is calculated using physical parameters
that are directly derived from the bands of the chosen sensor.
The calculation procedure consists of two steps:

Step 1: Brightness temperature is estimated for both TIR
bands:

T = _ G, K] (7)

3
In(1 +Q7V’]
Li
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where C, and C, are the constants characteristic for the chosen
sensor, v is the central wave number of the band (c/m), and spectral
radiance L, is a linear function of the 10-bit visible band count [11].

Step 2:Surface temperature is estimated using the split-
window technique, in this case the Coll's equation [12]:

T,=T,+1,29+0,28 <(T,-T))] (T, - T,) + 45 (1-¢,) - 40Ac [K]  (8)

where T, and T, represent brightness temperatures in bands
4 and 5, while g, is the emissivity in the band 4, and Ae is the
difference in emissivity between the bands 4 and 5.

The surface net radiation cannot be estimated if reflection
characteristics of the surface are unknown. Such
characteristics can be described by the broadband surface
albedo o, a parameter referring to reflectance of the
shortwave radiation in the wavelength interval 0,3 -3 pm [13]:
o, = S0 em (@)

Tsw

where a.,, is the planetary albedo (albedo at the top of the
atmosphere) and a,, is the path radiance i.e. an average
portion of the incoming solar radiation across all bands of the
chosen sensor, back-scattered to the sensor before it reaches
the earth'’s surface, with the value range of 0,025-0,4 [7]. The
planetary albedo is the sum of the narrowband reflectance (a:)
multiplied by adequate weighting factors (w) that are sensor
dependent [14]:

Oron = Zwi o (10)
2.2. Soil heat flux (G,

The soil heat flux is the amount of energy passing through the
soil in a unit of time. The main driver is solar radiation which
heats up the surface, creating the temperature difference
between the surface and upper layers of the soil profile. The
heat conductance in soil is analogous to heat conductance
through the solid body. Hence the Fourier's law, according
to which the transferred heat is proportional to the negative
temperature gradient, can be applied:

AT, 2
Gl,:—/ls.Tzs [Wim?3] (11)
where ). is the proportionality factor i.e. thermal conductivity
(W/mK) and the ratio AT /Az defines the vertical temperature
gradient (K/m). The ability of soil to transfer heat determines
how fast the temperature will change during a day or a
season [15] while the temperature gradient governs the heat
flux and is dependent on vegetation cover (heating rate of the
surface is determined by the light attenuation and formation
of shadows at the very surface).

Although the soil heat flux cannot be mapped directly
from satellite imagery, appropriate methods have been
developed for measuring soil temperature and one or more

thermal characteristics of the soil (thermal conductivity or
thermal capacity), as well as the water content. However,
such approaches cannot adequately describe the spatial
and temporal variability of the soil heat flux, primarily due to
pronounced dynamic thermal characteristics of the surface and
complexinterrelationship between annual, seasonal and diurnal
solar radiation regimes. Since the soil heat flux is a part of the
net radiation, Baastiansen[16] has developed an algorithm that
estimates the ratio G,/R  based on the surface temperature
T, (K), broadband surface albedo a,, and characteristics of the
vegetation cover expressed in form of NDVI:

G, (T,-273
==

n

]~[0,0032-(1,1-aa)+0,0062-(1,1<a0)2]<(1—0,978~NDVI‘) (12)

%

2.3. Sensible heat flux (H)

Thesensible heat flux betweenthe surfaceand theatmosphere
is a measure of energy loss from the soil through processes of
convection and diffusion, and is triggered by the temperature
difference between the surface and the atmospheric
surface layer. Calculations are based on the theory of heat
transport between the earth's surface and the surface layer
of the atmosphere. Hence, H is proportional to the difference
between the air temperature and the surface temperature
(T, = T) and inversely proportional to the aerodynamic
resistance to heat transport r_ [7]:

H=p,c, Tri [W/m?] (13)
where p_is the air density (kg/m3), c, is the specific heat of the
air (1004 J/kgK), and r, is the aerodynamic resistance to heat
transport (s/m).

The third component of the energy balance equation, the
sensible heat flux, is the most complex part in estimating
evapotranspiration, and is very difficult to estimate. Firstly, it is
not possible to directly measure parameters that r, depends on
and, secondly, the data necessary to estimate those parameters
are usually unavailable. Therefore, the aerodynamic resistance
to heat transport is estimated in an iteration process, as
schematically shown in Figure 1.

Knowing the wind velocities v measured at the height z
above the ground at the time of the satellite overpass, the
roughness length for momentum is estimated as a function
of vegetation height and displacement height [17]:

z, =v-(h,-d) (14)

Where y =02, h, is the vegetation height and d'is the zero plane
displacement (displacement height), i.e. an average level at which
momentum is absorbed due to vegetation. Raupach [18] connects d
with vegetation cover defining it as a function of the leaf area index
LAl With known roughness length for momentum, and assuming
neutral atmospheric conditions, it is possible to calculate the friction
velocity at gauging stations, at z=2 m above the ground:
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LEGEND:
uwind velocity measuned at the height z; z m: roughness length for momentum;
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Figure 1. Schematic overview for calculating sensible heat flux H

_k-u

Ini (15)

ZOm

The blending height defines the height at which the surface
roughness influence can be neglected. In this case, it is 200
m above the ground (surface roughness is a part of the
vegetation height that influences shear stress between the
plant and the atmosphere and defines surface flux as well as
the actual and potential evapotranspiration). At that height,
the wind velocity is assumed to be constant for the whole
region, and is calculated as a function of friction velocity and
roughness length for the momentum:

1n 200
ZO

k

(16)

m

Uygo = U -

Initial values of aerodynamic resistance to heat transport
are determined in every pixel of the analyzed area, assuming
neutral stability [8, 15, 201:

z
In=2 (17)

r 4

Uk

where z, is the height above d of the vegetation (z, = 0,1 m), z, is
the height below the surface layer (z,= 2 m), u. denotes the friction
velocity (m/s), and k stands for the von Karman's constant (0,41).

To estimate the temperature difference between the surface
and the air for the analyzed area, d7= T, - T_the function dT=
T,— T_must be defined. The procedure starts by defining two
boundary conditions:the known sensible heat flux at extremely
wet ("cold" pixel) and extremely dry spot i.e. pixel ("hot" pixel).
The "cold" pixel usually represents an open water surface
where H= 0, i.e. all available energy is used in the evaporation
process, and hence R — G,= AET. If open water surfaces can
not be detected, the most accurate choice is a well irrigated
pixel characterized with dense vegetation, albedo in the range
of 0,22 — 0,24, high NDVI and low surface temperature. If H
= 0, according to equation (13), the temperature difference
between the surface and the air is equal to zero: d7,, = T, -
T . =0. As opposed to "cold" pixel, AET= 0 and H=R - G,
can be assumed for "hot" pixel. The surface temperature is at
maximum value, while the NDVI and albedo are very low. Since
the values of R, G, and r, are already known from previous
steps (equations (2), (12) and (17)), temperature differences
between the surface and the air are calculated by inversing
the equation (13). The resulting values enable defining the

GRADEVINAR 65 (2013) 8, 693-705
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linear function dT(Figure 2), which is then applied to the whole
analyzed area, i.e. to every pixel.

dT
dT,
]
s
S\G’
dT,
T__q Tu.- Tu

Figure 2. Temperature difference between the surface and the air

The equation (13) determines the sensible heat flux and
the Monin-Obukhov length, which represents the ratio
between the turbulence generated mechanically and
thermally [21]:

p'Cp'U?'TO
k-g-H

L= (18)
with p as the air densitylkg/m?], c,is the specific heat of the air
[1004 )/kgK], u. is the friction velocity [m/s], T, is the surface
temperature [K], gis the gravitational acceleration [9,81 m/s?]
and His the sensible heat flux [W/m?]. In unstable conditions,
when <0, the boundary layer is approaching the state of
free convection where buoyancy processes are dominant.
When conditions are stabile (L>0), the vertical movement
of turbulent eddies is bounded by the stratification. Hence,
turbulent eddies are limited by the stability, rather than by
the distance from the ground [21]. In neutral conditions, the
Monin-Obukhov length equals zero (L=0).

2.4. Latent heat flux (LET)

The latent heat flux is a measure of heat loss from the
surface through the evapotranspiration process and is
estimated as a residue of the surface energy balance, based
on equation (1). It must be emphasized that the estimated
latent heat flux represents the instantaneous value i.e. the
value at the time of the satellite overpass. Accordingly, the
instantaneous ET can be calculated by dividing the latent
heat flux by the latent heat of vaporization A.

2.5. Actual daily evapotranspiration (ET,, )

To estimate the actual daily evapotranspiration, its diurnal
variation must be known, which is similar to variation
of other energy balance components [S]. Knowing the
instantaneous evaporation and variation of one of the
surface energy balance components, it would be possible
to estimate diurnal variation of evaporation assuming that

the relative distribution of energy flux between the main

components remains the same. If the assumption is valid,

the evaporative fraction A, i.e. the ratio between the latent

LET and available energy R -G, is constant during the day

[22, 23, 24] and A o nmmeous = Mo = A- 1N that case, the

actual daily evapotranspiration ET7,, is a function of the
and evaporative fraction A [7]:

24h
daily net radiation R _,,,

ET - 8,64 107 Ajnstantangous 'Rn24h — A- Rn24h (1 9)
n A-p, 28,588

where p _is the density of water (p, = 1000 kg/m?3).
The latent heat of vaporization A expresses the energy
needed to change the unit mass of water from liquid into
water vapour under constant pressure and at constant
temperature. It is temperature dependent and hence its
value will change as the temperature changes: at higher
temperatures less energy is needed to evaporate water.
On the other hand, the variation of A with respect to the
temperature is small enough to be neglected and its values
can be assumed constant and equal to 2,47 MJ/kg [8],
which corresponds to air temperature of app. 20°C.

3. Research area

The actual daily evapotranspiration was estimated at the
Croatian part of the Istrian Peninsula (Figure 3.a). Covering
the area of app. 3.160 km?, it is the largest peninsula in the
Adriatic. The northern boundary stretches from Mugglia
(Italy) to Preluka located in the Kvarner Bay (Croatia).
Although relatively small, the Istrian Peninsula is very
heterogeneous. The relief in the western and southern parts
is more or less monotonous but develops rapidly towards
the north and the north-east, reaching the altitude of 1.402
m a.s.l. The complex hydrogeology of the area is causing
inhomogeneous hydrology: the surface hydrographic
network is well developed only in a smaller portion, while
the rest of the peninsula is characterized by the karstic
underground hydrographic network and numerous karstic
springs [25].

The Mediterranean climate prevails in coastal parts where
summers are hot and dry while winters are moderately
cold and wet. As the distance from the coast and the
altitude increase, weather conditions gradually change into
moderate continental: warm and wet summers and cold
winters. Average annual air temperatures in the coastal
area exceed 15°C and decrease towards the mainland down
to the minimum of 6-7°C at the U¢ka and Ci¢arija mountain
ranges [26]. Lower altitudes and a monotonous relief are
found in the west and south, where air temperatures are,
on an average, significantly higher compared to the rest of
Istria, and the vertical gradient is not so pronounced (Figure
3.b).
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Altitude
[mn.m.]
1800

Figure 3. a) Analyzed area; b) spatial distribution of average annual air temperatures in the  Figure 5. Meteorological gauging stations
period of 1961-1990. [26] selected in the analyzed are

Figure 4. NOAA AVHRR satellite image taken on 5% August 1998 at 13:55 h: a) band 1 (0,58 - 0,68 pm); b) band 2 (0,725 — 1,10 pm); c) band 3 (3,55
-3,93 pm); d) band 4 (10,30 - 11,30 pm); e) band 5 (11,50 — 12,50 pm)

4, Input data and satellite image gauging stations, where the following measurements were made
at the time of the satellite overpass: air temperature, relative air

The satellite image chosen for estimating the actual daily humidity, insolation and wind velocity (Figure 5).

evapotranspiration was NOAA (National Oceanic and Atmospheric

Administration) AVHRR (Advanced Very High Resolution Radiometer), 5. Results and discussion

taken on 5 August 1998 at 13:55 h (Figure 4). It consists of 5 bands,

each covering a specific interval in EMS. Along with the image, Using equations (3) and (4), K| and L | were calculated for

meteorological data were also collected at 11 selected meteorological ~ each meteorological station (table 1)..

Table 1. Instantaneous incoming shortwave K| and longwave L | radiation

Stations Tow g, K| [W/m?] L| [W/m?]
Abrami 0,752 0,759 781,26 354,81
Celega 0,750 0,760 779,91 350,31
Cres 0,750 0,760 779,60 350,35
Cepit 0,751 0,760 780,12 350,28
Labin 0,755 0,758 784,90 344,05
Pazin 0,756 0,758 785,54 343,04
Poret 0,750 0,760 77981 353,13
Pula 0,751 0,760 780,39 353,05
Pula aerodrom 0,751 0,759 780,80 348,32
Rijeka 0,752 0,759 781,99 346,30
Rovinj 0,750 0,760 77991 351,71

T_,; one-way atmospheric transmittance (t_ = 0,75+2:10°z); £ : atmospheric emissivity (¢,= 085 - (-In t_ )°%)

GRADEVINAR 65 (2013) 8, 693-705 699
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Figure 6. a) Vegetation index NDVI; b) leaf area index LAI; c) broadband emissivity

Spatial variations of instantaneous incoming shortwave and
longwave radiation are very small over the analyzed area (K| =
779,60 - 78554 W/m?; L| = 343,04 — 353,13 W/m?) and can be
assumed to be constant and equal to their average value (K| =
781,29 W/m?and L] = 349,58 W/m3).

Vegetation indices NDVI and LAl are higher in the north
and north-east parts of Istria (Figures 6.a and 6.b), which
implicates a dense and healthy vegetation (forest species),
but they decrease towards the western and southern coast
where dry and scarce vegetation prevails. The broadband
emissivity (Figure 6.c) will increase as the NDVI increases:
higher values are characteristic for the central peninsula as
well as the north and north-east.

The surface temperature (Figure 7) is a function of thermal
characteristics of the surface, which are, among other factors,
dependent on vegetation cover. Higher surface temperatures
are detected in areas with no or with very scarce and dry
vegetation that predominate in coastal parts of the peninsula,
i.e. in areas with low NDVI and LAI values (Figure 6.a and
Figure 6.b), while lower temperatures are present in the north,
which is covered with dense vegetation. Having roots deep in
the ground, trees can reach groundwater all year long. In this
way, the transpiration process, which requires a great amount
of energy, can be conducted even during droughts while only a

smaller portion of that energy is used to heat-up the surface
and hence surface temperatures are lower.

Using the equation (5), maximum values of instantaneous
outgoing longwave radiation L1 are calculated for the west
and south coast of the analyzed area (Figure 8) where
surface temperatures are the highest. The decrease in L1 is
proportional to the decrease in surface temperatures.

The instantaneous net radiation of the analyzed area is
determined using equation (2) (Figure 9).

With known instantaneous net radiation, the equation (12) is
used to calculate a portion of the net radiation related to the
soil heat flux i.e. spatial distribution of G, (Figure 10).
Maximum values of G, are registered in the coastal area,
especially in the west and south. Sparse vegetation cover in
those parts results in an increased energy flux that passes
through the soil. Denser and healthier vegetation (higher NDVI
values) contributes to the light attenuation on the surface and
reduces the soil heat flux.

Depending on the value of L, the friction velocity is calculated
and adjusted using stability correction functions [27] before
estimating the aerodynamic resistance to heat transfer
(Figure 1). After 11 iterations, Hand r_, values stabilize, and the
final spatial distribution of sensible heat flux is determined
(Figure 11).
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Figure 11. Instantaneous sensible heat flux (5 August 1998)

The lowest values of sensible heat flux are found in the north-
east part of the peninsula where surface temperatures are
also the lowest. Hence, the loss rate of energy from the soil
will also be equal to minimum values (Figure 12). An increase
in surface temperature will result in an increase in sensible
heat flux, and so high values of H (above 400 W/m?) have been
recorded at several locations in the western and southern
parts of Istria. The heat loss is significant in these locations,
and high values arein line with high values of the soil heat flux
(Figure 10). Large amounts of available energy are spent on
rising soil temperature, and heat transfer into the atmosphere
is significant. It is obvious that available energy is mainly used
for heating-up the surface, which means that less energy is
available for changing water from liquid to water vapour, i.e.
for the evapotranspiration process.
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Figure 12. Relationship between sensible heat flux and surface
temperature

The process of transferring heat from surface into the
atmosphere is complex and depends on numerous factors,
and so greater dispersion of sensible heat flux values occurs
when surface temperatures are higher (Figure 12).

The latent heat flux is the energy elapsed in the ET process.
Knowing the energy balance components as well as their
spatial distribution, the LET can be determined as a residual

Figure 13. Instantaneous latent heat flux (5 August 1998)

of equation (1) (Figure 13). The energy spent on evaporation is
lower in the south and west where surface temperatures are
higher, while greater values have been computed in the north-
east of Istria. Higher surface temperatures, in comparison
with lower surface temperature, indicate that less energy
must be spent to change water from liquid to water vapour
(Figure 14). U¢ka and Ci¢arija mountain ranges are covered
with denser and healthier vegetation and are characterized by
lower temperatures. Thus, more of the available energy will be
used up in the evaporation process.

T.[°C]

LET[W/m?]

Figure 14. Relationship between latent heat flux and surface
temperatures

The portion of the energy available for different processes
in nature, especially for evapotranspiration, is dictated by
the water content within the system: in humid areas more
available energy will be spent on transpiration (higher LET
values) while in drier areas the energy will largely be used
for heating up the surface (higher H values). Therefore, the
evaporative fraction, as the ratio of latent to available energy,
is a good indicator of a hydrologic state of the system (Figure
15). In the north-east, the evaporative fraction is high which
is an indication of a larger water content in the system. It also
suggests that a larger portion of the available energy is spent
on the ET process (more than 80 % at some locations). In the
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Figure 15. Evaporative fraction (5*" August 1998)

Figure 16. Actual daily evapotranspiration (5 August 1998): a) on a continuous values domain;

b) classified into value classes

west and south of Istria, more available energy is spent on
heating up the surface (lower evaporative fraction values).
Knowing the daily net evapotranspiration and evaporative
fraction, the actual daily ET is estimated using the equation
(19) (Figure 16).

Lowest actual daily ET values are characteristic for the driest
parts of the area under study where water availability is at its
minimum in comparison with the rest of Istria. Daily ET losses
range from 6.5 — 7 mm on the west and south coast, to 7 —
7.25 mm in the central, north and north—east Istria. Extremely
high ET values (in comparison with other pixels) detected in
a narrow coastal zone (> 8 mm/day), especially in the east,
are not an indicator of a high ET but a consequence of a very
coarse spatial resolution of the satellite image. The spatial
resolution of 1 km is not sufficient to accurately delineate
sea from land. As a consequence, many coastal pixels contain
mixed information on surface characteristics, resulting in
unrealistically high ET values.

The ET depends on numerous factors, one of them being the
surface temperature (Figure 17). Higher surface temperature
is an indicator of a smaller soil moisture content and, hence,
of a smaller ET. When available soil moisture decreases
in subsurface soil (within the root zone), the stomata close
up and reduce transpiration. Hence, the soil heats up faster
and more of the available energy is used to rise the surface
temperature.

Only two of the gauging stations selected in the analyzed
area conduct evaporation measurements: Abrami and Pazin,
both using the Class A evaporation pan. The comparison of an
estimated actual daily evapotranspiration with the measured
evaporation is shown in Table 2.
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Figure 17. Relationship between actual daily evapotranspiration and
surface temperature

The Class A evaporation pan estimates water losses by
measuring evaporation from the free water surface. Such
measurements are not representative for the influence of
vegetation on water losses. The evaporation estimated using
the evaporation pan represents a result of the combined
influence of radiation, temperature, humidity and wind
velocity on the evaporation process [8]. By applying empirical
coefficients that compensate for the influence of transpiration,
measurements can be associated with the referent ET. The
resulting differences between the referent and actual ET are
expected, because of different reflective characteristics of the
water and vegetation. However, these differences are quite
significant (1,83 mm i.e. 26 % at the Abrami station, and 1,38
mm i.e. 19,8 % at the Pazin station).

In the engineering practice, the most common methods are
those that are used to estimate referent evapotranspiration.
The referent evapotranspiration ET, is the water lost through

Table 2. Actual daily evapotranspiration and measured evaporation (5% August 1998)

Station z E AET
atio [m a.s.l.] [mm/day] [mm/day] [%]
Abrami 85 52 26,0
Pazin 291 56 198
702 GRADEVINAR 65 (2013) 8, 693-705
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Table 3. Actual daily and referent evapotranspiration at meteorological gauging stations (5% August 1998)

Stations [m az.s.l.] Novi [mrE\T/y&hav] [mr:}-cR:la\/] A[E/i;lr
Abrami 85 0,66 703 6,09 -134
Celega 20 0,31 - 6,96 -
Cres 5 0,49 7.36 8,15 96
Cepic 30 0,64 7,21 8,02 101
Labin 260 0,64 7,05 4,71 -333
Pazin 291 063 6,98 5,21 -253
Porec 15 0,24 - 4,76 -
Pula 43 043 - 9,24 -
Pula aerodrom 63 0,58 717 793 56
Rijeka 120 0,49 - 7,51 -
Rovinj 20 057 7,30 6,41 -12,2
z:Ititude; ET,,,: actual daily evapotranspiration; ET_: referent evapotranspiration; AET: difference between actual and referent evapotranspiration

evapotranspiration from the referent surface (grass cover
with specific characteristics), and it defines atmospheric
water demands, regardless of the crop cover, crop maturity
and farming practices. When actual daily evapotranspiration
measurements are not available, the referent daily
evapotranspiration is calculated for the gauging station
locations, using the FAO-56 Penmam Monteith method [8]:

900
0,408-A-(R,-G)+y- ‘u,-(e,—e,)
ET, = T+273 * [mm/day] (20)
A+y-(1+0,34-u,)

where R is the net radiation [MJ/m?day], G is the soil heat flux
[M)/m?day], v is the psychrometric constant [kPa/°C], and Tis
the air temperature [°C]. Parameters e_and e, are the maximum
and actual vapour pressures, respectfully [kPa], v, is the wind
velocity at 2 m above the ground [m/s], while A represents the
slope of the saturation vapour pressure temperature relationship
[kPa/°C]. Since the FAO-56 Penman-Monteith method is also
based on the energy balance approach, the actual daily ET is
compared with estimated referent ET values at the discrete
locations of the gauging stations (Table 3).

Differences between referent and actual daily ET are
significant. The greatest differences have been recorded
at the stations of Labin (33,3 %) and Pazin (25,3 %), both
located at higher altitudes, in areas with a well developed
relief. Differences are the smallest at stations Cres and Pula
airport (9,6 %) and Cepic (10,1 %), which are located in a more
monotonous relief. The actual evapotranspiration could not
be estimated at four stations in coastal area (Celega, Poreg,
Pula, Rijeka) because the spatial resolution was too small.

6. Conclusions

The paper presents a new methodological approach to
estimating evapotranspiration in this area, not only in terms

of quantification but also in terms of spatial characteristics
of the water balance component. Istria has been selected
as the research area because of its significant hydrologic
and climatologic heterogeneity, with pronounced karstic
characteristics that additionally complicate the water balance
analysis. The goal was to estimate evapotranspiration and
its spatial distribution with minimum input data, taking into
consideration numerous factors that influence the process
of evapotranspiration, i.e. an attempt was made to gain an
insight into the evaporation and transpiration water losses
on a specific time scale. Estimated results were compared
with evaporation measured at two meteorological gauging
stations, and with the referent evapotranspiration calculated
using the FAO-56 Penman Monteith method for 11 selected
meteorological gauging stations with relevant measurements.
Differences are significant: the greatest differences were
found in colder parts located at higher altitudes, covered with
dense vegetation, where a great amount of available energy
is used in the process of evapotranspiration. In coastal area,
where temperatures are higher and vegetation is scarce and
dry, the evapotranspiration losses are smaller.

The approach presented in the paper is based on numerous
assumptions, as needed to enable calculations. In that
respect, instantaneous incoming shortwave and longwave
radiations are assumed to be constant for the entire area. The
surface temperature, as one of the most influential factors in
the evapotranspiration process, is a function of solar radiation
and reflective and thermal characteristics of the surface.
The incoming radiation, both shortwave and longwave, is
influenced by atmospheric constituents on its way through the
atmosphere, and so it depends on atmospheric transmittance.
Although the analyzed area is very heterogeneous, it is
small enough to justify the assumption of uniformity of
atmospheric conditions, as confirmed by incoming shortwave
and longwave results calculated at the stations.
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Thevaluedomain for sensible and latent heat fluxes is bounded
by two boundary conditions defined as "hot" and "cold" pixels.
The "hot" pixel is assigned to very dry terrain where the
assumption of zero latent heat flux is valid, while the choice of
the "cold" pixel is based on the minimum temperature gradient
between the surface and the air. On wet terrains, the water
vapour is released according to atmospheric demand, and the
vertical temperature gradient is at its minimum. That leads to
the sensible heat flux decrease and so, when it comes to wet
terrains, i.e. the "cold" pixel, the assumption of sensible heat
flux being equal to one is justified. The difference between
temperature of the surface and the air is not based on actual
measurements, but is calculated using the inverse sensible
heat flux equation for boundary pixels. That introduces an
additional uncertainty as well as the assumption of linear
relationship between the air and surface temperatures, while
the influence of vegetation on vertical change of temperature
is neglected. However, unlike most other methods, this
approach takes into consideration numerous factors that are
of significance to evapotranspiration.

Knowing the net radiation, soil and sensible heat fluxes,
the actual evapotranspiration estimation is based on
the assumption that the daily variability of evaporative
fraction can be neglected, which is not necessarily true. The
evaporative fraction is inversely proportional to available
energy (R — G and so the slightest change in net radiation
may cause a significant variation in the daily curve of the
evaporative fraction, especially when (R - G values are low
(morning and evening, presence of clouds). During the day,
the evaporative fraction does not change significantly, and
the assumption of constant values is realistic. However,
this does not apply to cloudy days. Clouds reduce the net
radiation and hence the available energy. Depending on the
temperature, humidity, wind velocity and difference between
air and surface temperatures, the (R - G,) must be equal to
the sum of latent and sensible heat fluxes. A decrease in
surface temperatures will induce decrease in the sensible
heat flux more than in the latent heat flux, which will increase
the evaporative fraction. In general, clouds cause changes in
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