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Optimization  of  olive  oil  quantity  and  quality  requires  finely  tuned  water  management,  as  increased
irrigation,  up  to  a certain  level,  results  in increasing  yield,  but  a certain  degree  of  stress  improves  oil  qual-
ity.  Monitoring  tools  that  provide  accurate  information  regarding  orchard  water  status  would  therefore
be beneficial.  Amongst  the  various  existing  methods,  those  having  high  resolution,  either  temporally  (i.e.,
continuous)  or spatially,  have  the  maximum  adoption  potential.  One  of the  commonly  used  spatial  meth-
ods is the  Crop  Water  Stress  Index  (CWSI).  The  objective  of this  research  was  to test  the  ability  of the  CWSI
to  characterize  water  status  dynamics  of olive  trees  as they  enter  into  and  recover  from  stress,  and  on  a
diurnal  scale.  CWSI  was  tested  in  an  empirical  form  and  in  two  analytical  configurations.  In an  experiment
conducted  in  a lysimeter  facility  in  the northwestern  Negev,  Israel,  irrigation  was  withheld  for 6 days  for
5 of  15  trees,  while  daily  irrigation  continued  for the  rest  of  the trees.  After  resuming  irrigation,  the trees
were  monitored  for 5  additional  days.  Water  status  measurements  and  thermal  imaging  were  conducted
daily between  12:00  and 14:00.  Diurnal  monitoring  (predawn  to after  dusk)  of the same  indicators  was
conducted on the  day  of maximum  stress.  Continuous  meteorological  data  were  acquired  throughout
the  experimental  period.  Empirical  and analytical  CWSI  were  calculated  based  on  canopy  temperature
extracted  from  thermal  images.  The  empirical  CWSI  differentiated  between  well  watered  and  stressed

trees,  and  depicted  the  water  status  dynamics  during  the  drought  and  recovery  periods  as  well  as  on a
diurnal scale.  Analytical  approaches  did  not  perform  as  well  at either  time  scale.  In conclusion,  the  empir-
ical CWSI  seems  to  be promising  even  given  its limitations,  while  analytical  forms  of CWSI  still  require
improvement  before  they  can  be  used  as  a water  status  monitoring  tool  for  olive  orchards.  Practically,  it
is  proposed  to compute  the wet  temperature  analytically  and  set  the  dry temperature  to  5 ◦C higher  than
air  temperature.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The importance of olive oil cannot be overemphasized. Recent
idespread transition from traditional-rainfed to intensive-

rrigated orchards, as well as profusion of new plantations, is well
pparent in many Mediterranean areas and worldwide. It has also
een indicated that optimization of olive oil quantity and quality
equires finely tuned water management, as increased irrigation,
p to a certain level, results in increasing yield, but a certain degree
f stress improves oil quality (Ben-Gal et al., 2011a,b; Berenguer

t al., 2006; Dag et al., 2008). Monitoring tools that provide accu-
ate information regarding orchard water status would therefore
e beneficial. Amongst the various existing methods, those having

∗ Corresponding author. Tel.: +972 52 2292131; fax: +972 8 9926485.
E-mail addresses: agam@agri.gov.il, nurit.agam@gmail.com (N. Agam).

378-3774/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agwat.2012.12.004
high resolution, either temporally (i.e., continuous) or spatially,
while covering sufficient representative area, have the highest
adoption potential (Ben-Gal et al., 2010).

Canopy temperature (TC) has long been recognized as an indi-
cator of plant water availability (Gates, 1964). Recent technological
advances in remote thermal imaging offer the potential to acquire
spatial information on surface temperature, and thus facilitate
mapping of TC variability over large areas. Mapping can be practiced
at various scales from local (e.g., mounting an infrared thermome-
ter on an elevated device) to regional (satellite images covering
large areas, but at the expense of lower spatial resolution).

TC is determined not only by the water status of the plant, but
also by environmental conditions, primarily incoming short wave

radiation, wind speed, air temperature and humidity. In order to use
TC as a water status indicator it must be normalized to account for
the varying environmental conditions. One of the commonly used
normalization methods is a temperature-based crop water stress

dx.doi.org/10.1016/j.agwat.2012.12.004
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
mailto:agam@agri.gov.il
mailto:nurit.agam@gmail.com
dx.doi.org/10.1016/j.agwat.2012.12.004


8 ater M

i
o
e

C

m
l
i
t
r
i
b

b
e
c
a
d
1
f
t

r
u
a
l
r

T

T

w
b
i
r
�
t
2

(

r

a
e
o
(

C

i
r
c
d

w
a
G
a

0 N. Agam et al. / Agricultural W

ndex (CWSI) developed by Idso et al. (1981).  The CWSI is a measure
f relative transpiration (Jackson et al., 1981) and is defined as (Idso
t al., 1981; Jackson et al., 1981):

WSI = TC − Twet

Tdry − Twet
(1)

in which Twet is the temperature of a leaf transpiring at the maxi-
um  potential rate and Tdry is the temperature of a non-transpiring

eaf. According to this definition, when a canopy is transpiring at
ts potential rate, TC = Twet and CWSI = 0. When the canopy is not
ranspiring, TC = Tdry and CWSI = 1. This normalization is simple and
easonable, provided that Tdry and Twet are known. Several theoret-
cal formulations have been proposed to determine the CWSI, all
ased on energy balance equations.

The use of theoretical equations of CWSI based on the energy
alance equation (Jackson et al., 1988) is limited by the need to
stimate net radiation and aerodynamic resistance, but allows the
alculation of canopy conductance (Leinonen et al., 2006; Lhomme
nd Monteny, 2000; Smith et al., 1988). Two analytical forms are
iscussed here, the first proposed by Jones (CWSIJ; Jones, 1992,
999) and the second by Berni et al. (2009) (CWSIB). The detailed
ormulations of both are found in the given references. Here, only
he final forms, relevant to the discussion, are presented.

Jones (1992, 1999) determined the dry and wet temperatures
equired in Eq. (1) by solving for the surface energy balance. Tdry, the
pper limit set as a non-transpiring leaf temperature, is computed
ssuming no transpiration flux, and Twet, the lower limit set as a
eaf transpiring at the potential rate, is computed assuming canopy
esistance is negligible. This yields:

dry = Ta + RnrHR

�CP
(2)

and

wet = Ta − rHRrV �

�CP(�rHR + �rV )
Rn + rHR

�rHR + �rV
VPD (3)

here Ta is air temperature; Rn is net radiation; rHR is the com-
ined resistance to sensible heat transport; � is dry air density; CP

s the specific heat of dry air at constant pressure; rV is aerodynamic
esistance to latent heat transport; � the psychrometric constant;

 is the slope of saturated water vapor pressure versus tempera-
ure curve; and VPD is vapor pressure deficit. See (Ben-Gal et al.,
009) for details on specific parameterizations.

In the approach of Berni et al. (2009),  first the canopy resistance
rc) is computed by:

c = raVPD

�((raRn/�CP) − (Tc − Ta))
(4)

in which ra is the aerodynamic resistance. Once rc is known,
nd the potential canopy resistance for a well watered crop (rcp) is
stimated (see Moriana and Fereres, 2002; and Testi et al., 2006 for
live trees), an analytical solution for the CWSI may  be obtained
Jackson et al., 1981):

WSIB = �(rc − rcp/ra)
� + �(1 + (rcp/ra))

(5)

When rc = rcp, i.e., water vapor conduction through the stomata
s at its potential rate, CWSIB = 0. When the stomata are closed and
c→ ∞,  CWSIB → 1. By defining a value for rcp rather than setting
anopy resistance of well watered plants to zero, a more realistic
escription of the system is achieved.

Additional recent studies proposed the use of empirical dry and

et reference temperatures, allowing the estimation of CWSI with

 minimum of meteorological measurements (Cohen et al., 2005;
rant et al., 2007; Jones et al., 2002; Moller et al., 2007). In such
n empirical approach (CWSIE), Tdry is set to 5 ◦C greater than air
anagement 118 (2013) 79– 86

temperature (Jackson, 1982) and Twet is determined based on mea-
surements of a wet artificial reference surface (WARS) captured
by the thermal image. This approach can only be applied to mea-
surements at a local scale, i.e., when proximal thermal images are
taken.

Two main drawbacks limit the applicability of CWSIE for high
spatiotemporal monitoring of stress (Ben-Gal et al., 2009). The first
is the empirical value of 5 ◦C. While it had indeed been proven to
represent the maximum leaf temperature under several conditions
(Cohen et al., 2005; Irmak et al., 2000; Moller et al., 2007), the
CWSIE is quite sensitive to the value assigned to Tdry, and a sig-
nificant uncertainty is induced to the index’s value when use of
this empirical formulation is adopted. The second drawback lies in
the need for a wet reference to exist in every analyzed image. This
restricts the frequency in which data can be acquired, thus limiting
the usefulness of the method for routine measurements.

The analytical formulations potentially overcome the men-
tioned setbacks of the empirical approach, provided they yield
accurate and reliable results. Ben-Gal et al. (2009) tested both
the analytical and the empirical methods in an olive orchard with
irrigation treatments, and found both methods to perform well,
with no statistically significant difference between them. Their con-
clusions were based on a single day of measurement. However,
when the aim is to provide a management tool that will assure spe-
cific water status conditions, the technique should be able to not
only separate between water status levels, but also follow water
status dynamics. The objective of this research was  to test the ability
of the CWSI to detect dynamics in canopy temperatures reflecting
relative transpiration of trees under different water status condi-
tions. The CWSI was  tested, in its empirical form as well as in two
analytical forms, both on a diurnal and a day-to-day timescale by
monitoring individual trees via proximal thermal imagery as they
entered into and recovered from stress.

2. Materials and methods

2.1. Experimental setup

Single 2-year-old ‘Barnea’ olive trees were planted in fifteen
2.5 m3 volume free-standing lysimeters at the Gilat Research Center
in the northwestern Negev, Israel (31◦20′N, 34◦40′E) in June 2008.
Full details on the experimental setup are given by Ben-Gal et al.
(2010). Tree volume, estimated by multiplying the tree upper tran-
sect, calculated from RGB images, by measured tree height, was
31.3 ± 7.3 m3. The row spacing between the trees was  2.5 m and
within row distance was  4 m.

The lysimeters’ weights were continuously monitored, and their
soil surface covered by a water permeable geotextile (Non-Woven
Geotextile, 500 gm−2, Noam-Urim, Israel). Since the soil surface
was completely shaded both by the geotextile mulch and by the
tree canopies themselves, evaporation losses were assumed to be
negligible. Thus, transpiration rates (T) of individual trees were
computed by

T = I − D − �W (6)

where I is irrigation, D is drainage, and �W is mass change repre-
senting change in soil water content.

Prior to the initiation of the experiment, the trees were irrigated
daily with quantities always exceeding previous days’ transpiration
rates.

Starting in August 28, 2009 irrigation was  withheld for 5 of the

15 trees, and by September 2 they were transpiring ∼10% of the well
watered trees and were severely stressed (Ben-Gal et al., 2010). On
September 3, irrigation was resumed. Daily irrigation continued for
the rest of the trees at all times. Hereafter, August 28–September 2
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Fig. 1. Example of thermal images of (a) a well watered tree and (b) a stressed tree,
taken at 1300 on September 2, 2009 (day of maximum stress). The ellipsoids mark
N. Agam et al. / Agricultural W

ill be referred to as the “drought period”, and September 3–7, dur-
ng which all physiological parameters returned to their reference
alues or stabilized on new values, will be termed the “recovery
eriod”. See Ben-Gal et al. (2010) for more details on the experi-
ental setup and physiological monitoring.
Continuous meteorological data were acquired from a weather

tation 200 m from the site and actual transpiration rates were
omputed from the lysimeter water balance. During the drought
nd recovery periods, water status measurements were conducted
aily between 12:00 and 14:00 local standard time on all trees.
hese included canopy temperature (see details below) and sto-
atal conductance from a diffusion leaf porometer (SC-1, Decagon
evices, Inc., Pullman, WA,  USA) measured on five leaves fully
xposed to sunlight on each tree. The daily monitoring continued
fter re-watering until full recovery was observed.

In order to capture the diurnal behavior of the different
arameters on both well-irrigated and drought-stressed trees, the
easurements were augmented and conducted throughout the

ay on September 2, the day before re-watering (day of minimum
vailable water, minimum ET and maximum water stress). Diurnal
onitoring started predawn (4:00) and continued until after dusk

20:00).

.2. Thermal images acquisition and analysis

Thermal images were acquired using an un-cooled infrared ther-
al  camera (ThermaCAM model SC2000, FLIR Systems Inc., USA)

nd ThermaCam researcher professional software (FLIR Systems
nc., USA). The camera has a 320 × 240 pixels microbolometer sen-
or, sensitive to the 7.5–13 �m spectral range, and a lens with an
ngular field of view of 24◦. For accurate temperature extraction
missivity, air temperature and relative humidity were entered.
eaf emissivity was set to 0.98 and meteorological conditions val-
es were entered from the meteorological station. The camera was
ounted on a crane about 3 m above the canopy, yielding a res-

lution of 0.3 cm.  Each image captured a single tree canopy and
 WARS which its temperature was used as Twet in CWSIE (see
ig. 1 for an example of stressed and well watered trees). Thermal
mages of two  well watered and two stressed trees were captured
t every measurement point. The WARS was constructed from a

 cm thick slab of expanded polystyrene foam that floated in a
0 cm × 30 cm × 12 cm tray, covering most of the water surface. The
lab was coated with a water absorbent non-woven polyester and
iscose mixture cloth (Spuntech, Israel), overlaid on polyester non-
oven water-absorbent cloth. The edges of the cloth served as a
ick, soaking up water to replace evaporation, and the polystyrene

oam insulated the float from the background (Meron et al., 2003;
oller et al., 2007). The WARS formed a permanently wet surface

f reproducible radiometric and physical properties. Tree canopy
emperatures (TC) were determined by averaging pixels extracted
rom the central area of the canopy (ThermaCam researcher pro-
essional software). Similarly, polygons in the WARS in each image
ere delineated to extract its temperature. CWSIE, CWSIJ and
WSIB were computed for each image using Eq. (1).  While TC was

dentical for each of the three indices they were different in their
eference values. For CWSIE Tdry was set to Tair + 5 ◦C and Twet was
et as the WARS temperature. For CWSIJ Twet and Tdry were com-
uted using Eqs. (2) and (3),  respectively and for the calculation of
WSIB Eqs. (4) and (5) were used.

.3. Meteorological conditions throughout the experiment
The main meteorological conditions throughout the experiment
re presented in Fig. 2. Incoming shortwave radiation (panel a)
ndicates partly cloudy sky to varying extent every day except for
ugust 29. Until September 4, the sky cleared each day around noon
the wet  artificial reference surface.

(12:00). On September 2, except for a short period in the morning
(∼9:00–11:00), the sky was  clear. Roughly, there was  very little
variation in air temperature and wind speed patterns during the
experiment, with some variation in the relative humidity during
daytime, corresponding to variations in cloud conditions. In gen-
eral, the days were warm (temperatures reaching maximums of
above 30 ◦C every day), and the relative humidity fluctuated from
30 to 40% at noon to above 80% at night.

3. Results and discussion

3.1. Transpiration rates

Transpiration rates obtained from the lysimeters were used as
the basis against which the performance of CWSI computations was
tested, both along the drought and recovery periods and diurnally.
Transpiration data is therefore presented (Fig. 3), in spite of being
published previously (Ben-Gal et al., 2010), in order to show the
water status dynamics of the stressed and well watered groups.

Transpiration rates of all trees were similar prior to the cessa-
tion of irrigation to 5 of the trees, with totals of about 80 L per tree

per day (Fig. 3a). The well watered group maintained a more or less
constant level of transpiration throughout the experiment, while
a sharp reduction in transpiration was observed for the stressed
trees. On September 2nd, one day before resumption of irrigation,
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Fig. 2. Meteorological conditions throughout the experiment: (a) solar radiation; (b) air temperature; (c) relative humidity; and (d) wind speed. Red marks show the time
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t  which measurements were conducted.

he trees were most stressed and transpired only ∼15% of the ini-
ial amount. Once irrigation was resumed, transpiration increased,
nd by the 5th day (September 7) stabilized at ∼85% of the initial
mount, but did not reach 100% even after 2 weeks (see more details
n Ben-Gal et al., 2010).

Maximum daily rates of transpiration were measured between
3:00 and 15:00 each day. Maximum rates for well watered
rees were ∼9–10 L h−1 tree−1. Maximum rates of the trees (in

 h−1 tree−1), well watered or stressed, were closely proportional
around 12%) to their daily total values (l day−1 tree−1). The diurnal
attern of transpiration on September 2nd (the day of maxi-
um  stress) was significantly different for the well watered and

tressed trees (Fig. 3b). While the well watered trees showed

ontinuously increasing rates of transpiration from the morning
hrough 14:00 with a sharp decrease thereafter, the maximum
ranspiration rate of the stressed trees was at 10:00 in the morn-
ng.
3.2. Stress and recovery dynamics

Detection of stress and recovery dynamics by the three forms of
CWSI was tested (Fig. 4) to examine the ability of the CWSI to mon-
itor variations of increasing magnitude of water stress. CWSI was
hypothesized to increase during stress and decrease during recov-
ery, and to maintain a relatively stable value for the well watered
trees. In the case of CWSIE (Fig. 4a), the well watered trees, as
expected, maintained a relatively constant CWSIE value through-
out the experiment (with a range of 0.18–0.37), while the CWSIE of
the stressed trees increased as the trees went into stress and grad-
ually decreased in the recovery period. This behavior mimicked the
pattern of measured transpiration rates (Fig. 3a), further strength-

ening the potential use of CWSIE for water status monitoring of
olive trees.

However, both analytically computed CWSI poorly followed
the dynamics of water status (Fig. 4b and c for CWSIJ and CWSIB,
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ig. 3. Lysimeter measurements of transpiration of well watered and stressed tree
tress  (September 2, 2008). After Ben-Gal et al. (2010). Error bars show standard de

espectively). In both, the well watered CWSI fluctuated through-
ut the experiment, much more pronouncedly than the empirical
WSI, while in theory they should have maintained a constant
alue near zero. The stressed CWSI also fluctuated throughout
he experiment. While in both analytical forms the stressed trees’
WSI values were higher than those of the well watered trees,
he dynamics of entering into and recovering from stress were
ess clear than for the case of the empirical form. The ranges of
nalytical CWSI values were also smaller than expected. Maximum
nd minimum values of CWSIJ and CWSIB (Table 1) emphasize the
ow separability of stressed and well watered trees using these
wo methods. This makes their immediate use for olive orchards
roblematic. These results contradict the conclusions of Ben-Gal
t al. (2009) who stated that: “As both indices [CWSIE and CWSIJ]
ielded similar results, and given the relative practicality of the
nalytical index, it appears that the analytical CWSI has an advantage

ver the empirical CWSI”. Nevertheless, while there seem to be
ssues with the absolute values of CWSI in both analytical methods,
ubtraction of CWSI of the stressed trees from well watered CWSI
evealed the dynamic of entering into and recovering from stress

able 1
inimum and maximum values of CWSI computed following Jones (CWSIJ; Jones,

999)  and Berni et al. (CWSIB; Berni et al., 2009.)

CWSIJ CWSIB

Well watered Stressed Well watered Stressed

Minimum 0.67 0.78 0.13 0.36
Maximum 0.88 0.96 0.59 0.66
 Daily total transpiration; (b) diurnal transpiration measured on day of maximum
n.

(Fig. 5). From Fig. 5 it can also be seen that the maximum difference
between stressed and well watered trees was  smallest for CWSIJ
and similar for CWSIB and CWSIE, indicating that CWSIJ was  the
least able to separate between stressed and well watered trees.

3.3. Diurnal dynamics of CWSI

The CWSI proposed by Jones (1999) was  meant for detecting
water status of plants around noon. If proven accurate during a
longer period throughout the day, its application in practice will
become more flexible. The ability of the CWSI to follow the diurnal
course of water status was  therefore examined. It was  expected that
CWSI of well watered trees would remain close to zero during any
given measurement time, while CWSI of stressed trees would show
a diurnal pattern representing the severity of the stress throughout
the day. The transpiration rate of the well watered trees represents
the potential transpiration, and its diurnal course was anticipated
to follow the course of the evaporative demand. For the stressed
trees, CWSI was  expected to increase with increase in evaporative
demand, and thus it was  predicted that the diurnal course of the
CWSI of stressed trees would be similar to the transpiration curve
of the well watered trees (Fig. 3b). Indeed, the diurnal course of
CWSIE (Fig. 6a) for the stressed and well watered trees followed
the hypothesized patterns. The well watered trees maintained low
and relatively constant levels of CWSIE while CWSIE of the stressed

trees did increase until early afternoon and decreased thereafter,
closely following the transpiration rates of the well watered trees.

A quite different pattern was obtained from the calculations of
CWSIJ and CWSIB (Fig. 6b and c, respectively). In both cases, a clear
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1.0

1.0
(b)

Fig. 4. Crop water stress index (CWSI) computed for noon-time (∼12:00) mea-
surements throughout the experiment. (a) Empirical CWSI; (b) analytical CWSI
computed following Jones (1999); (c) analytical CWSI computed following Berni
et  al. (2009).
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Fig. 5. Crop water stress index (CWSI) differences between well watered and
stressed trees obtained by the three methods (CWSIE, CWSIJ, and CWSIB).

Fig. 6. Diurnal curves of crop water stress index (CWSI) for well watered and

stressed trees as detected on the day of maximum stress by (a) empirical CWSI; (b)
analytical CWSI computed following Jones (1999); (c) analytical CWSI computed
following Berni et al. (2009).

difference was  obtained between the well watered and the stressed
groups. However, CWSI of the stressed trees showed a continuous
increase throughout the day, with no decrease in the afternoon.
This behavior does not have a physical explanation, and indicates
that neither of these two indices is capable of following the diurnal
dynamics of stress. Sections 3.3.1 and 3.3.2 discuss the reasoning
for the misrepresentation of CWSIJ and CWSIB, respectively.

3.3.1. CWSIJ
To explore the reason for the diurnal behavior of CWSIJ, compu-

tations of the index were repeated, substituting first Twet and then
Tdry with the empirical values (Fig. 7a and b respectively). Substi-
tution of Twet increased the range of values as well as the difference
between the stressed and well watered trees, but did not change
the pattern of decreasing early in the morning and then increasing
throughout the day. In contrast, substitution of Tdry resulted in a
completely different, much more realistic, pattern of increase from
the morning until early afternoon followed by a decrease.

This implies that something is incorrect in CWSIJ’s formula-
tion or parameterization of Tdry (Eq. (2)). As explained above, Twet

simulates the temperature of a fully transpiring leaf and Tdry is
formulated based on the assumption that a stressed leaf does not
transpire at all. A well watered tree transpires at the potential rate
depending on the evaporative demand, and is thus expected to

follow the diurnal dynamics of the environmental conditions. A
stressed tree is likely to slightly transpire during the early morning
(Fig. 3b), a process that contradicts the assumption of no transpi-
ration. Therefore, the estimated values of CWSI in this case will
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Fig. 7. Diurnal curves of crop water stress index computed following Jones (1999)
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CWSIJ) with (a) Twet substituted with Twet empirical; and (b) Tdry substituted with
dry empirical.

lways be biased and underestimate the tree stress. Another poten-
ial source of error is a misrepresentation of one or more of the
ariables in the equation, namely air temperature (Ta), net radia-
ion (Rn), or the aerodynamic resistance to sensible heat (rHR). The

easurement and computation of the first two is straight forward
nd well established and therefore it is most likely that the problem
ith the computation of CWSIJ is in the way rHR is parameterized

o describe the aerodynamic resistance in olive trees. Although rHR
s also included in Twet, its effect on the overall estimate of Twet

s weaker, thus it does not significantly alter the diurnal pattern.
 deeper insight into the parameterization of rHR for olive trees is
equired before a wide application of the method can be suggested.
hat said, it must be noted that the CWSI proposed by Jones (1999)
as meant for detecting water status of plants around noon, a time
uring which the basic assumptions do hold, and trying to follow a
iurnal course with this method may  be untenable.

.3.2. CWSIB
In order to understand the diurnal behavior of CWSIB, stomatal

onductance (gs, the reciprocal of stomatal resistance; Monteith
nd Unsworth, 2008), computed as the reciprocal of canopy
esistance (Eq. (5)), was  examined (Fig. 8). The computed gs for the
ell watered trees showed a sharp increase in the morning, with

 distinct peak soon after 8:00, and a gradual decrease thereafter,
eaching complete stomatal closure at sunset. The stressed trees
ad a similar pattern with a significantly lower magnitude (peak
alue of the stressed trees was 1/3 of that of the well watered), and
omplete stomatal closure was reached at ∼14:00. This pattern is
imilar to patterns observed for olives by e.g., Berni et al. (2009),
rgaz et al. (2007),  Villalobos et al. (2000),  and Fernandez et al.

1997).  This indicates that the formulation of canopy conductance

s realistic and yielded good results for both well watered and
tressed cases. CWSIB of the well watered trees remained very low
hroughout the day (Fig. 6c). This is likely due to the way  rcp was
etermined. Since no empirical relationship was available from
Fig. 8. Stomatal conductance of well watered and stressed trees computed following
Berni et al. (2009).

prior measurements, and given the fact that the well watered trees
received more than sufficient water for uptake and transpiration
(by maintaining a daily amount of drainage), rcp was taken as
the minimum rc at each given time step. However, CWSIB failed
to detect the correct diurnal pattern for the stressed trees and
continuously increased throughout the day, reaching a maximum
toward late afternoon. This may  be attributed to the fact that
CWSIB is strongly dependent on calculated gs (or rc, see Eq. (5)).
Since gs decreases continuously throughout the day (Fig. 8) CWSIB
corresponds with a continuous increase until late afternoon. It is
likely that CWSIB is actually more an indirect estimate of stomatal
conductance than it is an appraisal of tree water status.

3.4. A note on the limitation of the experimental setup

An important point to rise is that the olive trees in this exper-
iment were grown in free standing lysimeters on top of weighing
systems, such that the soil surface was ∼1.5 m above the ground.
While providing unique information on actual measured transpi-
ration rates, which cannot be achieved otherwise, this setup may
have an effect on the micro-meteorological characteristics of the
“field” which was not accounted for in the computations.

4. Summary and conclusions

The objective of this research was  to test the ability of the CWSI
to detect water status dynamics both on a diurnal scale, and on a
day-to-day timescale while monitoring olive trees as they entered
into- and recovered from stress. CWSI was tested in its empirical
form as well as in two analytical forms.

The empirical CWSI differentiated between the well watered
and the stressed trees, and depicted the water status dynamics both
during the drought and recovery periods and on a diurnal scale.
In contrast, the analytical approaches (CWSIJ and CWSIB) failed to
capture the dynamics on both time scales. In the case of CWSIJ this
is likely due to misrepresentation of the aerodynamic resistance
to sensible heat transport in olive. The diurnal course of CWSIB
was strongly affected by the diurnal course of canopy resistance,
thus it may  be considered more an indirect estimate of stomatal
conductance than an indicator of tree water status.

The most pronounced applicative limitation of the CWSIE is
the need for an artificial wet reference in each image, for obtain-
ing Twet. Considering that computed Twet following Jones (1999)
proved to yield good CWSI values, while Tdry was poorly esti-
mated, it is therefore proposed to combine CWSIJ with CWSIE to

form a CWSIJE. In CWSIJE, Twet is calculated analytically and Tdry is
determined empirically (i.e., Tdry = Tair + 5). This necessitates mete-
orological measurements in or near by the field, while eliminating
the need for a wet  reference.
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