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Symbols and abbreviations

Nomenclature
a adjustment factor for the distribution of leaf area
index within the canopy [ ]

ALEXI  Atmosphere—Land Exchange Inverse

CIMEC Calibration using Inverse Modelling at Extreme
Conditions

D ratio of vegetation height vs. width [ ]

DOY Day of the year [ ]

d zero plane displacement height [m]

dT near surface air temperature difference [K]

Es soil evaporation [mm d ]

Es sim Soil evaporation modelled by SIMDualKc [mm d

ET actual evapotranspiration [mm d 7]

ETec evapotranspiration obtained by Eddy Covariance
technique [mm d]

ET;s: instantaneous evapotranspiration [mm h™?]

ETmeTric €vapotranspiration estimated by METRIC
[mm d

evapotranspiration derived from field

observations [mm d 7]

ET, Alfalfa reference evapotranspiration [mm d ]

ETobs

ETrF fraction of reference evapotranspiration [ |

ETrFi,s: instantaneous fraction of reference
evapotranspiration | |

ETM+ Enhanced Thematic Mapper Plus

Frar proportion of leaf area index lying above h/2 [ ]

for Factor describing the proportion of bottom leafless

portion of the tree and not casting a shadow due to
the total height of the tree [ ]
e fraction of ground covered by vegetation, when
viewed from nadir [ |
fnonvisible Fraction of the canopy that has a shadow under it
which is not visible from the satellite [ ]

I fraction of ground wetted [ |
G soil heat flux [W m~?]

H sensible heat flux [W m

h crop height [m]

IR infrared

K Extinction coefficient [ ]

K. Crop coefficient [ ]

K Basal crop coefficient [ ]

K. Soil evaporation coefficient | |
Ker Alfalfa crop coefficient [ ]
LAI Leaf Area Index [m? m 2]

METRIC™ Mapping EvapoTranspiration at high Resolution
using Internalised Calibration

NDVI  Normalised Difference Vegetation Index [ ]

PAR Photosynthetically Active Radiation

Qi daily PAR measured at the top of the canopy
[umol m~?]

Qo daily PAR measured below the canopy [umol m—2|

Tah1,2 aerodynamic resistance to heat transport between

two heights [s m 7]
R, net radiation [W m 2]
SAVI Soil Adjusted Vegetation Index [ ]
SEBAL Surface Energy Balance Algorithm for Land
T, temperature of the canopy [K]
T.meTrIc average temperature estimated with METRIC [K]
Te,ground data ground-based temperature [K]
Teolapixel temperature of the cold pixel [K]
Thotpixel temperature of the hot pixel [K]

™ Thematic Mapper

Ts surface temperature [K]

TSEB Two-Source Energy Balance

Tef Plant transpiration [mm d—?]

Tshadow temperature of the shaded ground surface [K]

Tsuniit  temperature of the sunlit ground surface [K]
Twetulr temperature of the wet bulb [K]

fshadow Fraction of ground covered by shadow, when VI Vegetation index [ |
viewed from nadir [ ] w vegetation width [m)]
fenape  factor to adjust for differences in shape between Lgsza momentum roughness length [m]
trees and their shadow when viewed from nadir [ ] A latent heat of vaporisation [J kg™}]
et fractional area covered by a shadow cast by the AE latent heat flux [W m~?]
crowns [ ] 0 sun zenith angle [rad]
Fsunit fraction of ground covered by sunlit, when viewed
from nadir [ |
Testi, Villalobos, Orgaz, & Fereres, 2006). Therefore, the ac-
1. Introduction

The intensification of irrigated agriculture leads to the need to
improve irrigation management and adopt sustainable irri-
gation practices. These issues are particularly relevant in the
Mediterranean regions, where water scarcity problems are
rising. In recent years, many olive orchards, which are a major
crop in the Mediterranean agricultural systems, have been
converted into intensive or super-intensive hedgerow sys-
tems, with very high plant density and irrigation (Orgaz, Testi,
Villalobos, & Fereres, 2006; Testi, Villalobos, & Orgaz, 2004;

curate estimation of crop water requirements, i.e., crop
evapotranspiration (ET), and its spatio-temporal variability at
field level is an increasingly important issue for optimising
water management.

In recent decades, remote sensing-based techniques have
been used for irrigation water management (e.g., Calera,
Jochum, Garcia, Rodriguez, & Fuster, 2005; D'Urso et al,
2010). The synoptic and repetitive coverage of Earth Obser-
vation data with high spatial resolution makes this type of
data interesting for monitoring and quantifying the spatial
and temporal variation of ET. The most widely used remote
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sensing applications for ET mapping use vegetation index (VI)
approaches or surface energy balance models based on ther-
mal-infrared data. The first approach considers the relation-
ships between VI derived from remotely sensed reflectance
data and crop coefficients (K), considering both single and
dual K. approaches for the estimation of crop ET (Allen,
Pereira, Raes, & Smith, 1998). In the single approach both
crop transpiration and soil evaporation are time-averaged and
integrated into a single coefficient, whereas in the dual
approach a basal crop coefficient (K,), representing primarily
the plant transpiration component of ET, and a soil evapora-
tion coefficient (K,) are considered separately. Several studies
documented in the literature report the relationships for
different crop types between VI and K, (e.g., Calera et al.,
2005; Campos, Neale, Calera, Balbontin, & Gonzilez-
Piqueras, 2010; Jayanthi, Neale, & Wright, 2007) and between
VI and K. (e.g., Garatuza-Payan & Watts, 2005; Heilman,
Heilman, & Moore, 1982).

Satellite-based surface energy balance models have been
successfully applied to estimate and map actual crop ET. Ex-
amples of such models include METRIC™, Mapping Evapo-
Transpiration at high Resolution wusing Internalised
Calibration (Allen, Tasumi, & Trezza, 2007), originated from
SEBAL — Surface Energy Balance Algorithm for Land
(Bastiaanssen, Menenti, Feddes, & Holtslag, 1998), and TSEB —
Two-Source Energy Balance (Kustas, Norman, Schmugge, &
Anderson, 2004). These models estimate the ET flux for each
pixel of a satellite image (containing both short wave and
thermal information) as a “residual” component of the surface
energy balance at the time of satellite overpass, i.e., by sub-
tracting the soil heat flux (G) and sensible heat flux (H) from
the net radiation (R,) at the surface.

METRIC and SEBAL are both one-source models, i.e., they
consider soil and vegetation as a sole source, whereas TSEB is
a two-source model for heat transfer where soil and vegeta-
tion areas are partitioned according to vegetation indices.
METRIC and SEBAL use a CIMEC process (Calibration using
Inverse Modelling at Extreme Conditions) to remove effects of
biases in surface temperature (Ts), atmospheric correction of
reflectance, and estimation of sensible heat flux, while TSEB
follows a more direct approach to the surface energy balance
(Anderson, Allen, Morse, & Kustas, 2012). In general, TSEB
performs best when air temperature fields are known and T
data are highly accurate, or when an atmospheric boundary
layer condition is input as done in ALEXI (Atmosphere—Land
Exchange Inverse) applications (Anderson, Kustas, & Norman,
2003, 2012). However, the data required to parameterise and
apply TSEB and ALEXI are often not readily available as in the
case of this study. The current study focuses on applying the
METRIC algorithm, which has been used over a large range of
vegetation types and applications (Allen, Tasumi, Morse et al.,
2007; Anderson et al., 2012; Pocas, Cunha, Pereira, & Allen,
2013; Tasumi & Allen, 2007) including traditional olive or-
chards (Santos, Lorite, Allen, & Tasumi, 2012).

In the application of the single-layer-blended METRIC
model to sparse woody canopies, some extensions related to
the estimation of vegetation temperature in tall canopies and
the estimation of momentum roughness length (Z,m) and
sensible heat flux for tall vegetation must be considered and
tested. In such types of crops, having discontinuous ground

cover, the pixel temperature observed by satellite integrates a
mixture of the temperatures of different surfaces, i.e, sunlit
and shaded canopy surfaces, along with sunlit and shaded soil
surfaces, which may create biases in the estimation of H. To
avoid or minimise such impacts, the computation of the
radiometric temperature Ts should consider a three-source
condition, allowing the differentiation of the temperature of
each one of those surfaces (Allen & Kjaersgaard, 2009).
Furthermore, the computation of H may be biased by un-
certainties in the definition of Z,,, which is a measure of the
form drag and skin friction for the layer of air that interacts
with the surface (Allen, Trezza, Tasumi, & Kjaersgaard, 2012).
For tall vegetation, Z,,, increases with the orchard density
until a threshold density is reached, which occurs for a den-
sity corresponding to LAI values around 3 m? m~2 when trees
have a more uniform distribution of the leaves in the canopy
(Allen et al., 2012). At this threshold, the density of the orchard
becomes high enough to bring the zero plane displacement
height (d) upwards to the top of the canopy and Z,, reduces
for densities above that limit (Allen et al., 2012; ASCE, 1996, pp.
125-252). Therefore, such an effect must be considered in the
estimation of Z,y, in discontinuous woody crops, such as in
super-intensive olive orchards.

The current study aims to estimate ET for different stages
of the growing season in a super-intensive olive orchard in
Southern Portugal and, therefore, find appropriate solutions
for the parameterisation of the METRIC model, which was not
previously applied to these dense canopies. Specific objectives
include testing and evaluating the performance of the ad-
justments applied for parameterisation of the METRIC algo-
rithm to estimate ET for these orchards, more specifically
relative to estimating LAI, the surface temperature and the
momentum roughness length, as well as to assess these im-
provements through comparing the corresponding estimates
with field observed data.

2. Material and methods
2.1. Study area

The study area is located in a commercial super-intensive
olive orchard in Viana do Alentejo, in Southern Portugal
(38°24'N, 7°43' W, 143 m a.s.l; Fig. 1). The olive orchard oc-
cupies a total area of around 78 ha, with an undulating terrain.
The climate is Mediterranean, of type Csa according to the
Koppen classification (McKnight & Hess, 2000, pp. 205—211). A
brief summary of the temperatures, precipitation and alfalfa
reference ET (ET,) in the study (2011 and 2012) is presented in
Table 1. The dominant winds blow from the quadrant be-
tween N and W.

The olive orchard was planted in 2006 adopting a hedgerow
system with 1.35 m x 3.75 m spacing, thus with high tree
density (1975 trees ha™?), and an orientation South—North.
The olive trees are of cultivar Arbequina and their height is
around 3.5 m. The fraction of ground covered by the vegeta-
tion (f.) was approximately 0.35. Soils are sandy loam, with soil
water content averaging 0.24 cm® cm 2 at field capacity and
0.12 cm?® cm 3 at the wilting point.
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(a)
80 40 0 80 Km
I

Fig. 1 — Location of the study area in southern Portugal (a), with the identification of the super-intensive olive orchard in the
Landsat image (b) (scene 203/033; RGB combination 5:4:3).

Table 1 — Summary of the monthly values of mean daily maximum and mean daily minimum temperatures [°C],

precipitation [mm month~"] and alfalfa reference evapotranspiration [ET,; mm month~?], for the studied years.

Month Mean daily Mean daily minimum Precipitation ET, [mm month 7]
maximum temperature [°C] [mm month ]

temperature [°C]

2011 2012 2011 2012 2011 2012 2011 2012
January 14.1 15.8 5.4 2.8 76.1 15.0 36.7 47.2
February 17.1 16.0 4.8 0.0 62.5 0.6 59.3 83.0
March 17.9 21.3 6.5 5.7 39.3 25.1 86.2 129.1
April 24.6 18.0 10.7 6.9 94.6 39.1 138.2 100.0
May 27.6 26.5 13.1 11.2 101.7 16.9 165.7 177.0
June 30.1 29.9 12.6 13.5 46.0 0.3 220.4 233.1
July 31.8 32.8 13.8 13.9 1.0 0.6 270.2 281.1
August 31.7 32.7 14.9 15.0 7.8 3.9 220.0 245.0
September 30.7 30.3 13.7 14.9 49.7 41.5 164.3 184.8
October 28.1 233 122 11.4 44.8 95.1 139.7 101.9
November 17.7 16.6 8.5 7.9 141.1 227.6 50.5 39.5

December 154 15.9 4.3 6.5 12.5 61.6 36.4 331
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During the study period (years 2011 and 2012), irrigation
was applied almost every day during the spring and summer
periods. A drip irrigation system with spacing of 0.75 m be-
tween emitters and an emitter discharge of 2.3 1 h~" was used.
The fraction of ground area wetted by irrigation was f, = 0.23.

In 2012, between February 20th and 25th, an extremely
heavy frost affected the orchard, causing a strong leaf fall. A
severe pruning of the trees was therefore applied following
the frost occurrence. Some areas of the olive orchard were
more affected by the frost, and consequently the pruning was
not uniform along the orchard, which increased the variability
of the vegetation conditions within the orchard in 2012.

2.2. Field data

Data obtained from ground-based measurements were used
to validate information of several agronomic and biophysical
parameters computed from METRIC. A short description of the
measurements performed is presented herein; further infor-
mation can be found in Paco et al. (submitted for publication).
The soil evaporation (Es) was measured in both years during
summer (n = 8) with a set of six microlysimeters following
Daamen, Simmonds, Wallace, Laryea, and Sivakumar (1993).
Microlysimeters were distributed in three representative
areas considering soil exposure to solar radiation and surface
wetness by irrigation. The Granier (1985) method was used for
sap-flow measurements to obtain plant transpiration (Ts)
data, using a set of 6 sensors (1 cm length, UP GmbH, Ger-
many). Measurements were collected between DOY (day of
year) 134/2011 and 366/2012, with 30-min data being stored in
a datalogger (Model CR1000, Campbell Scientific, Inc., Logan,
UT, USA).

Crop evapotranspiration was assessed by eddy covariance
(EC) measurements (ETe) performed with a 3D sonic
anemometer and a krypton hygrometer (Models CSAT3 and
KH20, Campbell Scientific, Inc., Logan, UT, USA) connected to
a datalogger (Model CR1000, Campbell Scientific, Inc., Logan,
UT, USA). The sensors were placed on a metallic tower,
located near the centre of the orchard, at a measurement
height of 4.8 m. Raw data for sensible heat flux density (H) and
latent heat flux density (AE) were collected at a 10 Hz fre-
quency during 13 days in July—August 2011 and during 28 days
in June—August 2012. Data were further analysed with the
Software package TK3 (University of Bayreuth, Germany),
corrected following Foken, Leuning, Oncley, Mauder, and
Aubinet (2011) and submitted to a coordinate rotation
(Kaimal & Finnigan, 1994). Eight soil heat flux plates (cali-
brated Peltier modules sealed 20V, 4.4 A, 40 x 40 x 3.9 mm, RS
Components, Madrid, Spain) distributed by the tree row and
between the rows were placed at a depth of 2 cm to measure
the soil heat flux (G). The net radiation (R,) was measured with
a net radiometer (Model, NR-LITE, Kipp and Zonen, Delft, NL).
Further information on ground-based observations is given by
Paco et al. (submitted for publication).

The data series collected with the EC technique were
related with sap-flow data as detailed by Paco et al. (submitted
for publication). Soil evaporation data were simulated using
Ritchie's model (Ritchie, 1972) within the SIMDualKc model
suite (Rosa et al., 2012) as analysed by Paco et al. (submitted for
publication). Daily observed ET data (ETops) Were derived from

sap-flow calibrated data (Tsg) and soil evaporation simulated
via SIMDualKc (Es sim): ETobs = Tst + Es sim [mm d7'], as
described by Paco et al. (submitted for publication).

Temperatures of shaded soil surface and sunlit soil sur-
face were measured with infrared sensors (Apogee, Model SI-
111) and the hourly average data were recorded in a data-
logger (Campbell Scientific, Inc., Logan, UT, USA). Data for the
shaded soil surface were collected from May to October in
2011, while data for a sunlit soil surface were collected from
June to October, both in 2011 and 2012. Temperatures of the
canopy were continuously recorded by an infrared sensor
placed above the canopy, from July 2011 until the end of 2012.
Additionally, an infrared camera (ThermCam Model SC640,
FLIR systems) was used to obtain thermal-infrared images of
30 trees distributed through the olive orchard at several
dates. Thermal-infrared images were captured at side-view,
considering an orientation Southeast—Northeast. The differ-
ence between the average value of the temperatures recorded
by the infrared camera for the 30 trees on specific dates and
the value recorded with the infrared sensor was used to
adjust the canopy temperatures to values representative of
all the orchard trees. The ground-based temperatures were
used for comparison with values estimated in METRIC for the
temperatures of the canopy (T.), of the shaded ground surface
(Tshadow), and of the sunlit ground surface (Tsymit). For this
comparison, the mean absolute differences and the mean
bias were computed. The mean absolute difference was
computed as the absolute value for the difference between
the average temperature estimated with METRIC for the full
set of pixels in the study area (Tyerric) and the ground-based
temperature measured in the field (Tground data), for each
specific date. The mean bias was computed as
(TMETRIC - Tground data)/Tground data-

A set of eight Quantum sensors (QPAR-02, 400—700 nm,
Tranzflo, Palmerston, NZ) placed in a fixed grid around the
trees and one at the top of the canopy were used to measure
the photosynthetically active radiation (PAR) and further
derive leaf area index (LAI). The LAI was indirectly estimated
based on the light interception measurements and using the
Beer—Lambert law by considering the expression (Marshall &
Waring, 1986):

LAI = [ - In(Q;/Qo)l/K (1)

where Q; [umol m 2] corresponds to daily PAR measured at the
top of the canopy, Qo [umol m~?] is the daily PAR measured
below the canopy and K is the extinction coefficient, that was
set to 0.6 based on the olive tree study reported by Zarco-
Tejada, Miller, Morales, Berjon, and Agtiera (2004).
Meteorological data used in the METRIC application came
from a reference weather station located close to the study
area (Latitude 38° 21’ 42" N, longitude 08° 07’ 29" W, and
elevation 138 m). A quality control of the weather data was
applied following the procedures recommended by Allen et al.
(1998) and ASCE-EWRI (2005). Hourly wind speed, air temper-
ature (maximum and minimum), solar radiation, and relative
humidity data were used to estimate the alfalfa reference
evapotranspiration (ET,) (ASCE-EWRI, 2005) using the software
REF-ET (Allen, 2012). Daily precipitation data were used to
perform a soil water balance of the upper soil layer for the
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days preceding the satellite overpass, following the procedure
proposed in FAO 56 Guidelines (Allen et al., 1998) aiming to
assess ET for bare soil conditions.

2.3. Satellite data and ancillary data

Several satellite images from sensors Landsat 5 TM and
Landsat 7 ETM+ (path203/row033) were used in the applica-
tion of the METRIC algorithm, as detailed in Table 2. The im-
ages had L1T processing level, i.e., with geometric and terrain
correction. All the satellite images were cloud-free over the
selected study area.

A digital elevation model was used to correct the surface
temperature according to the differences in elevation and to
produce slope and aspect maps required in METRIC to esti-
mate solar radiation (Allen, Trezza, & Tasumi, 2006). A land
cover map obtained from CORINE Land Cover 2006 (scale
1:100,000) was used to support the estimation of the mo-
mentum roughness length, which was used to calculate
convective heat transfer.

3. Surface energy balance and adaptations of
METRIC algorithm for woody canopies

METRIC is based upon the energy balance at the land surface,
thus computing the latent heat flux (AE) by subtracting soil
heat flux (G) and sensible heat flux (H) from net radiation (Ry),
with all units in [W m~2]

JE=R,~G-H @)

The latent heat flux is computed for each pixel at the
instant of satellite overpass and is readily converted to
instantaneous ET (Allen, Tasumi, & Trezza, 2007)

ETinet = 3600 AE/A 3)

where ETj,; is the instantaneous ET [mm h~?], 3600 is the time
conversion from seconds to hours, AE is the latent heat flux
[W m~2], and 1 is the latent heat of vaporisation [J kg~1].

The fraction ETrF, which can also be termed an alfalfa-
reference-based crop coefficient, K., (Allen, Pereira, Howell, &
Jensen, 2011), is the ratio of the instantaneous ET derived for
each pixel to the alfalfa reference ET,. ETrF was computed for
the time of the satellite overpass, thus ETtFinst = ETinst/ETy.
The tall alfalfa reference ET, is used in METRIC calibration and

Table 2 — Summary of the satellite image dates used for
the METRIC application.

Dates (DOY)

Landsat 31 January 2011 (31)
5TM 20 March 2011 (79)
5 April 2011 (95)

Sensor Sensor Dates (DOY)

Landsat 11 February 2012 (42)

7 ETM+ 15 April 2012 (106)
20 July 2012 (202)

23 May 2011 (143) 21 August 2012 (234)

24 June 2011 (175) 6 September 2012

26 July 2011 (207) (250)

27 August 2011 (239)

12 September 2011 (255)

6 October 2011 (279)

30 October 2011 (303)

time-based interpolation because ET, represents a near
maximum limit on ET from full-cover vegetation. Values for
ET, average about 1.2—1.4 times greater than the shorter
clipped grass reference ET, (ASCE-EWRI, 2005). The ETrFins: is
commonly used to translate ETj,s: to longer periods such as
the day, assuming that the ETrFi,s is the same as the 24 h
average ETtF. This assumption has been shown to be valid for
agricultural crops developed to maximise photosynthesis and
stomatal conductance (Allen, Irmak et al.,, 2011). However,
differently from other agricultural crops, olive trees show an
important stomatal control, closing stomata under conditions
of high evaporative demand and having stomata wider open
in the morning relative to the afternoon (e.g., Fernandez,
Moreno, Girén, & Blazquez, 1997; Moriana, Villalobos, &
Fereres, 2002; Ramos & Santos, 2009). Moreover, as analysed
with the model SIMDualKc (Paco et al, submitted for
publication), the olive orchard was under mild to moderate
water stress during limited summer periods, which may have
led to a decrease in ETrF during the part of the day when
vapour pressure deficit values were higher. It therefore be-
comes necessary to adjust the scaling coefficient ETrF during
the mid-season period in a way similar to that reported by for
the grass-based crop coefficients, K.. Hence, in the mid-season
period, when the daily average temperatures were higher
(>20 °C) and maximum relative humidity was lower (<70%),
thus when the vapour pressure deficit was higher, the trans-
lation of ETins: into daily ET was based on an evaporation
fraction, EF. This EF is computed as the ratio between ETins;
and the difference R, — G, thus EF = ETine/(Rn — G) (Allen,
Pereira et al,, 2011). The use of EF for the satellite images of
the mid-season period provided an adjustment for daily
actual ET and daily ETF.

In the application of METRIC algorithm, two “anchor points
for calibration” — the “cold pixel” and the “hot pixel” — are
selected to define the limit conditions for the energy balance
over the study area. The cold pixel is selected and defined over
a well irrigated and non-stressed cropped field, representing
maximum ET (with ET set to ETco1q pixel = 1.05 ET,), while the
hot pixel is selected and defined over a bare agricultural soil
(Allen, Tasumi, & Trezza, 2007). A daily soil water balance of
the surface layer was used to estimate H = R, — G — ETpare soil
for the hot pixel (Allen, Tasumi, & Trezza, 2007).

In the application of the single-layer METRIC algorithm to
sparse woody canopies as olive orchards, some extensions
related with the estimation of vegetation temperature and of
momentum roughness length for tall vegetation, which may
impact the estimation of the sensible heat flux, were consid-
ered and assessed.

In METRIC, the estimation of sensible heat flux is a function
of the temperature gradient above the surface (dT), which is
approximated through a simple linear function of the radio-
metric surface temperature, Ts (Bastiaanssen et al., 1998). It is
also a function of the aerodynamic resistance to heat trans-
port between two heights (ran1,2), which is computed using the
extrapolation of wind speed from some blending height above
the surface and an iterative stability correction scheme based
on the Monin and Obukhov (1954) equations. Additionally, the
computation of H considers wind speed and the surface
roughness. The latter is estimated according to the land cover
type or amount of vegetation (Allen, Tasumi, & Trezza, 2007).
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In the application of the algorithm, both dT and ran1, are
estimated in a blended zone above the vegetation canopy
where effects from underlying vegetation and soil surface are
combined to fit similar blending presented by the satellite.
Thus, this blending zone is assumed to be sufficiently mixed
regarding the blend of vegetation and soil, so that a single dT
can be formulated to describe the blend of localised dT within
a satellite pixel (Allen, Pereira et al., 2011). The bulk values for
Ts derived from thermal pixels in Landsat images (60—120 m)
tend to correlate with the blended dT, thus allowing adequate
estimates of ET for olive orchards (Santos et al., 2012).

In recent applications of METRIC to tall vegetation, such as
in orchards and forests, the estimation of Z,,, is based on a
Perrier (1982) equation, as described in Allen, Irmak et al.
(2011), Allen et al. (2012). Alternatively, Z,y, can assume a
constant value within the range of values proposed by Allen
et al. (2012). The Perrier equation is written as

Zom = {[1 — exp(—a LAI/2)|exp(—a LAI/2)}h (4)

where h [m] is the crop height, LAI is the leaf area index
[m? m™?], and a is an adjustment factor for LAI distribution
within the canopy with a = (2fia) for fiar > 0.5 and
a=[2(1 ffLAI)]*1 for frar < 0.5. The factor fi 4 is the proportion
of LAI lying above h/2, which was set to 0.6 considering the
architecture of the olive trees in the studied orchard.

LAI is conventionally computed in METRIC using the soil
adjusted vegetation index (SAVI) and h (Allen, Tasumi, &
Trezza, 2007; Allen et al., 2012). However, as the traditional
equation used in METRIC underestimated the LAI values for
the studied olives orchard, an adjustment for the computation
of this parameter was necessary. The LAI estimates were
adjusted according to information collected in the field and
SAVIdata, and considering LAl values obtained by Diaz-Espejo
et al. (2012) for a hedgerow olive orchard whose characteris-
tics are similar to those of the study area

LAL}; = LAlyax [ (SAVI; — SAVInin 1) / (SAVImaxi — SAVImin;)] +0.01
()

where LAI;; is the LAI for each pixel and date, LAl is the
maximum LAI based on Diaz-Espejo et al. (2012) values ob-
tained in specific periods of the year for a fully irrigated
hedgerow olive orchard, SAVI;; is the SAVI for each pixel and
date, and SAVIpyi,; and SAVIy,.y; are respectively the mini-
mum and maximum values of SAVI in each date for the olive
orchard under study. The equation (5) for LAI computation
was specifically adjusted for the olive orchard under study.
Following this adjustment, and considering the crop height
data collected in the field, the relationship h = 3.5LAI was
obtained for the olives orchard under study, to provide esti-
mates of tree height for average field observations.

As previously mentioned, in tall and discontinuous vege-
tation, the surface temperature observed by a satellite in-
tegrates a mixture of the temperatures of sunlit and shaded
canopy surfaces, along with sunlit and shaded soil surfaces,
which are often different from each other. Therefore, the
computation of the radiometric surface temperature Ts for
discontinuous woody crops such as olive orchards can be
expressed as (Allen & Kjaersgaard, 2009)

Ts = _f cTc + fshadowTshadow +fsunlithunlit (6)

where f;, fshadow and feunnit are respectively the relative fraction
of ground covered by the vegetation, and shadow and sunlit
ground surface when viewed from nadir, so that
fe + fshadow + fsumit = 1, and T, Tshadow and Tsunit are the
temperature of the canopy, of the shaded ground surface and
of the sunlit ground surface, respectively. As the sunlit can-
opies are the primary source of energy exchange in tall can-
opies such as trees, the effective temperature for tall canopies
can be better adjusted if estimated by solving equation (6) for
T.. Thus, the canopy temperature, which is then used in the
METRIC ‘dT’ function for sensible heat flux calculation, is
estimated as

Tc = (Ts _fshadowTshadow _fsunlithunlit>/fc (7)
Tshadow and Tsuniit are estimated as (Allen & Kjaersgaard, 2009)

Tshadow = Tcoldpixel - (Tcoldpixel - Twetbulb)/Kshadow (8)

Tsunlit = Tcoldpixel + (Thotpixel - Tcoldpixel) / Ksunlit (9)

where Thotpixel aNd Teoldpixel are the temperatures of the hot
and cold pixels, and Tyewup iS the wet bulb temperature
estimated from air temperature and relative humidity, Kshadow
is a fitting coefficient ranging between 1 and 5, and Ksyniit is a
fitting coefficient ranging from 1 to 4. A value of 3 was used
both for Kghagow and Keuniic based on field data information.
Rationale for the form and parameters used in equations (8)
and (9) is provided in Allen and Kjaersgaard (2009).

The f, fraction of ground cover by vegetation (see equations
(6) and (7)) was estimated from the Normalised Difference
Vegetation Index (NDVI) data. For our olive orchard, taking
into consideration field observations for f., it was defined as

fo = 0.59(NDVI; — NDVIyip)/(NDVIpax — NDVIpin) +0.01  (10)

where NDVI; is the NDVI for each pixel, and NDVI,;, and
NDVI.x are respectively the average minimum and
maximum values of NDVI for a super-intensive olive orchard.
Based on the analysis of the NDVI results in the olive orchard
for 15 image dates of 2011 and 2012, the values of NDVI,,;, and
NDVI.x Were set to 0.21 and 0.60, respectively. The parame-
ters of equation (10) should be adjusted when applications
concern different orchards.

The fraction of shaded ground was based upon the shadow
visible from nadir and was estimated as (Allen & Kjaersgaard,
2009)

fshadow = min (1 _fC7_fSt0t _fcfnonvisible) (11)

where fqor is the fractional area covered by a shadow cast by
the crowns, fhonvisible i the fraction of the canopy that has a
shadow under it and is not visible from the satellite because it
is covered by the canopy, and fsor and fronvisile Were esti-
mated with the equations proposed respectively by Allen and
Kjaersgaard (2009) and Campbell and Norman (1998)

fstot :fc/COS(e) (12)

Fuomisve =1 = (fonape (fir /tan(r/2 = 0)) ) /w (13)
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where fohape is a factor to adjust for differences in shape be-
tween trees and their shadow when viewed from nadir, h is
the tree height, f,, is a factor describing the proportion of
bottom leafless portion of the tree and not casting a shadow
due to the total height of the tree, 6 is the sun zenith angle
[rad], and w is the vegetation width [m] as described by
Campbell and Norman (1998).

The fraction of the ground that receives direct solar radi-

ation visible from nadir was estimated as (Allen &
Kjaersgaard, 2009)
fsunlit = max(07 1 _fc _fshadow) (14’)

Further details of METRIC algorithm are given by Allen,
Tasumi, and Trezza (2007), Allen et al. (2012). The software
ERDAS IMAGINE v.2010 (Leica Geosystems) was used for the
application of METRIC algorithm.

4, Results and discussion

4.1. Improvements in METRIC parameterisation relative
to LAI, Z,,, and Tg

The results of LAI obtained with the equation conventionally
used in the METRIC algorithm (LAI = 11SAVI®) ranged between
046 and 0.75 m? m2 in 2011 and between 0.33 and
0.68 m? m~2 in 2012. These values are higher than the results
reported by Santos et al. (2012) for rainfed traditional olive
orchards having lower tree density (70—200 trees ha™'). In
contrast, these LAI values are lower than those reported by
Diaz-Espejo et al. (2012) for a hedgerow olive orchard with
characteristics similar to the ones of the orchard under study.
Those LAI values are also lower than the values estimated
from field PAR measurements, and no correlation was found
between the two datasets (data not shown).

Adopting equation (5) to compute LAI in the olive orchard
under study led to improved estimation of this parameter in
the METRIC algorithm. The new LAI results showed a good
agreement between data estimated by METRIC and data

15

1.0

0.5

LAl estimated in METRIC

0.0

0.0 0.5 1.0 1.5
LAI - ground data

Fig. 2 — Comparing LAI computed with METRIC using
equation (5) with LAI obtained from field PAR
measurements (LAI-ground data) for 10 image dates
between July 26th 2011 and September 6th 2012

(y = 0.951x; R? = 0.813; n = 10).

estimated with PAR data. Comparing these data with a
regression forced through the origin resulted a regression
coefficient close to 1.0 (b = 0.95) and a R? of 0.81 (Fig. 2). The LAI
estimated by the improved METRIC algorithm for hedgerow
olives (equation (5)) ranged between 0.74 and 1.23 m? m 2 for
the year 2011 and between 0.62 and 0.96 m® m 2 in 2012, with
lower values occurring during winter and early spring. The
lower LAI values for 2012 were due to the occurrence of a se-
vere frost during winter that caused a strong leaf fall and
made necessary an intense pruning of the trees. The results
for 2011 are within the range of values presented by Diaz-
Espejo et al. (2012).

The estimation of Z,,, may have an important impact on
the performance of the METRIC algorithm applied to sparse
woody canopies as it impacts the estimation of H. Therefore,
following the adoption of improvements in Z,, derivation
from METRIC as described in Section 3, Z,,, computed with the
Perrier equation (equation (4)) were compared with other Zg,
values published in the literature for tree crops and olive or-
chards with different tree density (Allen et al., 2012; Berni,
Zarco-Tejada, Sepulcre-Cantd, Fereres, & Villalobos, 2009;
Santos et al., 2012; Villalobos, Orgaz, Testi, & Fereres, 2000).

The average Z,n, from equation (4) was 0.81 m (ranging be-
tween 0.74 and 0.85 m) and the average Z,m/h ratio was 0.24
(ranging from 0.22 to 0.25), for the set of images considered.
These results are similar to those reported by Allen et al. (2012)
when applying the same equation for tree species with LAI
similar to that observed in the studied olive orchard (Zom/h
values around 0.21—0.25). These results are higher than those
presented in other studies where different parameterisations
were used for the aerodynamic resistance, reporting values of
0.068—0.15 h for olive orchards with a lower number of trees,
70—280 trees ha™? (Berni et al.,, 2009; Santos et al., 2012;
Villalobos et al., 2000). Nevertheless, the higher values for the
Zom oObtained in the current study relate to the higher density of
the super-intensive olive orchard (1975 trees ha™?') since, as
discussed before, Z,,, increases as the orchard density in-
creases up to a threshold LAI of 3 m? m ™2 (Allen et al., 2012).

The mean absolute difference between ground data and
METRIC estimated data for Tshadow Was 3.6 K, representing a
mean bias of 1.23% (over six image dates), with mean differ-
ences ranging from —3.6 to 8.3 K. The mean absolute differ-
ence for the Tgyny;e Was 3.5 K, representing a mean bias of 1.13%
(over eight image dates), with mean differences ranging be-
tween 1.6 and 6.8 K. Regarding T, the mean absolute differ-
ence between ground data and METRIC estimated data was
5.0 K, corresponding to a mean bias of 1.66% (over nine image
dates), with mean difference values ranging from 0.3 to 9.3 K.
Part of this bias may be due to the differences between
satellite-based retrievals of surface temperature that were not
corrected for atmospheric impacts and the ground-based ob-
servations. Moreover, using a regression through the origin to
compare the temperature of the canopy estimated by METRIC
with that obtained from field measurements resulted in a
regression coefficient b = 1.02, thus very close to 1, and a high
R? of 0.89 (Fig. 3).

Differences between the temperature of the soil (either
shaded or sunlit) and of the canopy were up to 20 K (Fig. 4),
which are similar to results reported by Sepulcre-Canto et al.
(2006). Larger differences were observed between Tshadow
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Fig. 3 — Comparing the temperature of the canopy (T.)
derived from METRIC (T, merric) With that obtained from
ground data (Tc_ground data) (¥ = 1.017x; R> = 0.8876; n = 9).

and T, (Fig. 4). However, fshadow (€quation (6)) is the less
representative component of the relative fractions of ground
cover, except for the winter and mid to late autumn dates,
when the differences between the various components of the
temperatures (Fig. 4) were also small. Values of fshaqow ranged
between 0.09 and 0.20 in the spring and summer, and between
0.26 and 0.54 in autumn and winter periods, thus in agreement
with the sun angle at nadir.

For the dates of the spring and summer periods, the value
of T. was larger than Tguni (Fig. 4) because, at the time of
satellite overpass, the founic integrates a mix of dry and wet
soil due to irrigation.

4.2. Performance of METRIC algorithm when applied to
olive orchards

To evaluate the performance of METRIC algorithm when
applied to the olive orchard and following the adoption of im-
provements in the computation of Z,, and surface tempera-
ture, the results of ET estimated using those improvements
were compared with results obtained using the approaches
commonly applied in METRIC. For that comparison, we

340
330
320
310
300
290
280
270
260
250

TIK]

considered the mean differences between ET derived from
METRIC (ETmerric, corresponding to the average of ET of the
vegetated pixels in the olive orchard) and the ET obtained from
ground data (ETops). Table 3 shows the mean differences be-
tween ETverric and ETops, for ETyerric estimated: (i) by
computing the surface temperature with the adjustment in
equation (6) (T agj) or without that adjustment (T no agj), and (ii)
by considering different options for the Z,, computation as
suggested by Allen et al. (2012) for woody crops.

The comparison of the results related to the computation
of Z,, showed that mean differences in the ET estimate do not
differ much between the options considered (Table 3). The
application of the Perrier equation showed good results for the
ET estimation in the olive orchard under study (Table 3,
Zom = f(LALh)), with small differences when compared to the
other options where Z,,,, was held constant (Table 3). For some
dates, the mean differences ETmerric — ETobs Were smaller
when a constant value of Z,, was considered (Table 3).
Nevertheless using the Perrier equation (equation (4)) provides
for a Z,y, that varies with LAI and h, therefore allowing the
spatial variability of the vegetation conditions within the olive
orchard to be considered. The average difference
ETmerric — ETobs Was 0.06 mm d~' when comparing
Zom = f(LALh) with Zoy, = 1.0 m, was 0.01 mm d~* when the
comparison was made with Z,, = 0.8 m, and was
—0.07 mm d~! when comparing with Z,,, = 0.5 m. Hence, for
the set of dates considered, the differences ETyerric — ETobs
are small.

The computation of Z,, with the Perrier equation in
METRIC was previously tested with good results in rainfed
traditional olives orchards (Santos et al., 2012), thus showing
its adequacy for orchards having quite different characteris-
tics. As discussed in Section 4.1, different Z,,,/h ratios can be
associated to orchards having different tree densities and
canopy architectures, thus a constant Z,,, might not be suit-
able for olive orchards with characteristics differing from
those of the studied orchard because, contrarily to the use of
equation (4), it does not adjust for tree density and architec-
ture. Future research should verify whether the use of the
Perrier equation is appropriate to other orchard types.

Regarding the sensitivity tests for the application of the
three-source condition (equation (6)) for the computation of

31 79 95 | 143 | 175 | 207

2011

239

DOY

255 | 279 | 303 | 42 | 106 | 202 | 234 | 250

2012

Fig. 4 — Daily average temperatures of the soil sunlit surface (@ Tsyniit), Soil shaded surface (B Tshadow), and canopy (O T.)
computed from METRIG for the set of pixels of the olive orchard under study.
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Table 3 — Mean difference (ETygrric — ETobs) [Mm d ] between evapotranspiration obtained from METRIC and from ground

data considering different approaches in the computation of the momentum roughness length (Z,,,) and of the surface

temperature (T).

DOY (Year) Zom = f(LALh)® Zom=1.0m Zom =0.8m Zom =0.5m
Ts adjb Ts no acljC Ts adj Ts no adj Ts adj Ts no adj Ts adj Ts no adj

143 (2011) 0.81 1.10 0.79 1.09 0.81 1.11 0.83 1.13
175 (2011) 0.38 1.20 0.29 1.12 0.38 1.20 0.54 1.33
207 (2011) 0.38 1.56 0.31 1.51 0.38 1.55 0.50 1.63
239 (2011) —-0.19 1.07 -0.23 1.05 —-0.19 1.07 -0.11 1.10
255 (2011) 0.00 1.36 —-0.02 1.36 0.01 1.36 0.05 1.36
279 (2011) —0.76 0.35 -0.77 0.36 —-0.76 0.35 -0.76 0.32
303 (2011) 0.41 1.37 0.40 1.38 0.41 1.37 0.42 1.34
42 (2012) 0.36 1.10 0.30 1.04 0.35 1.09 0.45 1.18
106 (2012) 0.13 0.97 —-0.10 0.77 0.03 0.89 0.27 1.11
202 (2012) 1.24 241 1.15 2.37 1.21 2.40 1.32 2.46
234 (2012) 0.82 2.19 0.79 2.18 0.81 2.18 0.86 2.18
250 (2012) 0.53 191 0.50 1.90 0.53 1.91 0.58 191
Mean absolute difference 0.52 1.41 0.49 1.38 0.51 1.40 0.58 1.45
Mean difference 0.38 1.41 0.32 1.38 0.36 1.40 0.34 1.45

& Zom computed with the Perrier equation (Eq. (4)).

® Surface temperature computed using the three-source condition (Eq. (6)), i.e., differentiating the temperatures of the canopy, of the shaded

ground surface and of the sunlit ground surface.

¢ Surface temperature computed without considering the three-source condition.

radiometric surface temperature (T aq5), the results in Table 3
have shown a better performance for the ET estimation for all
Z.m computation options considered, as opposed to applying
METRIC using the bulk T from satellite, only. When the
equation (6) was not applied (Ts no agj), larger mean differences
in ETuverric — ETobs Were obtained, ranging between 0.3 and
2.5 mm d~! when considering all dates and all options for Z,p,
computation (Table 3). These results show the importance of
considering the three-source condition in the computation of
surface temperature and, thus, in obtaining the temperature
of the canopy, which was then used in the METRIC ‘dT”
function for sensible heat flux estimation. This approach is
also a way of overcoming the limitations of one-source
models relative to two-source models and it is likely appli-
cable to other orchard types, which is a theme for future
research.

4.3. Evapotranspiration estimated with METRIC
algorithm

Following the results presented in the previous Sections,
equations (4)—(6) for the computation of Z,,, LAI, and sur-
face temperature were adopted in METRIC for the estima-
tion of ET of the super-intensive olive orchard under study.
The results of ETygrric, corresponding to the average of ET
of the vegetated pixels in the olive orchard, thus excluding
pixels of roads or buildings within the orchard, were
compared against ET derived from ground data, ETqps (as
defined in Section 2.2).

ETumerric and ETqps followed a similar pattern as shown in
Fig. 5. The mean value for ETygrric in 2011 was 3.58 mm d?,
with values ranging between 1.88 and 6.0 mm d~* (Table 4),
while the mean value for ETops was 3.44 mm d?, with values
ranging from 2.29 to 5.19 mm d~*. In 2012 the mean value for
ETumeTric Was 2.75 mm d %, with values ranging between 0.92
and 4.46 mm d %, that compared well with ET,s, whose mean

was 2.37 mm d ! and range was 0.56—3.22 mm d~* (Table 4).
The lower ET values in 2012 were due to the severe frost
occurrence and subsequent heavy pruning, which impacted
the vegetation conditions as previously discussed.

The regression forced through the origin used to compare
ETmerric @and ETops showed R? = 0.85 and a regression coeffi-
cient b = 1.11, thus indicating that METRIC tended to slightly
overestimate ET relative to ground-based computations
(Fig. 6). The mean absolute difference between ETyerric and
ETops for the dates in 2011 was 0.4 mm d~* (corresponding to a
mean bias of 12.6%), with the largest mean difference of
0.81 mm d~?! on May 23rd, DOY 143 (Table 4). For 2012, the
mean absolute difference was larger, 0.6 mm a+? (mean bias of
31.2%) and the largest mean difference was 1.2 mm d* (July
20th, DOY 202; Table 4). The overestimation in 2012 relates to
the referred change in canopy architecture due to a large loss
of leaves following the heavy frost in winter that was followed
by a reduction of the canopy size by pruning.

These changes in canopy architecture were not uniform
through the orchard but largely varied spatially. Therefore,
the standard deviation (SD) of ETuerric for the pixels of the
olive orchard was larger in 2012 than in 2011: SD values ranged
between 0.19 and 0.50 mm d~* in 2011, while in 2012 ranged
from 0.31 to 0.82 mm d~*. The large mean differences between
ETmerric @and ETops in 2012 (Table 4) also relate to the fact that
results from METRIC consisted of an average value relative to
all pixels of the olive orchard while ground data corresponded
to point values and local measurements, which incorporate
the unavoidable uncertainties associated with sampling.
These differences largely explain the tendency of METRIC to
overestimate ET relative to ground-based computations.

The mean differences observed between ETyerric and
ETgps for both years (Table 3) may also be due to limitations of
METRIC since it is a one-dimensional blended surface energy
balance algorithm while discontinuous woody crops could, in
theory, be better represented by a two-source or two-
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Fig. 5 — Evapotranspiration derived from ground data (——— ET,ps), ET derived from METRIC algorithm ([0 ETygerric) @and

alfalfa reference evapotranspiration (

ET,) for 2011 (upper panel) and 2012 (lower panels).

dimensional model. Minacapilli et al. (2009) and
Timmermans, Kustas, Anderson, and French (2007) reported
that the two-source surface energy balance model TSEB per-
formed slightly better in tree crops and sparse vegetation than
one-source models because it is able to differentiate soil and
vegetation components in the computation of the energy

Table 4 — Evapotranspiration from field data (ET,,s) and
computed with METRIC algorithm for the set of pixels of

the olive orchard (ETmeTric) and mean difference between
ETmerric and ETgps.

DOY (Year) BT e ETmETRIC Mean difference
[mmd™? [mmd? [mm d~?]

31 (2011) = 1.54 =

79 (2011) - 237 -

95 (2011) = 2.33 =

143 (2011) 5.19 6.00 0.81
175 (2011) 3.79 4.17 0.38
207 (2011) 3.59 3.97 0.38
239 (2011) 3.68 3.49 -0.19
255 (2011) 2.87 2.87 0.00
279 (2011) 2.65 1.88 -0.76
303 (2011) 2.29 2.70 0.41
42 (2012) 0.56 0.92 0.36
106 (2012) 2.58 2.70 0.13
202 (2012) 3.22 446 1.24
234 (2012) 3.03 3.85 0.82
250 (2012) 2.46 2.99 0.53
Average 2.99 3.08 0.38
Mean absolute = = 0.52

difference

balance. However, the data required to parameterise and
apply TSEB are often not readily available. Nevertheless, the
use of a three-source condition in this study to compute sur-
face temperature helped to overcome the limitation of the
one-dimensional model; however, further research is needed.

The mean bias of 20% for the whole set of images integrates
the effects of changes in canopy conditions in 2012 and would
certainly be lower if these changes have not occurred, since in
2011it was 12.6%. Nevertheless, it is within the range of values
reported by Bastiaanssen et al. (2008) relative to the one-
source model SEBAL applied to tree crops in various coun-
tries. That mean bias is also within the range of values
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Fig. 6 — Comparing crop evapotranspiration derived from
METRIC algorithm (ETuerric) and from ground data (ETops)
(y = 1.112x; R* = 0.8485; n = 12).
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presented by Allen, Tasumi, Morse et al. (2007) for the appli-
cation of METRIC to several annual crops. Moreover, the
observation and calibration of the field data have their own
errors and uncertainties that may affect the computed bias.

5. Conclusions

The current application of the METRIC algorithm to estimate
ET in a super-intensive olive orchard has shown good results
when compared with ET derived from ground data. These
positive results were possible because an appropriate
parameterisation could be applied responding to the specific
requirements of a dense hedgerow olive orchard. The inno-
vative approaches to the METRIC application refer to (1) the
adoption of a three-source condition for the computation of
the radiometric surface temperature, (2) the computation of
the momentum roughness length using the Perrier equation
for Zom estimation from the crop LAI and height, and (3) the
adoption of a new equation to estimate LAI from SAVI. These
approaches are expected to be applicable to different orchards
and tree crops when appropriate parameterisation is adopted.
Further testing with different discontinuous tree canopies is
desirable. The ET from METRIC represents the average of the
various pixels within the orchard which overcomes the sam-
pling uncertainties relative to field observations. Differences
between satellite and ground approaches are influenced by
these conditions and by errors of METRIC parameterisation
and errors of ground data observation and model calibration.
Nevertheless, the results obtained were within the range of
biases observed by other authors who have studied tree crops.
Results from METRIC allowed the spatial variability of ET
within the olive orchard to be understood. This allowed the
consequences of defoliation following a heavy frost and the
subsequent heavy pruning to be observed.

The results obtained with METRIC are appropriate for
further estimation and mapping of evapotranspiration of olive
orchards to support irrigation management mainly when
associated with an irrigation scheduling simulation model.
Nevertheless, further research must be implemented relative
to olive orchards with different density and architecture
characteristics, as well as for other tree and woody crops, so as
to improve the parameterisation and use of METRIC
algorithm.
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